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Kinetics, Isotherm and Thermodynamic Properties of the Basement Complex 
of Clay Deposit in Ire-Ekiti Southwestern Nigeria for Heavy Metals Removal 
S. S. Asaolu, S. O. Adefemi, O.A. Ibigbami†, D.K. Adekeye and S. A. Olagboye 
Department of Chemistry, Ekiti State University, Ado-Ekiti, Nigeria
†Corresponding author: Ibigbami O.A.; olayinkaibigbami@yahoo.co.uk

ABSTRACT

Raw kaolinite clay collected from Ire-Ekiti, Ekiti State, Nigeria, was used to adsorb some heavy metals 
(Pb, Cr, Ni and Cu) from their aqueous solution through batch experiments. Adsorption studies were 
performed at the different temperatures, concentration and time to determine the kinetics, isotherm 
and thermodynamic properties of the adsorption processes. The adsorption thermodynamic properties 
showed that sorption of Cu, Cr and Ni on the raw clay was exothermic, while adsorption of Pb was 
endothermic. The negative values of ∆G for Pb adsorption revealed the feasibility and spontaneity of 
the adsorption process while the positive ∆G values for Cu, Cr and Ni sorption showed non-spontaneity 
of the adsorption process. Langmuir, Freundlich and Elovich isotherms were applied to explicate 
the nature of adsorption process, while Pseudo-first-order (PFO), Pseudo-second-order and Elovich 
kinetics were applied to literarily determine the adsorbate-adsorbent interaction. Pseudo-second-order 
kinetics was the best fitting kinetics for adsorption of the metals on the raw clay.  

INTRODUCTION

The presence of heavy metals like chromium, copper, lead, 
nickel, arsenic, etc. in water bodies, has become a growing 
environmental problem. Water bodies are mostly contaminat-
ed with these heavy metals through anthropogenic activities. 
These heavy metals enter into water bodies through various 
industrial processes, including metal plating, fertilizer 
production, mining, metallurgy, battery manufacturing and 
textile dyeing, and others (Barhoumi et al. 2009, Eloussaief 
& Benzina 2010). Their potential toxicity, persistence and 
bio-accumulation problems pose a great threat to both man 
and other forms of life. High concentrations of them in the 
environment may constitute long-term health risks to eco-
systems and humans.

A wide range of various treatment techniques such as ion 
exchange, photodegradation, biosorption, oxidation, electro-
chemical treatment, precipitation, and adsorption have been 
reportedly used for removal of heavy metal ions from indus-
trial effluents (Bailey et al. 1999, Ku & Jung 2001, Babel & 
Kurniawan 2003, Bradl 2004, Fu & Wang 2011, Shim et al. 
2014). However, adsorption has been universally accepted as 
one of the most effective pollutant removal processes, with 
low cost, ease in handling, low consumption of reagents, 
as well as scope for recovery of value-added components 
through desorption and regeneration of adsorbent (Olivella 
et al. 2011, Dawodu et al. 2012). Materials that have been 
used as an adsorbent for heavy metals include rubber seed 

coat pecan shells, jute fibre (Senthilkumaar et al. 2005), 
Indian rosewood sawdust, olive stones, pinewood and clay 
(Rengaraj et al. 2002, Shawabke et al. 2002, Tsenga et al. 
2003, El-Sheikh et al. 2004, Garg et al. 2004).

Clay plays an important role in the environment by 
acting as a natural pollutant remover, taking up cations and 
anions either through ion exchange, surface complexation, 
pore diffusion, precipitation or direct bonding (Arnamwong 
et al. 2016, Emam et al. 2016). Natural clays have been 
known to possess a reasonable ability to remove heavy metal 
contaminants from their contaminated medium. Clays from 
Africa have been reportedly used for the removal of heavy 
metals and they have been found to possess great removal 
efficiency for the metals (Eloussaief et al. 2009, Mbaye et 
al. 2014, Olu-owolabi et al. 2016, Adekeye et al. 2019). 
A recent study by Adekeye et al. (2019) has reported the 
adsorption properties of Cu, Ni, Pb and Cr of the basement 
complex of clay deposit from the present study area. The 
present work is aimed at elucidating the kinetics, isotherm 
and thermodynamics properties of the adsorption processes 
of the metals on the clay adsorbent.

MATERIALS AND METHODS

Sample Collection and Preparation 

The clay soil was collected from Ire-Ekiti, Southwestern 
Nigeria. Both topsoil (at the depth of 5 cm away from the 
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surface) and subsurface soil (at the depth of 15 cm away 
from the surface) were taken at four cardinal points with 
equidistance of 0.5 km away from one another. The soil sam-
ples were homogeneously mixed to obtain a representative 
sample for use. An adequate amount of the sample for use 
was taken, dried at room temperature, crushed and dispersed 
in deionized water. Floating debris from plants was removed 
by handpicking and also by decantation. The suspension was 
thoroughly stirred to separate non-clay materials from the 
clay. The clay soil was recovered from the water by centrifug-
ing the suspension at 3000 rpm. The recovered clay soil was 
oven-dried at 110oC for 12 hours and cooled in a desiccator. 
After cooling, the dried clay sample was crushed in a ceramic 
mortar and sieved through sieves of different sizes ranging 
from 200-500 µm. The sieved clay soil was stored in a black 
polyethylene bags prior to subsequent analysis. 

Preparation of Metal Solution

The reagents used to prepare solutions of metal ions were of 
analytical grades. The stock solutions (1000 mg.L-1) of the 
metal ions (Ni, Pb, Cu and Cr) were prepared by dissolving 
weighed quantities of metal salts (potassium chromate, 
lead nitrate, copper nitrate and hydrated nickel sulphate) in 
deionised water and serially diluted to prepare solutions of 
varying initial concentration for as required for the experi-
mental works. Both the initial and equilibrium concentrations 
of metal ions were determined using an Atomic Absorption 
Spectrophotometer (Agilent AAS 55AA).

Characterization

The functional group determination of the clay soil was car-
ried out by Fourier Transformed Infrared Spectrophotometer 
(FTIR). Scanning Electron Microscope (SEM) was used to 
show surface morphology of the clay soil while the elemental 
composition was determined by Energy Dispersive X-ray 
Emission technique.

Batch Adsorption Experiments

Adsorption experiments were carried out in batch by adding 
50 mL of 10 mg/L adsorbate solution into conical flasks con-
taining 0.50 g of the adsorbent. The adsorbent and adsorbate 
mixtures were then equilibrated at pH value of 5.0 by shaking 
at 200 rpm in temperature (298 K) using a rotary orbital 
shaker until equilibrium. After equilibration, the mixtures 
were centrifuged for 10min at 3000 rpm after which the 
supernatants were collected and analysed for equilibrium 
concentrations of the Cu, Ni, Pb and Cr using AAS. To study 
the adsorption isotherm, adsorption of Cu, Ni, Pb and Cr 
unto the clay soil was optimized at different concentrations 
of 20, 40, 60, 80 and 100 ppm with an equilibration time of 
90 min at pH value of 5. Agitation time was varied from 10 
to 80 min also at pH 5 to study the adsorption kinetics. The 
adsorption temperatures of 300, 315, 330, 340 and 350 K 
were implored to understand the thermodynamic properties 
of the adsorption process. 

RESULTS AND DISCUSSION

Morphology of the Raw Clay Soil

The SEM image (Fig. 1) of the raw clay soil showed a dense 
arrangement of the particles. This arrangement results from 
the stacking of the particles upon one another. Inter-aggregate 
pores which could allow permeation of adsorbates on the 
clay soil are also present in small size.

Elemental Composition of the Raw Clay Soil

The result from Energy Dispersive X-ray Emission technique 
(Fig. 2) showed that oxygen, aluminium and silicon are the 
major elemental constituents and possessing the highest 
percentage by weight (20.70, 15.10 and 50.00 respectively) 
of the raw clay soil. The presence of oxygen and the absence 
of hydrogen showed that the elements were present in the 
form of oxide rather hydroxide. The elemental composition 
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of the raw clay soil also showed that the clay soils con-
tained some important exchangeable cations such as Na 
(3.70 %), Ca (1.19 %) and Fe (6.43 %). The presence of 
these exchangeable cations in the soil could bring about the 
ion-exchange mechanism for the removal of the adsorbates 
from their respective solution. The percentage abundance by 
weight of Si and Al compared to other elements showed that 
the clay soil is kaolinite. 

Fourier Transform Infrared Spectra of the Raw Clay 
Soil

The bands at 1633 and 1402 cm-1 (Table 1) are due to the 

presence of C=O and C=C which indicate the presence of 
organic matter in the clay soil. The band at 536 cm-1 is due to 
the presence of Si-O-Al group. The absorption bands at 3671 
and 3620 cm-1 showed the presence of OH group of bonded 
water while the bands at 3421 and 3263 cm-1 showed the OH 
group of organic matter and also confirming the presence of 
organic matter in the clay soil. 

The presence of metallic oxide in the clay soil is shown by 
the intensity bands at 468 and 432 cm-1. The FTIR result (Fig. 
3) of this study is consistent to the results of Van der-Marel & 
Beutelspacher (1976), Petit et al. (1995), Wilson (1994) and 
Saikia et al. (2003) on the characterization of clay minerals.
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Table 1: Fourier Transform Infrared spectra of the raw clay soil

M-O OH C=C C=O Si-O-Si   Si-O-Al

468, 432 3671, 3620 1420 1633 1099-1006       536

3421, 3263
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shown in Fig. 4. The removal of Pb by the raw clay was optimized (98.75%) within a short 
period (40 min) and tended to be stable for 80 min. The optimum removal of copper was 
observed to be at 60 min then tended to be stable after 60 min while Cr and Ni adsorption 
increased with increase in time until equilibration was achieved at 60 and 70 min for the metals 
respectively. The increased adsorption during the initial stages might be due to the presence of 
abundant active sites on the surface of the clay soil, which became saturated with time until 
equilibrium was attained.  
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Effect of Adsorption Parameters

Effect of agitation time: The effect of agitation time on 
the removal of Ni, Pb, Cu and Cr is shown in Fig. 4. The 
removal of Pb by the raw clay was optimized (98.75%) within 
a short period (40 min) and tended to be stable for 80 min. 
The optimum removal of copper was observed to be at 60 
min then tended to be stable after 60 min while Cr and Ni 
adsorption increased with increase in time until equilibration 
was achieved at 60 and 70 min for the metals respectively. 
The increased adsorption during the initial stages might be 
due to the presence of abundant active sites on the surface 
of the clay soil, which became saturated with time until 
equilibrium was attained. 

A good adsorbent does not only have high adsorption 
efficiency but also a fast rate of adsorption (Akpomie et al. 
2017). It could also be seen that the equilibrium adsorption 
time for all the metals was attained within 30-70 min. This 
showed that the clay soil is good enough to be applied for 
both domestic and industrial purposes for the removal of 
heavy metals from contaminated aqueous medium.

Effect of Adsorbate Concentrations

The concentration of adsorbates is also an important param-
eter in an effective adsorption study. The effect of adsorbate 
concentration on adsorption process on the raw clay soil is 
shown in Fig. 5. Results from this study showed that the 
adsorption capacity of raw clay soil increased with increase 
in metal ion concentration from 20 mg/L to 100 mg/L. 

This trend was attributed to the fact that when the trans-
port of metals between the adsorbent’s external surface film 
and internal pores are equal, the trans-boundary movement 
of metals will not be significantly permissible; however, 
increasing concentration could re-initiate the trans-bound-
ary movement (depending on the nature of the adsorbate 
and adsorbent) and hence, the adsorption process would be 
concentration dependent. Similar results were also reported 
by Eba (2010), Mbaye et al. (2014) and Zouraibi (2016).

Effect of Temperature

The temperature has been shown to possess significant 
effects on adsorption phenomenon (Zouraibi et al. 2016,    
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Akpomie et al. 2017). Temperature affects two major aspects 
of adsorption viz the equilibrium position in relation with 
the exothermicity and endothermicity of the process and the 
swelling capacity of the adsorbent (Rattanaphani et al. 2007, 
Natalia et al. 2015). Thus, adjustment of temperature may be 
required in the adsorption process. As observed in the raw 
clay soil (Fig. 6), the uptake capacity of Pb decreased with 
increasing temperature. 

This is due to the endothermic effect of the surroundings 
during the adsorption process while the adsorption of Ni, 
Cu and Cr by the raw clay oil increased with temperature 
increase. This showed the potential of copper, chromium and 
nickel to overcome resistance to mass transfer with increase 
kinetic energy to undergo an interaction with the active sites 
of the adsorbents. Similar results to this study have been re-
ported by Gonzalez et al. (2005), Rattanaphani et al. (2007), 
El-Sayed et al. (2011) and Zouraibi et al. (2016).

Adsorption Kinetics

Pseudo-first-order kinetics: The adsorption data were mod-
elled using the Lagergren pseudo-first-order model given by:
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the surface of the sorbent at time t (min),  qeis the amount of 
metal adsorbed at equilibrium and K1 (min-1) is the equilibri-
um rate constant of pseudo-first-order adsorption (Lagergren 
1908). The rate constant K1, was calculated from the slope 
of log (qe - qt) versus time t for plots in which straight lines 
were obtained. If a straight line is obtained and qeCal values 
are close to qeExp, it suggests the applicability of the model.

Results of this research showed that straight line graphs 
were obtained for metals adsorption on the raw clay soil as 
shown in Fig. 7.

But the values of qeCal did not correlate to those of qeExp as 
given in Table 2 which suggests that the adsorption processes 
cannot be represented by pseudo-first-order kinetics model.

Pseudo-second-order kinetics: The linearized pseu-
do-second-order kinetics was also applied to evaluate its 
applicability. 
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lines were obtained. If a straight line is obtained and qeCal values are close to qeExp, it suggests the 
applicability of the model. 

Results of this research showed that straight line graphs were obtained for metals adsorption on the 
raw clay soil as shown in Fig. 7. 

 

 

 

 

 

 

 

 

But the values of qeCal did not correlate to those of qeExp as given in Table 2 which suggests that the 
adsorption processes cannot be represented by pseudo-first-order kinetics model. 

Table 2: Pseudo first-order kinetics for raw clay 

 Pb Ni Cu Cr 

R2 0.9033 0.5736 0.9330 0.9078 
K1 1.566 0.0836 0.0083 0.0299 

qeExp 0.4193 1.3424 0.2125 0.3334 

qeCal 0.988 0.680      0.790 0.699 
 

Pseudo-second-order kinetics: The linearized pseudo-second-order kinetics was also applied to 
evaluate its applicability.  
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It is given by equation (2): 
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        …(3) 

Where, qt (mg/g.min) is the amount of metal adsorbed on the surface of the sorbent at time t, k 
(g⁄(mg.min)) is the pseudo-second-order rate constant, while qe (mg/g) is the amount of metal 
adsorbed at equilibrium. The values of qe,k and h were determined experimentally by plotting t/qt 
against t.  

Pseudo-second-order plots for the raw clay are shown in Fig. 8, the values of qeCal for the 
sorption process of all the metal adsorbates onto the raw clay correlate to those of qeExp as given 
in Table 3. This shows that the adsorption process can be represented by pseudo-second-order 
kinetics. The R2 values of the pseudo-second-order for all the metals’ adsorption processes are 
closer to unity than the pseudo-first-order plot. This showed that the sorption processes best fit 
the pseudo-second-order kinetics.  

 

 

 

 

 

 

 

Table 3: Pseudo-second-order kinetics for raw clay 

 Pb Ni Cu Cr 

R2 0.9999 0.9463 0.9712 0.9837 
K 1.242 0.1117 0.1478 0.1467 

qeExp 1.009 0.7968 0.866 0.7833 

qeCal 0.988 0.680      0.790 0.699 
 

The fitting of the adsorption processes to pseudo-second-order kinetics implies that there is a 
possible chemical interaction between the adsorbates and adsorbent during sorption processes. It 
could also be assumed that the rate-limiting step may be chemical sorption involving valence 
forces, through exchange or sharing of electrons between sorbate and sorbent. Similar results of 
this study were observed in studies conducted by Ho & Mckay (1999) and Nethaji et al. (2013). 

                   
Fig. 8: Plot of t/qt vs agitation time (min) for the raw clay. 
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the pseudo-second-order rate constant, while qe (mg/g) is 
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values of the pseudo-second-order for all the metals’ adsorp-
tion processes are closer to unity than the pseudo-first-order 
plot. This showed that the sorption processes best fit the 
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interaction between the adsorbates and adsorbent during 
sorption processes. It could also be assumed that the rate-lim-
iting step may be chemical sorption involving valence forces, 
through exchange or sharing of electrons between sorbate and 
sorbent. Similar results of this study were observed in studies 
conducted by Ho & Mckay (1999) and Nethaji et al. (2013).

Elovich kinetics: The Elovich kinetics was modelled us-

ing the linear form of the equation as represented in equation 
(4) (Kumara et al. 2011).
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The constants α and β could be obtained from the slope and intercept of the linear plot of qt 
versus lnT. Table 4 gives the Elovich kinetic parameters and Fig. 9 shows Elovich kinetic plots.  
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unity than the pseudo-first-order and pseudo-second-order kinetics. This suggests that the 
adsorption processes cannot be represented by the Elovich model. 
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The adsorption isotherms were used to show the sorption processes of the metals on the raw clay. 
This was achieved through the imploration of Langmuir, Freundlich, and Elovich plots. 

Langmuir adsorption isotherm: The linearized Langmuir equation was used to show the 
surface binding properties of Cr. This was done using equation (5) (Kinnburgh 1986): 
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Where, Ce (mg/L) is the equilibrium concentration, qe 
(mg/g) is the amount of ion adsorbed, Qo (qmax) maximum 
monolayer coverage capacity (mg/g) and KL (L/mg) is 
Langmuir adsorption equilibrium constant. The values of 
qmax and KL were computed from the slope and intercept 
of the Langmuir plot of 1/qe versus 1/Ce (Langmuir 1918). 
The essential features of the Langmuir isotherm were also 
expressed in terms of equilibrium parameter RL, which is a 
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dimensionless constant, referred to as separation factor or 
equilibrium parameter.
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Where, Ce (mg/L) is the equilibrium concentration, qe (mg/g) is the amount of ion adsorbed, Qo 
(qmax) maximum monolayer coverage capacity (mg/g) and KL (L/mg) is Langmuir adsorption 
equilibrium constant. The values of qmax and KL were computed from the slope and intercept of 
the Langmuir plot of 1/qe versus 1/Ce (Langmuir 1918). The essential features of the Langmuir 
isotherm were also expressed in terms of equilibrium parameter RL, which is a dimensionless 
constant, referred to as separation factor or equilibrium parameter. 

                   …(6) 

Where, Co is the initial concentration and KL is the constant related to the energy of adsorption. If 
KL is less than (<) 0 the adsorption process does not correlate to Langmuir isotherm. Separation 
factor RL value indicates the adsorption nature to be either unfavourable if RL greater than (>) 1, 
linear if RL= 1, favourable if 0 <RL< 1 and irreversible if R L= 0. A negative RL value indicates 
that the adsorption process does not fit Langmuir isotherm, hence, cannot be explained using the 
Langmuir isotherm.  

From the data calculated in Table 5, the KL and RL values for Ni, Pb and Cu adsorption on the 
raw clay are < 0 which showed that the adsorption processes could not be explained by Langmuir 
isotherm. On the other, the KL value for Cr on the raw clay was 54.34 L/mg. Also, RL values in 
the range of 1.84  10-5 and 9.2 10-4 were also obtained for the raw clay. The RL values for 
chromium adsorption on the raw clay is greater than 0 but less than 1, thus, Langmuir isotherm is 
favourable; the positive KL values are indicative that the adsorption processes correlate to the 
Langmuir isotherm. The R2 values for Cr, Pb, Cu and Ni adsorption onto the raw clay are 0.9837, 
0.7531, 0.9705 and 0.9937 respectively. Even though Ni has the highest R2 value (0.9937), but 
its negative KL value (-56.81) showed that its adsorption does not correlate to the Langmuir 
isotherm.  

Table 5: Langmuir isotherm parameters for raw clay 

 Ni Pb Cu Cr 

R2 0.9937 0.7531 0.9705 0.9837 
qmax 0.0578 0.1800 0.162 -0.0978 
KL -56.81 -11.90 -59.88 54.34 
RL -(210-4 ˗ 910-4) -(810-4 ˗ 4.210-3) -(1.710-4 ˗ 8.410-4) (1.8410-5 ˗ 9.210-4) 

 

This shows that R2 value is not sufficient to show the fitness of an adsorption process to 
Langmuir isotherm. The data obtained from the isotherms showed that chromium adsorption on 
the raw clay is in best compliance with the Langmuir isotherm. This implies monolayer 
adsorption of Cr on the clay’s flat surfaces. The correlation was not only judged by the linear 
regression coefficient but also other parameters of the tested isotherms as the R2 value is not 
enough to describe the fitness and correlation of an adsorption process to Langmuir isotherm. 
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the Langmuir isotherm. 
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clay. The RL values for chromium adsorption on the raw clay 
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adsorption processes correlate to the Langmuir isotherm. 
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Where, qt (mg/g.min) is the amount of metal adsorbed on the surface of the sorbent at time t, k 
(g⁄(mg.min)) is the pseudo-second-order rate constant, while qe (mg/g) is the amount of metal 
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Pseudo-second-order plots for the raw clay are shown in Fig. 8, the values of qeCal for the 
sorption process of all the metal adsorbates onto the raw clay correlate to those of qeExp as given 
in Table 3. This shows that the adsorption process can be represented by pseudo-second-order 
kinetics. The R2 values of the pseudo-second-order for all the metals’ adsorption processes are 
closer to unity than the pseudo-first-order plot. This showed that the sorption processes best fit 
the pseudo-second-order kinetics.  

 

 

 

 

 

 

 

Table 3: Pseudo-second-order kinetics for raw clay 

 Pb Ni Cu Cr 

R2 0.9999 0.9463 0.9712 0.9837 
K 1.242 0.1117 0.1478 0.1467 

qeExp 1.009 0.7968 0.866 0.7833 

qeCal 0.988 0.680      0.790 0.699 
 

The fitting of the adsorption processes to pseudo-second-order kinetics implies that there is a 
possible chemical interaction between the adsorbates and adsorbent during sorption processes. It 
could also be assumed that the rate-limiting step may be chemical sorption involving valence 
forces, through exchange or sharing of electrons between sorbate and sorbent. Similar results of 
this study were observed in studies conducted by Ho & Mckay (1999) and Nethaji et al. (2013). 

                   
Fig. 8: Plot of t/qt vs agitation time (min) for the raw clay. 

 

Fig. 8: Plot of t/qt vs agitation time (min) for the raw clay.
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Elovich kinetics: The Elovich kinetics was modelled using the linear form of the equation as 
represented in equation (4) (Kumara et al. 2011). 

       …(4) 

The constants α and β could be obtained from the slope and intercept of the linear plot of qt 
versus lnT. Table 4 gives the Elovich kinetic parameters and Fig. 9 shows Elovich kinetic plots.  

Table 4: Elovich kinetics parameters for the raw clay 

 Pb Ni Cu Cr 

R2 0.8565 0.6696 0.7159 0.8929 
 

The correlation coefficient values (Fig. 9) for all the metals adsorption processes are less close to 
unity than the pseudo-first-order and pseudo-second-order kinetics. This suggests that the 
adsorption processes cannot be represented by the Elovich model. 

 

 

 

 

 

 

 

 

Adsorption Isotherms  

The adsorption isotherms were used to show the sorption processes of the metals on the raw clay. 
This was achieved through the imploration of Langmuir, Freundlich, and Elovich plots. 

Langmuir adsorption isotherm: The linearized Langmuir equation was used to show the 
surface binding properties of Cr. This was done using equation (5) (Kinnburgh 1986): 

      …(5) 

 

  Fig. 9: Plot of qt(mg/g.min) vs lnT for the raw clay. 

 

  Fig. 9: Plot of qt(mg/g.min) vs lnT for the raw clay.

Table 4: Elovich kinetics parameters for the raw clay

Pb Ni Cu Cr

R2 0.8565 0.6696 0.7159 0.8929
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not correlate to the Langmuir isotherm. 

This shows that R2 value is not sufficient to show the 
fitness of an adsorption process to Langmuir isotherm. The 
data obtained from the isotherms showed that chromium 
adsorption on the raw clay is in best compliance with the 
Langmuir isotherm. This implies monolayer adsorption of 
Cr on the clay’s flat surfaces. The correlation was not only 
judged by the linear regression coefficient but also other 
parameters of the tested isotherms as the R2 value is not 
enough to describe the fitness and correlation of an adsorption 
process to Langmuir isotherm.

Freundlich isotherm: Freundlich isotherm was used to 
show possible multilayer adsorption process of Ni and Cu 
on the clay’s rough surfaces. The Freundlich isotherm was 
elucidated using equation (7) and (8) (Freundlich 1906).
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Where KF is Freundlich isotherm constant (mg/g), n is adsorption intensity, and Ce is the 
equilibrium concentration of adsorbate (mg/L). Hence,  

      …(8) 

KF and 1/n are empirical constants, indicating the adsorption capacity and the strength of 
adsorption in the adsorption process respectively. KF and 1/n were obtained by plotting log qe 
against log Ce (Voudrias et al. 2002). If the value of 1/n is below one it indicates normal 
adsorption. On the other hand, if 1/n is above one, it indicates cooperative adsorption (Mohan & 
Karthikeyan 1997). Linear regression is generally used to determine the parameters for the 
Freundlich isotherm model (Guadalupe et al. 2008). 

From the data in Table 6, the values of 1/n are greater than 1 for Cr, Pb and Cu sorption processes 
onto the raw clay soil. This showed that the adsorption processes were cooperative while the 
sorption of Ni on the raw clay was favourable. From all the isotherms, the highest R2 values for 
Cu (0.9663) and Ni (0.9287) were obtained from the Freundlich isotherm. This shows that the 
adsorption processes of the Cu and Ni on the raw clay fit best to the Freundlich isotherm than 
other adsorption isotherms. 

Table 6: Freundlich isotherm parameters for the raw clay 

 Cu Ni Cr Pb 

R2 0.9963 0.9287 0.9502 0.8375 
Kf 1.20 0.787 0.029 1.27 
n 0.817 6.211 0.625 0.080 

1/n 1.228 0.161 1.599 12.39 
 

Thus, the adsorption process of Ni and Cu describes a heterogeneous system characterized by 
multilayer adsorption on the rough surfaces of the clay. A similar result in this study was also 
reported by Olu-owolabi et al. (2016). 

Elovich isotherm: Elovich isotherm was used to show the multilayer adsorption of Pb on the 
raw clay.  

The isotherm was modelled using equation (9), as expressed by Achmed et al. (2012): 

 …(7)

Where KF is Freundlich isotherm constant (mg/g), n is 
adsorption intensity, and Ce is the equilibrium concentration 
of adsorbate (mg/L). Hence, 
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KF and 1/n are empirical constants, indicating the adsorp-
tion capacity and the strength of adsorption in the adsorption 
process respectively. KF and 1/n were obtained by plotting 
log qe against log Ce (Voudrias et al. 2002). If the value of 
1/n is below one it indicates normal adsorption. On the other 
hand, if 1/n is above one, it indicates cooperative adsorption 
(Mohan & Karthikeyan 1997). Linear regression is generally 
used to determine the parameters for the Freundlich isotherm 
model (Guadalupe et al. 2008).

From the data in Table 6, the values of 1/n are greater than 
1 for Cr, Pb and Cu sorption processes onto the raw clay soil. 
This showed that the adsorption processes were cooperative 
while the sorption of Ni on the raw clay was favourable. From 
all the isotherms, the highest R2 values for Cu (0.9663) and 
Ni (0.9287) were obtained from the Freundlich isotherm. 
This shows that the adsorption processes of the Cu and Ni 
on the raw clay fit best to the Freundlich isotherm than other 
adsorption isotherms.

Thus, the adsorption process of Ni and Cu describes a 
heterogeneous system characterized by multilayer adsorption 
on the rough surfaces of the clay. A similar result in this study 
was also reported by Olu-owolabi et al. (2016).

Elovich isotherm: Elovich isotherm was used to show the 
multilayer adsorption of Pb on the raw clay. 

The isotherm was modelled using equation (9), as ex-
pressed by Achmed et al. (2012):
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The linear regression coefficient was used to judge the correlation. The regression coefficient for 
Pb sorption on the raw clay is 0.9344 which is higher than that for Langmuir and Freundlich 
isotherms as given in Table 7.  

Table 7: Elovich isotherm parameters for the raw clay 

 Pb Ni Cu Cr 

R2 0.9344 0.6186 0.2548 0.7093 
 

Therefore, the adsorption of Pb on the raw clay does fit the Elovich isotherm better than others. 
This implies that Pb adsorption on the raw clay is based on a kinetic principle which assumes 
that adsorption sites increase exponentially with adsorption; thus, Pb sorption is multilayer 
adsorption. 

Adsorption Thermodynamics  

The adsorption thermodynamics was used to elucidate the nature of adsorption. Thermodynamic 
parameters associated with adsorption which include equilibrium constant K, that depends on 
temperature, the change in free energy ∆G (KJ/mol), enthalpy ∆H(KJ/mol) and entropy ∆S 
(J/mole.K) associated to the adsorption process were calculated by following equations (Ramesh 
et al. 2005). 

The free energy (∆G) of the adsorption process is given by equation (10) 

∆G = ∆H - T∆S        …(10) 

By considering the adsorption equilibrium constant K, the equation could be written as: 

∆G = -RT lnK        …(11) 

T is the temperature in Kelvin and R is gas constant (8.314 J mol-1K-1). 

K =          …(12) 

ln K =          …(13) 

Hence, ∆H and ∆S were calculated from the slope and intercept of the plot of lnK vs 1/T (Fig. 10). 

 
…(9)

The linear regression coefficient was used to judge the 
correlation. The regression coefficient for Pb sorption on the 
raw clay is 0.9344 which is higher than that for Langmuir 
and Freundlich isotherms as given in Table 7. 

Therefore, the adsorption of Pb on the raw clay does fit 
the Elovich isotherm better than others. This implies that Pb 
adsorption on the raw clay is based on a kinetic principle 
which assumes that adsorption sites increase exponentially 
with adsorption; thus, Pb sorption is multilayer adsorption.

Table 6: Freundlich isotherm parameters for the raw clay

Cu Ni Cr Pb

R2 0.9963 0.9287 0.9502 0.8375

Kf 1.20 0.787 0.029 1.27

n 0.817 6.211 0.625 0.080
1/n 1.228 0.161 1.599 12.39

Ni Pb Cu Cr

R2 0.9937 0.7531 0.9705 0.9837

qmax 0.0578 0.1800 0.162 -0.0978

KL -56.81 -11.90 -59.88 54.34

RL -(2×10-4 – 9×10-4) -(8×10-4 – 4.2×10-3) -(1.7×10-4 – 8.4×10-4) (1.84×10-5 – 9.2×10-4)

Table 5: Langmuir isotherm parameters for raw clay
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Adsorption Thermodynamics 

The adsorption thermodynamics was used to elucidate the 
nature of adsorption. Thermodynamic parameters associated 
with adsorption which include equilibrium constant K, that 
depends on temperature, the change in free energy DG (KJ/
mol), enthalpy DH(KJ/mol) and entropy DS (J/mole.K) asso-
ciated to the adsorption process were calculated by following 
equations (Ramesh et al. 2005).

The free energy (DG) of the adsorption process is given 
by equation (10)

 DG = DH - TDS …(10)

By considering the adsorption equilibrium constant K, 
the equation could be written as:

 DG = -RT lnK …(11)

T is the temperature in Kelvin and R is gas constant 
(8.314 J mol-1K-1).
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Hence, DH and DS were calculated from the slope and 
intercept of the plot of lnK vs 1/T (Fig. 10).

The sorption of Pb on the raw clay decreased with in-
crease in temperature as given Table 8. This is because an 
increase in temperature results to increase in entropy of the 
system.

The positive values of DS for Pb sorption on the raw clay 
reflects an increased degree of disorderliness at the solid-liq-
uid interface during the adsorption of Pb on the raw clay. On 
the other hand, the values of DS for sorption of Cu, Cr and 

 Table 8: Thermodynamic parameters for the raw clay.

Temp. 1/T Ce qe
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 Fig. 10: plot of lnK against 1/T for the raw clay. 

The sorption of Pb on the raw clay decreased with increase in temperature as given Table 8. This 
is because an increase in temperature results to increase in entropy of the system. 

 Table 8: Thermodynamic parameters for the raw clay. 

 Temp.  1/T Ce qe 
 

 

 

 

∆G   ∆H  ∆S   

Pb 300 0.00333 0.068 0.993 14.60 2.618 -6686.95   
 315 0.00317 0.245 0.976 3.984 1.382 -3477   
 330 0.00303 0.514 0.949 1.846 0.613 -1681.84 11.93 7898.14 
 340 0.00294 0.586 0.941 1.606 0.474 -1339.88   
 350 0.00286 0.614 0.939 1.529 0.425 -1236.71   
Ni 300 0.00333 6.999 0.300 0.043 -3.147 7849.25   
 315 0.00317 6.216 0.378 0.061 -2.797 7325.09   
 330 0.00303 5.223 0.478 0.092 -2.386 6546.28 -129.40 -57402.71 
 340 0.00294 4.711 0.529 0.112 -2.189 6187.78   
 350 0.00286 3.416 0.558 0.192 -1.650 4801.34   
Cu 300 0.00333 3.993 0.601 0.151 -1.890 4714.04   
 315 0.00317 3.411 0.659 0.193 -1.645 4308.11   
 330 0.00303 3.214 0.679 0.211 -1.556 4269.07 -92.23 -38973.72 
 340 0.00294 2.330 0.767 0.329 -1.112 3143.36   
 350 0.00286 1.998 0.800 0.400 -0.916 2665.47   
Cr 300 0.00333 5.080 0.492 0.097 -2.333 5818.97   
 315 0.00317 4.627 0.537 0.116 -2.154 5641.13   
 330 0.00303 4.220 0.509 0.137 -1.988 5454.32 -48.75 -28250.36 
 340 0.00294 3.732 0.627 0.168 -1.784 5042.74   
 350 0.00286 3.393 0.661 0.195 -1.635 4757.69   
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315 0.00317 4.627 0.537 0.116 -2.154 5641.13

330 0.00303 4.220 0.509 0.137 -1.988 5454.32 -48.75 -28250.36

340 0.00294 3.732 0.627 0.168 -1.784 5042.74

350 0.00286 3.393 0.661 0.195 -1.635 4757.69

Table 7: Elovich isotherm parameters for the raw clay

Pb Ni Cu Cr

R2 0.9344 0.6186 0.2548 0.7093

Table 5: Langmuir isotherm parameters for raw clay



906 S.S. Asaolu et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

Ni were negative, which implies a decrease in randomness at 
the solid-solution interface during sorption of the metals on 
the raw clay adsorption; hence, the adsorption was favoured 
with the increase in temperature. The endothermic nature of 
Pb sorption by the raw clay was confirmed by the positive 
values of DH, while the negative DH values for Cu, Cr and Ni 
sorption showed exothermicity of the adsorption processes.

The negative values of DG for Pb sorption showed that 
the adsorption process was feasible and spontaneous while 
the positive DG values for Cu, Cr and Ni sorption is an 
indication that the adsorption process was not spontaneous. 
It has been suggested that positive values for DG are quite 
common with ion-exchange mechanism of adsorption of 
metal ions because of the activated complex of the metal ion 
formed with the adsorbent in the excited state (Unuabonah 
et al. 2007). The negative values of DG for Pb could be 
associated to the fact that the Pb may have been covalently 
bound to the surfaces of the adsorbent by complexation 
mechanisms. Thus, adsorption of Cu, Ni and Cr could also 
be by ion-exchange mechanism while Pb adsorption could 
be surface complexation. 

CONCLUSION

This study has investigated the kinetics, isotherm and 
thermodynamic properties of raw kaolinite clay for the 
adsorption of heavy metals (Cu, Cr, Ni and Pb) from their 
aqueous medium. Findings from this study showed that there 
is a possible chemical reaction between the adsorbates and 
adsorbent during the sorption processes as the adsorption 
equilibrium kinetics correlated reasonably well with the pseu-
do-second-order model. Freundlich, Langmuir and Elovich 
isotherms showed the processes to which the metals were 
adsorbed on the raw clay. Nature of the adsorption processes 

as shown by the thermodynamic properties showed that Pb 
adsorption on the raw clay was endothermic, while Cu, Cr 
and Ni sorption was exothermic. Also, the adsorption of 
Pb on the raw clay was spontaneous, while Cu, Cr and Ni 
sorption on the raw clay was not spontaneous. The result is 
further supported by the fitness of the Pb, Cr, Ni and Cu to 
the pseudo-second-order kinetics.
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ABSTRACT

This study assessed the contamination by toxic elements (TEs), including lead (Pb), cadmium (Cd), 
chromium (Cr), zinc (Zn), copper (Cu) and arsenic (As), and their accumulation characteristics in soil-
crop systems in Xingren, Guizhou, southwest China, by using the target hazard quotient (THQ) to 
evaluate the possible health risk in the target area. The mean value of the geo-accumulation index 
(Igeo; 1.95, 1.89 and 1.96 for rice, maize and Coix lacryma-jobi L., respectively) shows As in partial 
contamination level. The potential ecological risk index (RI) values show that 90% of samples exceed in 
considerable ecology risk level (120 < RI 240). The concentration of investigated TEs (except Zn) in the 
edible part of the three crops tended to be lower than in other tissues: root > stalk > leaf > husk >edible 
part. Maize showed a major restriction in TE intake compared to rice and Coix lacryma-jobi L. The THQ 
of As was from 0 to 6.33 in all the plant samples, which indicates that the THQ exceeded the safe limit 
(THQ=1) in some samples. The total THQs (TTHQ) had a similar trend as RI, further indicating the 
potential health risk of the elements in combination. These data indicate that local people experience 
significant health risks if they ingest crops from the investigated area.

INTRODUCTION

Toxic elements (TEs) are ubiquitously distributed in the 
pedosphere and the geosphere. Soil TE contamination is 
an environmental issue in China and worldwide (Sun et al. 
2010) because of its adverse impacts, such as contamination 
of water and soil, phytotoxicity, biotoxicity, accumulative 
behaviour and potential human health risk (Yu et al. 2008). 
Eating plants from the contaminated area or inhalation of 
polluted particles are the principal factors contributing to 
TE exposure for the human population (Loutfy et al. 2006).

For instance, it has been recognised that the food chain 
can serve as an important pathway of TE exposure for hu-
mans and animals (Dudka & Miller 1999). TEs are likely 
to transfer and accumulate through the soil-crop system 
and thus may affect the quality of agricultural products and 
cause health risks to humans (Mico et al. 2006). Total TE 
content in soils is directly related to the background level, 
but anthropogenic activities seem to have the far-reaching 
impact (Singani & Ahmadi 2012). Anthropogenic activities, 
including mining, sewage irrigation and vehicular exhaust, 
are the major sources of TE pollution of farmland (Li et al. 

2014). TE contamination in the vicinity of mining areas is 
mainly from smelting and refining, wastewater discharge 
and tailings disposal. Levels of TE pollution of air, water, 
sediments, soil and crops in the mine-affected areas are 
reported to be greatly higher than areas without mining 
activities (Balabanova et al. 2010, Razo et al. 2004, Liu et 
al. 2005, Liu et al. 2010, Bi et al. 2006).

Researchers worldwide have carried out studies of the 
distribution of TEs in different tissues of crops (Funtua et 
al. 2014, Hu et al. 2014, Rahman et al. 2014). TE accumu-
lation in plants depends on plant species, plant tissues, TE 
species, the efficiency of different plants to take up metals 
and soil-to-plant bioaccumulation factors (Rattan et al. 2005, 
Liao et al. 2016). Wang et al. (2017) indicated that wheat 
was more likely to accumulate TEs than maize. Similarly, 
the TE contents in wheat and barley were higher than those 
in maize (Pruvot et al. 2006) and the mean value of TEs in 
rice was higher than maize in the edible part (Zarcinas et al. 
2004). Chen et al. (2016) indicated that the transferability 
of Cu, Pb, Zn and Cd in a soil-rice system was stronger than 
those in soil-wheat and soil-canola systems. Cadmium had 
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a stronger transfer capacity from soil to crops and the root 
acted as a barrier for Pb uptake. The heavy metal uptake by 
plants shows the greatest accumulation of Cu, Cr and Pb in 
the roots, Cd in the leaves, and Zn in the seeds of rice (Fazeli 
et al. 1998). A large proportion of TEs easy accumulates in 
the metabolic organ, but a small amount accumulates in the 
vegetative organs. Nan et al. (2002) found that the order 
of translocation ratios of Cd and Zn in different tissues of 
maize and wheat were root > stem > grain. Therefore, the 
accumulative situation in crops was dissimilar among the 
investigated TEs.

A series of studies have been carried out in the Xingren 
coalmine area in southwest Guizhou province, China. Most 
studies have focused on the occurrence and enrichment of 
toxic elements in coals (Ding et al. 1999, Yang et al. 2006, 
Zhao et al. 1998, Yang et al. 2006), environmental geochem-
ical characteristics (Yang & Liu, 1997, Qu et al. 2016), soil 
pollution and risk assessment in the vicinity of the mine 
(Qin et al. 2016) and water environment chemistry (Wu 
et al. 2009, Sun et al. 2013, Tang et al. 2009). Due to the 
exposure and accumulation of TEs, the health risk to local 
people is associated with crops grown in the polluted area. 
A study focused on the potential health risks of the TEs in 
soil and brown rice from Hunan province of China indicated 
that Cd had greater transferability from soil to the plant than 
other elements (Zeng et al. 2015). Meanwhile, the research 
shows that long-term exposure to TEs through brown rice 
consumption poses both potential non-carcinogenic and 
carcinogenic health risks to the local residents (Zeng et al. 
2015). Nevertheless, due to the limited assessments of metal 
pollution and health risks in Xingren, research gaps remain 
between the TE levels and accumulation characteristics in 
soil-crop systems.

The objective of this study was to analyse the content of 
TEs in soil and crop tissues, to evaluate the soil toxic element 
pollution and to comprehensively understand the pollution of 
toxic elements in the study area. The representative farmland 
soil-crop (rice, maize and Coix lacryma-jobi L.) systems of 
Xingren were selected since they are the daily diet for the 
local people. The risk of crop intake was evaluated by the 
target risk coefficient, which provides a reference for the 
food safety of the residents in the mining area.

MATERIALS AND METHODS

Study Area

Xingren county (104°54¢-105°34¢E; 25°16¢-25°48¢N) is 
located in the southwest of Guizhou Province, China. This 
area has a subtropical humid climate with an annual average 
rainfall of 1300~1450 mm and monthly rainfall from May 

to October greater than 100 mm. The coal resource from the 
Xingren coalfield is plentiful and thus Xingren is listed as 
being one of 200 major coal-producing counties in China. 
The large numbers of high-coal mining operations caused 
environmental deterioration during the 1980s and 1990s. 
Although the mining activities in the high-arsenic coal area 
have been prohibited in 1994, there are still abandoned 
coalmines and coal gangue across the county. In particular, 
the acid wastewaters, which come into being through the 
migration of dust and rain leaching, are the main source of 
TE pollution for farmland. The major source of income for 
local residents is growing crops, which include rice, maize 
and Coix lacryma-jobi L., in the study area.

Sampling and Preparation

Sampling was carried out in October 2015. There were 67 
sample sites and 8~10 soil and 3~5 plant samples were 
collected from each (Fig. 1). The soil was prepared by first 
randomly collected samples from a depth of 0-20 cm. All 
the samples were stored in clean polyethylene plastic bags 
to avoid further contamination and transported to the labo-
ratory immediately. All soil samples were air-dried at room 
temperature (20-25ºC). Stones, plant roots and other debris 
were removed and then the soil was sieved through a nylon 
sieve (pore size 2 mm). Crop samples were washed with 
purified deionised water (18.2 MW·cm) and dried overnight 
at 105ºC for 2 h, then at 75ºC to a constant weight. After 
drying, the samples were crushed with a porcelain mortar and 
pestle and then sieved through a 2-mm nylon sieve. Portions 
of all samples were ground in an agate grinder and passed 
through a 0.149-mm sieve to further remove impurities. The 
prepared samples were stored in airtight Ziploc bags at 20ºC 
for laboratory analysis.

Sample Testing and Quality Assurance

Soil samples (200 mg) were digested with 10 mL of con-
centrated HNO3-HClO4 in a 9:4 ratio at 160ºC and then the 
levels of TEs (Pb, Cd, Cr, Zn and Cu) were determined. 
Additionally, As was extracted using 50 vol% aqua-regia 
[HNO3 (68 mass%): HCl (37 mass%) = 1:3]. Plant samples 
were put in an airtight polytetrafluoroethylene tube and 
acidic mixture (HNO3-H2O2 in a 3:1 ratio) was added for 
digestion on a fully automatic digestion instrument (Mars 
6, CEM, USA). The total TE (Pb, Cd, Cr, Zn, Cu and As) 
concentrations were determined by an atomic absorption 
spectrometer (ZEEnit700P®, Analytikjena, Germany). The 
instrumental parameters of the atomic absorption spectrom-
eter for determination of Pb, Cd, Cr, Zn and Cu are given in 
Table 1 and the atomisation program is presented in Table 2.

Arsenic was analysed using an atomic fluorescence 
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spectrometer (AFS-933, Beijing Titan, China). The test 
conditions for As were: wavelength 197.3 nm; negative high 
voltage 270 V; total current 60 mA; complement cathodes 30 
mA; atomiser height 8 mm. The digesting reagents were of 
analytical grade and purified deionised water (18.2 MW·cm) 
was used for dilution.

The accuracy of the measurements was verified using the 
national standard reference materials from the National Re-
search Centre (Beijing, China): GBW07405 and GBW07454 
for soil samples; GBW07603 for plant samples. Addition 
one duplicate of five samples were used for quality control. 

Blanks were used for background correction and control de-
viation of two blanks under 20%. The deviation of duplicate 
measurement results was within the tolerance range (<5%).

Evaluation Methods

Geo-accumulation index: The geo-accumulation index 
(Igeo) was used to evaluate the degree of anthropogenic- or 
geogenic-induced accumulated pollution (Bhutiani et al. 
2017). The index reflects the natural variation of the TE dis-
tribution and can estimate the impact of human activities on 
the environment. Igeo is widely used to investigate quantitative 

Table 1: Instrumental parameters for atomic absorption spectrophotometry analysis for determination of TEs elements.

Parameter
                                                                    Element

Pb Cd Cr Zn Cu

Wavelength (nm) 283.3 228.8 357.9 213.9 324.8

Slit width (nm) 0.5 0.5 0.8 0.5 0.8

Lamp type HCl HCl HCl HCl HCl

Lamp current (mA) 2 2 4 2 2

Table 2: Temperature programme for atomic absorption spectrophotometry for the determination of TEs elements.

Step

Pb Cd Cr Zn Cu

Temp
°C

Ramp
(S)

Hold
(S)

Temp
°C

Ramp
(S)

Hold
(S)

Temp
°C

Ramp
(S)

Hold
(S)

Temp
°C

Ramp
(S)

Hold
(S)

Temp
°C

Ramp
(S)

Hold
(S)

Drying 110 5 10 110 6 20 110 5 10 110 5 10 110 5 10

Pyrolysis 800 300 10 500 300 10 1300 300 10 650 50 20 1100 300 10

Atomization 2000 1600 4 1500 1500 3 2300 1500 5 2150 1500 3 2100 1500 4

Clean-out 2450 500 4 2450 500 4 2450 500 4 2450 500 4 2450 500 4
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Fig. 1: Sampling location and the study area site (Ⅰ Soil/maize, Ⅱ Soil/Coix lacryma-jobi L., Ⅲ Soil/rice, Ⅳ Fig. 1: Sampling location and the study area site (I Soil/maize, II Soil/Coix lacryma-jobi L., III Soil/rice, IV Water,  

V Crops, VI Country, VII Tailings, VIII Road, IX coal mine).



912 F.X. Qin et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

indicators of TEs pollution in sediments and soil (Förstner 
et al. 1993). The formula is:
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Table 4: Grading standards of potential ecological risk of TEs in soils.

Degree Low Moderate Considerable High Very hight

Ei r £30 30~60 60~120 120~240 ³240

RI 60 60~120 120~240 ³240

ecological risk index was classified into five categories (Table 
4) (Häkanson 1980, Zhuang & Gao 2014).

There were some differences with the classical Häkan-
son potential ecological hazard index method (Häkanson 
1980). In the studies of Häkanson (1980) and Zhuang & Gao 
(2014), the first-stage upper limit of the  is obtained by the 
non-polluted pollution coefficient ( = 1) multiplied by the 
maximum toxicity coefficient in the reference pollutant. In 
this paper, the  value of Cd is the largest one among the six 
of TEs, as = 30. From this, the first grading criterion of  is 
30, and the other criterion is multiplied by 2 on the previous 
stage (Li et al. 2015). 

From Formula (3), RI is related to the type and quantity 
of pollutants. Specifically, the pollutants constituted more 
complex have stronger toxicity (the larger ), the greater 
the RI value. Thus, it must be considered that appropriate 
adjustment the type and quantity of pollutants when using 
the RI ecological risk assessment.

Using Häkanson’s first-level classification limit (150) 
and the total toxicity factor of eight pollutants (133) to get 
the unit toxicity coefficient (1.13). Taken unit toxicity coef-
ficient (1.13) to multiply total toxicity coefficient (53) of six 
TE, and round the decimal to get the first limit of RI (about 
60), the other criterion was multiplied by 2 on the previous 
stage. The classification criteria for the assessment of the 
potential ecological risk of TEs in soils are given in Table 4. 
It is different from the Häkanson’s classification.

Plant enrichment is closely related to plant species, soil 
substrate, and TEs’ categories. The bioaccumulation factor 
or transfer factor (BAF/TF) is usually used to characterise 
plant TE accumulation (Khan et al. 2010), which reflects the 
plant ability for metal storage in roots and/or translocation to 
aerial organs. The BAF was calculated as follows:
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Where, Ct represents the TE concentration in tissues (stalk, leaf, husk or edible parts) of crops; Cr 
represents the concentration in the root; Cs represent concentration in soils on a dry-weight basis. 

The target hazard quotient (THQ) is a health risk assessment model recommended by the US 
Environmental Protection Agency (US EPA 1997). The health risks from consumption of crops depend on 
the level of exposure and the amount of absorption by local inhabitants. The estimated risk using the THQ 
is based on the equation below (US EPA 1997, Bhatti et al. 2017). 
Where, CC is the metal concentration in crops (mg/kg); DF is food ingestion (g/person/d); BW is the 
average adult body weight (60 kg); RfD is the oral reference dose (mg/kg/d).  
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Where, Ccrop is the metal concentration in food (mg/kg); Dfood intake is food ingestion (g/person/d); BW 
is the average body weight, adult (60 kg); EF is exposure frequency (365 days/year)；ED is exposure 
duration (70 years); AT is averaging time for noncarcinogens (365 days/year × number of exposure years, 
assuming 70 years in this study); RfD is the oral reference dose (mg/kg/d). Oral reference doses were 
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a combined effect of a variety of elements (Bhatti et al. 2017). 

To assess the combined effect of more than one element, 
Total THQ (TTHQ) is calculated by the following modified 
equation (US EPA 1997):
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created using Origin (Origin 8.5, OriginLab) and The R Programming Language (R i386 3.4.1). 
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914 F.X. Qin et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

the TE contamination compared to that of abandoned agri-
cultural land. Another possible reason is the mining activities 
and factories around the study area (Li et al. 2014), which 
may also contribute to the TE exposure. The mean levels of 
Pb, Cd, Cr, Zn and Cu in the three crops were in this order: 
upland (207.89, 0.89, 194.00, 102.52 and 131.43 mg/kg for 
maize; 212.18, 0.88, 197.31, 106.40 and 128.01 mg/kg for 
Coix lacryma-jobi L.) > paddy soil (183.11, 0.78, 188.73, 
97.22 and 147.10 mg/kg). These five elements had similar 
trends in the maize soil and the Coix lacryma-jobi L. soil.

Assessment of TE Pollution by the Index of Geo-
accumulation:

The geo-accumulation indexes calculated for the soil of 
the target areas are shown in Fig. 3. The mean Igeo for toxic 
elements had a trend of As and Pb > Cu > Cr > Cd > Zn. A 
similar study by Qin et al. (2016) indicated that As and Pb had 
relatively higher contamination levels (Igeo ³ 3). The result 
from Fig. 3. showed that Zn from all the soil samples was 
similar to the unpolluted level, Cd (86.36% soil samples for 

rice, 76.19% soil samples for maize, 79.17% soil samples for 
Coix lacryma-jobi L.) was at the clean level and Cr (90.91%, 
90.48% and 95.83% for rice, maize and Coix lacryma-jobi 
L.) indicated light pollution, while Pb, Cu and As indicated 
moderate contamination. According to the mean Igeo, the 
elemental concentration in the studied soil samples could be 
categorised as: (1) As, Pb and Cu in the moderately polluted 
category; the source could be coal gangue, which contains 
Cu and Pb, and uncontrolled discarded wastewater (Qishlaqi 
et al. 2008); (2) Cr was in the lightly polluted category and 
might be mainly related to atmospheric deposition (Shi et 
al. 2014, Zeng & Wu 2013); and (3) Cd and Zn were in the 
unpolluted category. The results are similar to those reported 
by Qin et al (2016) in which the contamination levels were 
in the order: As, Pb and Cu > Cr > Cd.

Assessment of TE Pollution by Potential Ecological 
Risk

According to the formulas (2-3), the ecological risk (ER) 
value and potential ecological risk values (RI) for each of 
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Fig. 2: Box plots for content of TEs in different type soils. (n=67) Guizhou soil background: As=20.00mg/kg, 
Cr=95.90mg/kg, Pb=35.20mg/kg, Zn=99.50mg/kg, Cd=0.66mg/kg, Cu=32.00mg/kg. Standards values (pH 
<6.5) were 250, 0.30, 200, 50 mg/kg for Pb, Cd, Zn and Cu; 250, 30 mg/kg for Cr and As in paddy field, 130, 40 
mg/kg for Cr and As in dry land. (Grade Ⅱ of environmental quality standards values for soils of China, GB 
15618-1995). 
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the studied metals are shown (individually and in total) in 
Fig. 4 and 5. The risk indices of the metals are in the order: 
As > Cd > Pb > Cu > Cr > Zn.

The ER values for Cr and Zn were mostly at low levels, 
while these values were high for the other examined ele-
ments. The results indicate that the contribution of Cr and Zn 
to the potential ecological risk is relatively low. The sample 
of ERPb in low ecological risk level (50% of samples) and 
moderate ecological risk level (50% of samples) is in equal 
possibility. Almost every sample of ERCu was of low potential 
ecological risk. From Fig. 3, almost all the ERAs and ERCd 
values from the study area reached the level of moderate 
potential ecological risk (30 < ER < 60). 

The Igeo result indicates that Pb and As are in a similar 
pollution situation. The reason why ERAs > ERPb is that the 
toxic-response factor of As is double that of Pb. Cadmium 
posed a moderate potential ecological risk, which differs 
from the Igeo level because the toxic-response coefficient is 

relatively high ( = 30). The rank of the ER average of each 
element in the three types of land-use was similar to the re-
sults of Igeo, indicating that the soil pollution impacts its ER.

Fig. 5 shows that nearly 94% of the study area reached 
the level of considerable potential ecological risk (120 < RI 
< 240). The variation decreased in the order: maize (100-205) 
> rice (97-196) > Coix lacryma-jobi L. (117-195). Average 
RI was highest in Coix lacryma-jobi L. followed by maize 
and rice. The mean and individual values showed consider-
able potential ecological risk due to a high level of TEs in 
the study area. The interaction of the six elements increases 
the risk of the study area and the high degree of potential 
ecological risk may lead to crop contamination.

It is crucial to integrate these methods to obtain more 
knowledge of the TEs risk in the target area due to the limi-
tation of the current models (Zhang et al. 2012). Long-term 
mining activities (> 10 years) resulted in high arsenic levels 
in coalmining areas (Chen et al. 2002), which polluted the 
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nearby water and affected ecological functions. There was 
moderate contamination by As and the considerable potential 
ecological risk is shown by merging the results of Igeo and 
the potential ecological risk.

Assessment of TE Concentration in Crops

The concentration of TEs in each plant portion is presented 
in Fig. 6. TEs were widely distributed in different parts of 
the plant and the TEs in root were significantly higher than 
in other parts (Bose & Bhattacharyya 2008). It is important 
to focus on the TE content of the edible part because it is the 
main source of dietary exposure (Khan et al. 2015). The mean 
concentration of Pb (0.12 mg/kg), Cd (0.07 mg/kg), Cr (0.64 
mg/kg), Cu (1.58 mg/kg) and As (0.17 mg/kg) in the edible 
part of rice were less than other organisation (the minimum 
of other organisation: 0.75, 0.08, 1.44, 1.80, 0.65 mg/kg). 
Similar results were found in maize and Coix lacryma-jobi L.

Analysis of the levels of the elements in three crops (rice, 
maize and Coix lacryma-jobi L.) showed that TEs (except 
Zn) were highest in the root and lowest in the edible part. 
However, Zn showed a different trend. Zn was higher in the 
stalk and leaf for rice, in the leaf and husk for maize, and 
the leaf and edible parts for Coix lacryma-jobi L. Compared 
with rice and maize, the edible part of Coix lacryma-jobi L. 
has a relatively strong capacity for Zn storage. According to 
the maximum permitted level of contaminants in food set 
by the Ministry of Heath of the People’s Republic of China 
(MHPRC 2012), the mean value of the edible portions of 
the three crops was below the threshold of safety value for 
Pb, Cd, Cr, Zn, Cu and As (0.20, 0.10, 1.00, 50.00, 10.00 
and 0.20 mg/kg). The concentrations of Pb in the edible 
part were highest in Coix lacryma-jobi L. (0.14 mg/kg) 
and lowest in maize (0.10 mg/kg), which was similar to 

Cr and As. Zinc was highest in Coix lacryma-jobi L. (10.91 
mg/kg) and lowest in rice (6.24 mg/kg), which was the same 
as Cd and Cu.

Compared TEs content of three crops show that As and 
Cd were highest (lowest) in rice (maize) and maize (rice), 
respectively; Cu was higher in Coix lacryma-jobi L. There 
was an interspecific difference among crops. As and Pb 
content was high and matched the geo-accumulation index 
evaluation result. Compared to the concentration of Cd in 
soil, the concentration in crops was at a higher level.

The TF and BAF of the Crops

To assess the transfer of TEs from soil to crops, the transfer 
factor (TF) and bioaccumulation factor (BAF) were calculat-
ed (Fig. 7). The BAF and TF of different TEs in crops were 
dissimilar. The capacity of plants to uptake toxic elements is 
different and the same toxic element can be accumulated in 
different ratios in various plant species (Singh et al. 2010). 
The transport and enrichment ability of TEs was higher in 
the aerial parts than the underground parts of the crops. 
The reason is that aerial parts of plants mainly consist of 
metabolic organs and biomass is higher than underground.

Transfer factors of the edible parts (leaf, stalk and husk) 
for TEs decreased in the order Cd > Zn > Cu > Cr > As > 
Pb. The TFPb values (except above total) was lower than 
0.01 for the three cultivation systems. The possible reason 
was that the root hinders uptake of Pb (Cui et al. 2014). The 
BAFroot (except As of maize and Pd of Coix lacryma-jobi L) 
decreased in the order Cd > Cu > Zn > As > Cr > Pb, which 
is similar to the study by Chen et al. (2016) in rice of the 
Yangtze River Delta region. The TFZn and TFAs of the aerial 
part (except As of rice) were in contrast to those of the root 
(Zn > Cu and Cr > As). This result shows that the aerial parts 
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Fig. 4: The ecological risk (ER) of HMs in soil samples, the horizontal lines represent ER values of 30, 60 and 
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could absorb the Zn by the root and hinder the migration 
of As. BAF (TF) of Cd was significantly higher than other 
elements. Cd performed a higher capacity of transportation 
inside the plant and the soil-crop system, which may explain 
that why soil evaluated in clean level has a potential risk. 
These results indicate that despite Cd in soil was not polluted 
(Igeo <0), but the ability of three crops for the absorption of 
Cd was relatively strong. BAFs of Zn were slightly lower than 
those of Cd. The synergism between Cd and Zn enhances 
the efficiency of each other’s transfer (Nan et al. 2002). In 
the rice-soil system, BAFZn and BAFAs showed the highest 
values, which were different depending on the soil type (dry 
land > paddy field). These data indicate that the accumulation 
of TEs in crops is not only influenced by soil concentration, 
but also by physical and chemical properties of the soil or 
other factors. For instance, the equilibrium pH value (<4) 
could affect toxic elements sorption and desorption on soil 
components thus affecting the migration of metals (Najafi 
& Jalali 2015). Most soils of the target area are acidic, 
which may promote the migration of toxic elements from 
soil to crop (Chen et al. 2016). Possible reasons include (1) 

rice having a strong transferability for Zn and As; (2) water 
evaporates out cause the pH to decrease during the matura-
tion period (Shamshuddin et al. 2014), which may lead to 
metal desorption and metal ions being released into the soil 
solution (Chen et al. 2016).

The BAF and TF of each metal were dependent on the 
crop type and species. The bioaccumulation of toxic elements 
is different for different plant species, which is reflected by 
differences in their growth, reproduction, occurrence and 
survival in the metal-contaminated soil (Khan et al. 2015). 
Notably, different plant species possess different tolerance 
to the same pollutant under the same conditions. This dif-
ference may be explained by the different mechanisms and 
efficiency in the elemental uptake of plant species (Garty 
2001). The BAF (TF) of TEs (except for Zn) in the three 
crops can be divided into three levels: root > stalk and leaf 
> husk and edible parts, while the Zn is disordered. Fig. 6 
shows that the accumulation ability of edible part is highest 
in Coix lacryma-jobi L (except Cr) compared to other crops. 
The TF of As in each part of rice is higher than other crops 
in this study, which represent that As was easily absorbed by  
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Fig. 6: The concentrations of TEs in each part of crop samples (mg/kg). 

Analysis of the levels of the elements in three crops (rice, maize and Coix lacryma-jobi L.) showed 
that TEs (except Zn) were highest in the root and lowest in the edible part. However, Zn showed a different 
trend. Zn was higher in the stalk and leaf for rice, in the leaf and husk for maize, and the leaf and edible 
parts for Coix lacryma-jobi L. Compared with rice and maize, the edible part of Coix lacryma-jobi L. has a 
relatively strong capacity for Zn storage. According to the maximum permitted level of contaminants in 
food set by the Ministry of Heath of the People’s Republic of China (MHPRC 2012), the mean value of the 
edible portions of the three crops was below the threshold of safety value for Pb, Cd, Cr, Zn, Cu and As 
(0.20, 0.10, 1.00, 50.00, 10.00 and 0.20 mg/kg). The concentrations of Pb in the edible part were highest in 
Coix lacryma-jobi L. (0.14 mg/kg) and lowest in maize (0.10 mg/kg), which was similar to Cr and As. Zinc 
was highest in Coix lacryma-jobi L. (10.91 mg/kg) and lowest in rice (6.24 mg/kg), which was the same as 
Cd and Cu. 

Compared TEs content of three crops show that As and Cd were highest (lowest) in rice (maize) and 
maize (rice), respectively; Cu was higher in Coix lacryma-jobi L. There was an interspecific difference 
among crops. As and Pb content was high and matched the geo-accumulation index evaluation result. 
Compared to the concentration of Cd in soil, the concentration in crops was at a higher level. 

The TF and BAF of the Crops 

To assess the transfer of TEs from soil to crops, the transfer factor (TF) and bioaccumulation factor (BAF) 
were calculated (Fig. 7). The BAF and TF of different TEs in crops were dissimilar. The capacity of plants 
to uptake toxic elements is different and the same toxic element can be accumulated in different ratios in 
various plant species (Singh et al. 2010). The transport and enrichment ability of TEs was higher in the 
aerial parts than the underground parts of the crops. The reason is that aerial parts of plants mainly consist 
of metabolic organs and biomass is higher than underground. 

Fig. 6: The concentrations of TEs in each part of crop samples (mg/kg).
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the rice. Maize had relatively lower enrichment and transport 
capacity compared to rice and Coix lacryma-jobi L, except 
for Cd. Combining the BAF and TFabove total it was found that 
the absorption of Cu (Zn) of Coix lacryma-jobi L. (rice) was 
higher than other plants.

Correlation Coefficient Between TEs in Soil and Crop 
Tissue

As shown in Fig. 8, the 𝑟-values were found to be significant 

(p<0.05). Thus, all the observed correlations were not high. 
The 𝑟-value depicted the strongest positive correlation as 
being between root and soil. The most significant positive 
correlation was observed for As of rice, Cu of maize and 
Zn of Coix lacryma-jobi L. (𝑟-values of 0.415, 0.437 and 
0.413, respectively). TEs in root were positively correlated 
with soils, showing an increase in the concentration of one 
metal with a decrease in the concentration of other metals. 
No significant positive or negative correlation was observed 
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Transfer factors of the edible parts (leaf, stalk and husk) for TEs decreased in the order Cd > Zn > 
Cu > Cr > As > Pb. The TFPb values (except above total) was lower than 0.01 for the three cultivation 
systems. The possible reason was that the root hinders uptake of Pb (Cui et al. 2014). The BAFroot (except 
As of maize and Pd of Coix lacryma-jobi L) decreased in the order Cd > Cu > Zn > As > Cr > Pb, which is 
similar to the study by Chen et al. (2016) in rice of the Yangtze River Delta region. The TFZn and TFAs of 
the aerial part (except As of rice) were in contrast to those of the root (Zn > Cu and Cr > As). This result 
shows that the aerial parts could absorb the Zn by the root and hinder the migration of As. BAF (TF) of Cd 
was significantly higher than other elements. Cd performed a higher capacity of transportation inside the 
plant and the soil-crop system, which may explain that why soil evaluated in clean level has a potential 
risk. These results indicate that despite Cd in soil was not polluted (Igeo <0), but the ability of three crops 
for the absorption of Cd was relatively strong. BAFs of Zn were slightly lower than those of Cd. The 
synergism between Cd and Zn enhances the efficiency of each other's transfer (Nan et al. 2002). In the 
rice-soil system, BAFZn and BAFAs showed the highest values, which were different depending on the soil 
type (dry land > paddy field). These data indicate that the accumulation of TEs in crops is not only 
influenced by soil concentration, but also by physical and chemical properties of the soil or other factors. 
For instance, the equilibrium pH value (<4) could affect toxic elements sorption and desorption on soil 
components thus affecting the migration of metals (Najafi & Jalali 2015). Most soils of the target area are 
acidic, which may promote the migration of toxic elements from soil to crop (Chen et al. 2016). Possible 
reasons include (1) rice having a strong transferability for Zn and As; (2) water evaporates out cause the 
pH to decrease during the maturation period (Shamshuddin et al. 2014), which may lead to metal 
desorption and metal ions being released into the soil solution (Chen et al. 2016). 

The BAF and TF of each metal were dependent on the crop type and species. The bioaccumulation of 
toxic elements is different for different plant species, which is reflected by differences in their growth, 
reproduction, occurrence and survival in the metal-contaminated soil (Khan et al. 2015). Notably, different 
plant species possess different tolerance to the same pollutant under the same conditions. This difference 
may be explained by the different mechanisms and efficiency in the elemental uptake of plant species 

Fig. 7: Transfer factor and bioaccumulation factor of TEs in the three soil-crop systems.

 

(Garty 2001). The BAF (TF) of TEs (except for Zn) in the three crops can be divided into three levels: 
root > stalk and leaf > husk and edible parts, while the Zn is disordered. Fig. 6 shows that the accumulation 
ability of edible part is highest in Coix lacryma-jobi L (except Cr) compared to other crops. The TF of As 
in each part of rice is higher than other crops in this study, which represent that As was easily absorbed by 
the rice. Maize had relatively lower enrichment and transport capacity compared to rice and Coix lacryma-
jobi L, except for Cd. Combining the BAF and TFabove total it was found that the absorption of Cu (Zn) of 
Coix lacryma-jobi L. (rice) was higher than other plants. 

 
Correlation Coefficient Between TEs in Soil and Crop Tissue 
As shown in Fig. 8, the 𝑟𝑟-values were found to be significant (p<0.05). Thus, all the observed correlations 
were not high. The 𝑟𝑟-value depicted the strongest positive correlation as being between root and soil. The 
most significant positive correlation was observed for As of rice, Cu of maize and Zn of Coix lacryma-jobi 
L. (𝑟𝑟-values of 0.415, 0.437 and 0.413, respectively). TEs in root were positively correlated with soils, 
showing an increase in the concentration of one metal with a decrease in the concentration of other metals. 
No significant positive or negative correlation was observed in other parts of the plants, which indicates 
that the sources of the elements in the soil were not the same. 

 

Fig. 8: r-values distribution between TEs contents in soil and different tissues of plants. 

Health Risk Assessment of TEs through the Food Chain 
Target hazard quotient through the food chain quantification health risk, and the assessment process main 
determined by exposure to various virulence factor (Bhatti et al. 2017). The THQ is a tool to assess the 
level of risk associated with a particular pollutant. The estimation of the hazard quotient of metals in 
different crops from various sites is given in Table 6.  

Table 6: THQ and TTHQ values for TEs caused by the consumption of crops. 

Stem Statistics 
THQ 

TTHQ 
Pb Cd Cr Zn Cu As 

Rice 

Minimum 0.03 0.02 1.03×10-3 0.07 0.11 0.00 0.23 

Maximum 0.27 0.92 3.39×10-3 0.15 0.20 6.33 7.88 

Mean 0.15 0.30 1.78×10-3 0.09 0.16 2.30 3.00 

Maize Minimum 0.03 0.00 4.10×10-4 0.04 0.08 0.00 0.14 

Fig. 8: r-values distribution between TEs contents in soil and different tissues of plants.
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in other parts of the plants, which indicates that the sources 
of the elements in the soil were not the same.

Health Risk Assessment of TEs through the Food 
Chain

Target hazard quotient through the food chain quantification 
health risk, and the assessment process main determined by 
exposure to various virulence factor (Bhatti et al. 2017). The 
THQ is a tool to assess the level of risk associated with a 
particular pollutant. The estimation of the hazard quotient of 
metals in different crops from various sites is given in Table 6. 

In the entire study area, the THQs for TEs through food 
(crops) consumption were found to be in the order: As > Cd 
> Cu > Pb > Zn > Cr (except Coix lacryma-jobi L.). The 
THQ values in this study were <1 for all TEs expect As. 
The THQAs in rice, maize and Coix lacryma-jobi L. was 
0~6.33, 0~1.22 and 0.56~3.03, respectively, which indicates 
that some samples’ THQ was >1 and above the safe limits. 
The mean value of THQAs for maize was <1 (Table 6), while 
those of rice and Coix lacryma-jobi L. were >1. The results 
display similar trends with the BAF and TF (rice > Coix 
lacryma-jobi L. > maize). It is critical to reduce BAF and 
TF to ensure food safety.

The ranking orders of TTHQ for each plant were rice 
> Coix lacryma-jobi L. > maize. The potential risk of con-
sumption of rice in the target area is higher than the others. 
The TTHQ of crop species was≥1, indicating potential 
non-carcinogenic risks from ingestion of local crops (rice, 
maize and Coix lacryma-jobi L.). Since the THQ was <1 
for TEs in maize, the health risk could be negligible to the 
inhabitants of the studied area by individual TE, but the 
combined effect of the metals may pose a health risk. The 
estimated TTHQ was mainly due to As. The THQ accounted 
for 76.77% (rice), 62.86% (maize) and 66.14% (Coix lacry-
ma-jobi L.) of the TTHQ.

CONCLUSIONS

TE content in the investigated agricultural soils were in the 
order As > Pb > Cu > Cr > Cd > Zn. The average TE values 
were greater than the respective background values of the 
local area, while the soil contamination content exceeded 
the national standard.

The results of Igeo signify that As was at the highest con-
tamination level compared to other TEs, while Pb and Cu 
were at the moderately polluted level, Cr was in the lightly 
polluted level, and Cd and Zn were not pollutants. The results 
of RI showed that exceeding 90% soil sample point is in the 
considerable potential ecological risk level, especially soil 
growing Coix lacryma-jobi L., and the highest contributing 
element was As. Therefore, urgent measures must be taken 
to control contamination with As in this area.

The TFCd value was significantly higher than other ele-
ments, while Pb was second highest. There was competition 
in transport and absorption between Pb and Cd. Comparing 
the three plants, As was easily absorbed by the rice, while Cd 
was easily absorbed by maize and Cu was easily absorbed 
by Coix lacryma-jobi L. Pb, Cd, Cr and As are accumulated 
in rice, indicating that rice (compared maize and Coix lacry-
ma-jobi L.) has a strong capability to transfer these metals 
from root to grain. Maize shows lower intake of TEs com-
pared to rice and Coix lacryma-jobi L., while rice enriched 
the toxic elements.

The TTHQs values for the target area were ³ 1, which 
indicates potential health risks. Therefore, measures must be 
taken to cut down the contents of TEs in the grain and soil 
and to use new technology to remove or reduce pollution 
due to anthropogenic activities.
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TTHQ
Pb Cd Cr Zn Cu As
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ABSTRACT

The inhibitive properties of the extracts of Cascabela thevetia and Jatropha curcas were comparatively 
studied on corrosion of mild steel in H2SO4 acid. The extracts of both plants contained active 
phytochemical constituents such as tannins, saponins, alkaloids, flavonoids, terpenes and phenols 
which made them useful as good corrosion inhibitors. The extract concentrations were varied from 0.3 
to 1.5 g/L during both the gravimetric and gasometric analyses for an exposure time of 7-28 days. The 
weight loss of the coupon, corrosion rate, surface coverage and inhibitive efficiency was evaluated 
for both the extracts. The results of the gravimetric and gasometric analyses indicated that inhibitive 
efficiency increased with an increase in the concentration of inhibitors and the highest was 55.77% 
for Jatrophas curcas at the concentration of 1.5 g/L. The weight loss was a little lower for Cascabela 
thevetia (4.36 g) compared to Jatrophas curcas (4.66 g) at the highest exposure time used (28 days). 
Cascabela thevetia has a better surface coverage (0.68) than Jatropha curcas (0.61), hence, Cascabela 
thevetia inhibits better for a 7-day exposure time. However, when the mild steel was further exposed 
for more than 7 days, Jatropha curcas exhibited a better inhibitive property. The highest and least 
hydrogen gas evolution was obtained at 0.3 g/L concentration (7 minutes) and 1.5 g/L concentration (1 
minute) for both Cascabela thevetia and Jatropha curcas leaves extracts, respectively. Based on the 
results, the utilization of extracts of Cascabela thevetia and Jatropha curcas leaves as replacements 
for toxic organic inhibitors in industries are recommended.

INTRODUCTION

The deterioration of materials as a result of its reaction 
with the environment is termed corrosion. It is a natural 
phenomenon that results in the destructive attack of any 
metal through chemical or electrochemical reaction with the 
environment (Bradford 1993, Perez 2004). It is described as 
the propensity of metallic materials to return to its organic 
state in a steadier mineral form (Mshelia et al. 2017). Apart 
from gold and platinum, nearly all metals will disintegrate 
in the environment that is oxidized thereby leading to the 
formation of compounds either in their oxides, sulphides or 
hydroxides state. Although metals tend to corrode naturally, 
the environment that metal is exposed to has great strength 
on the speed at which it will disintegrate (Syed 2006).

Corrosion is said to be a societal menace that causes 
numerous damages, destruction and degradation especially 
in industries as well as in automobiles, aeroplanes, highway 
bridges, household gadgets and many more (Odusote & Ajayi 
2013). Corrosion is a constant and continuous problem which 
cannot be eliminated. Prevention is one of the best methods 

to combat corrosion. Therefore, engineering materials are 
required to be protected against corrosion. One of such 
engineering materials is the mild steel which has found use-
fulness in automobile, construction, petrochemical industries 
and many more. It is a choice material due to its availability, 
low cost and excellent mechanical properties (Al-Otaibi et 
al. 2012). These materials are very susceptible to corrode 
in harsh and hostile aggressive environment. To mitigate 
the effect of corrosion on metal, the metallic corrosion rate 
can be avoided, prevented or lowered with the addition of 
corrosion inhibitor, which is one of the best-known methods 
of corrosion protection that is mostly used in the industry 
(Al-Otaibi et al. 2012). 

Corrosion inhibitors are materials or substances which 
are introduced into a corrosion system in a little amount 
to lower or avert the metal reaction of the corrosive media 
(Singh et al. 2012). Various methods that have been used to 
control corrosion include coatings, inhibitors, designs, ma-
terial selection and cathodic protection. However, inhibitors 
utilization has been one of the most practicable technique 
for corrosion protection in harsh environment (Ansari et al. 
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2012). Fundamentally, the various forms of corrosion inhib-
itors include anodic, cathodic, mixed and volatile corrosion 
inhibitors (Taghavikish et al. 2017, Asmara et al. 2017). 
Moreover, synthetic (organic), metallic (inorganic) and green 
inhibitors (natural products) are the variously classified 
corrosion inhibitors (Ajayi et al. 2012, Rani & Basu 2012). 
Researches have revealed that the toxicity of some of the 
synthetic and inorganic inhibitors is instigating mutation of 
genes as well as the failure of kidney and liver, to mention 
but a few (Singh et al. 2012). Green corrosion inhibitors have 
been prompted due to the environmental toxicity of organic 
corrosion inhibitors (Rani & Basu 2012). The advantages of 
green corrosion inhibitors over organic inhibitors are their 
biodegradability, environmental friendliness, ecological ac-
ceptance and they do not possess heavy metal or other toxic 
compounds. They are also not expensive, readily available 
and renewable (Odusote & Ajayi 2013, Rani & Basu 2012).

Green corrosion inhibitors have been seen to be effective 
in reducing the rate of corrosion of metals that are exposed 
to a hostile environment. Various studies have reported that 
these inhibitors (extract from leaves, barks, seeds, roots, and 
so on) have good inhibition efficiencies both in acidic and 
other aggressive media (Odusote & Ajayi 2013, Umoren et al. 
2006). Corrosion inhibiting abilities of these green inhibitors 
have been attributed to the existence of organic compounds. 
These compounds are mainly tannins, saponins, alkaloids, 
steroids, flavonoids, amino acids, etc. in the plants (Rani & 
Basu 2012, Martinez 2003, Chowdhary et al. 2004, El-Etre 
et al. 2005). More so, numerous extracts from different parts 
of plants have been examined as metal corrosion inhibitors 
and have been reported to have inhibitive effects through 
the formation of a passivating layer (protective film) on the 
surface of the metal by adsorption of phytochemical mole-
cules that are present in the plants on the surface of the metal 
(Oguzie & Ebenso 2006, El-Etre & El-Tantawy 2006). The 
plant parts, as well as their location, is a great determinant 
in the compound yields and the corrosion inhibitor abilities 
(Okafor et al. 2008). A few of plants extracts are Delonix 
regia extract (Abiola et al. 2007), natural onion juice (El-Etre 
2006), Carica papaya leaf extract (Oki et al. 2015), Punica 
granatum extract (Rani & Selvaraj 2010), Hibiscus sabdarif-
fa extract (Oguzie 2008), Rhizophora racemose extract (Oki 
et al. 2011), Azadirachta indica extract (Okafor et al. 2010), 
Lawsonia extract (El-Etre et al. 2005) and others.

Based on the current focus on green inhibitors, this 
study aims at exploring the utilization of plant extracts as 

green corrosion inhibitors for metallic materials. The study 
investigates the corrosion inhibitive properties of Cascabela 
thevetia and Jatropha carcus leaves extracts on mild steel 
corrosion by employing gravimetric and gasometric methods. 
Furthermore, comparison of the inhibitive effects was made 
between these two green inhibitors to ascertain the one which 
has higher inhibitive properties.

MATERIALS AND METHODS

Materials and equipment: The materials used for the exper-
iment were mild steel (coupon) with its composition given 
in Table 1, sulphuric acid (H2SO4) solution, Cascabela 
thevetia leaves, Jatropha curcas leaves, methanol, ethanol 
and acetone.

A mild steel rectangular specimen was mechanically cut 
into coupons of 35 × 20 × 1 mm with a 3 mm hole drilled in 
each of the coupons for suspension purpose. The exposed 
area of each coupon was mechanically abraded with emery 
paper of different grades, polished and degreased in ethanol, 
cleaned with acetone and then kept inside the desiccator. 

Preparation of the inhibitors (Cascabela thevetia and 
Jatropha curcas leaf extracts): The leaves were plucked 
from a farm in Ilorin, Nigeria and washed and sliced into 
pieces. The sliced leaves were dried at room temperature 
and pulverized into powdery form. The pulverized form of 
the leaves was soaked with methanol for 48 hours. To obtain 
the needed extract, solution filtration was carried out while 
methanol was evaporated from the filtrate. A digital electronic 
weighing balance was used to weigh the extract. Fig. 1(a & b) 
show how the extracts were filtered while Fig. 1c represents 
the experimental set up for gasometric analysis.

Cascabela thevetia and Jatropha curcas leaves phytochem-
ical analysis: The phytochemical analysis of both the leaves 
disclosed the existence of tannins, saponins, flavonoids, al-
kaloids, phenol and terpenoids. It has been reported that the 
most active green inhibitor constituents in plants are tannins, 
saponins and alkaloids (Rani & Basu 2012, Martinez 2003, 
Chowdhary et al. 2004, El-Etre et al. 2005).

Key: + means present, - means absent

Gravimetric analysis: Extract ranging from 0.3 to 1.5 g 
were dissolved in separate beakers that contain 1 litre of 
sulphuric acid solution each, as the inhibited environments. 
The pre-treated coupons were removed from the desiccator. 
The weights of these coupons (w1) were determined using a 

Table 1: Compositional analysis of mild steel sample.

Element C  Si Mn P S Cr Ni Mo Fe

Composition (%wt.) 0.242 0.119 0.304 0.012 0.007 0.175 0.154 0.094 98.7
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digital electronic weighing balance of ±0.01g accuracy and 
the corresponding weight (w1) was recorded. The prepared 
coupons were suspended into the prepared environment. The 
coupons were taken away from the different environments 
(either uninhibited or inhibited environments) at the end of 7 
days. The coupons were then removed and rinsed with etha-
nol and with acetone at the end of each interval. The coupon 
samples were weighed again and the obtained weights (w2) 
noted for each coupon. The experimentation for the study 
was carried out for 14, 21 and 28 days. 

To obtain the weight loss for both the uninhibited and 
inhibited samples for each immersion period and the concen-
tration of the inhibitors, Eq. (1) was used. Equations (2-4) 
were utilized to determine the corrosion rate, surface cover-
age and inhibitive efficiency of each inhibitor concentration 
(Ebenso et al. 2008, Eddy 2009):  

 Dw = w1– w2 …(1)

Where, Dw = weight loss, w1 = initial coupon weight 
before immersion (g) and w2  = final coupon weight after 
immersion (g).

  

5 
 

                    Table 2: Phytochemical constituents of the inhibitors. 

Phytochemical constituent Cascabela thevetia Jatropha curcas 
                Tanins + + 

Saponins + +  
Phenols - + 

Flavonoids + + 
Alkaloids + + 

Terpenoids + + 
Nicotine - - 

                     Key: + means present, - means absent 
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Where,     weight loss,  1 = initial coupon weight before immersion (g) and  2 = final coupon 
weight after immersion (g). 
                             

                     …(2) 

Where,   = Coupon area (mm2) and  = Time spent in both media (h).  

                                 
   

         …(3) 

                                              …(4) 

Where,     = Uninhibited environment corrosion rate and    = Inhibited environment corrosion 
rate, at the same interval.  

  …(2)

Where, A = Coupon area (mm2) and T = Time spent in 
both media (h). 

 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (Ѳ)  =  

(𝐶𝑅� −  𝐶𝑅�)
𝐶𝑅�

  …(3)

     
          Inhibitive Efficiency (I. E.) = q ´100% …(4)

Where, CR1 = Uninhibited environment corrosion rate 
and CR2 = Inhibited environment corrosion rate, at the same 
interval. 

Gasometric analysis: This experiment was carried out 
using 15 ́  10 ́  1 mm mild steel coupons. With regards to the 
evolution of gas at the interphase of corrosion, the gasomet-
ric (gas-volumetric) method offers a quick and dependable 

way of determining any perturbation by the inhibitor. Each 
coupon was released into the Buckner flask which contains 
4M H2SO4 solutions in the presence of both leaves’ inhibition 
extracts at various concentrations (0.3-1.5 g/L) as well as 
the blank one at room temperature. The initial hydrogen gas 
volume was recorded as v1. The experimental arrangement 
was permitted to stay for seven minutes and hydrogen gas 
volume evolved was recorded per minute interval as v2. The 
gasometric experiment was done within 24 hours.

Equations (5-8) were used to determine the volume 
change (Dv), gas evolution rate (RVH), surface coverage (q) 
and inhibitive efficiencies (I.E %).

           Dv = v1 – v2 …(5)

Where, v1 = initial hydrogen gas volume and v2 = final 
hydrogen gas volume 

    Rate of gas evolved (RVH) = 

6 
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         …(7) 

                                              …(8) 

Where, RV1  = initial rate of gas evolved and RV2 = final rate of gas evolved 

RESULTS AND DISCUSSION 

Gravimetric studies: Figs. 2 and 3 show the obtained results from the weight loss, corrosion rate 

and inhibitive efficiency of Cascabela thevetia and Jatropha curcas inhibitors at the varied 

concentrations of the inhibitor with exposure time, respectively for the coupons suspended in 

H2SO4. 
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Where, A = Area of the coupon (mm2) and T = Time spent 
in both media (min)
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uninhibited (blank) and inhibited environments (Figs. 2 & 

4 
 

MATERIALS AND METHODS 

Materials and equipment: The materials used for the experiment were mild steel (coupon) with its 

composition given in Table 1, sulphuric acid (H2SO4) solution, Cascabela thevetia leaves, Jatropha 

curcas leaves, methanol, ethanol and acetone. 

          Table 1: Compositional analysis of mild steel sample. 

Element C  Si Mn P S Cr Ni Mo Fe 

Composition (%wt.) 0.242 0.119 0.304 0.012 0.007 0.175 0.154 0.094 98.7 

 

A mild steel rectangular specimen was mechanically cut into coupons of                with 

a 3 mm hole drilled in each of the coupons for suspension purpose. The exposed area of each 

coupon was mechanically abraded with emery paper of different grades, polished and degreased in 

ethanol, cleaned with acetone and then kept inside the desiccator.  

Preparation of the inhibitors (Cascabela thevetia and Jatropha curcas leaf extracts): The leaves 
were plucked from a farm in Ilorin, Nigeria and washed and sliced into pieces. The sliced leaves 
were dried at room temperature and pulverized into powdery form. The pulverized form of the leaves 
was soaked with methanol for 48 hours. To obtain the needed extract, solution filtration was carried 
out while methanol was evaporated from the filtrate. A digital electronic weighing balance was used 
to weigh the extract. Fig. 1(a & b) show how the extracts were filtered while Fig. 1c represents the 
experimental set up for gasometric analysis. 

 
Fig. 1: (a) Filtration of Cascabela thevetia extract, (b) Filtration of Jatropha curcas extract, (c) 

Apparatus setup for gasometric analysis 

 

Cascabela thevetia and Jatropha curcas leaves phytochemical analysis: The phytochemical 

analysis of both the leaves disclosed the existence of tannins, saponins, flavonoids, alkaloids, phenol 

and terpenoids. It has been reported that the most active green inhibitor constituents in plants are 

tannins, saponins and alkaloids (Rani & Basu 2012, Martinez 2003, Chowdhary et al. 2004, El-Etre 

et al. 2005). 

Fig. 1: (a) Filtration of Cascabela thevetia extract, (b) Filtration of Jatropha curcas extract, (c) Apparatus setup for gasometric analysis



926 A. S. Adekunle et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

3). It was also discovered that in both cases, as the concen-
trations of the inhibitors increase, the weight loss reduce. 
In both cases, it was observed that a very high amount of 
weight was lost for the blank (un-inhibited) samples when 
compared with the inhibited samples between day 7 and day 
14 when subjected into H2SO4 environment. This implies 
that uninhibited steel will easily corrode when exposed to 
a corrosive environment. The weight loss at day 14 for the 
blank sample in H2SO4 environment was 5.18 g.  However, 

within 21 days, the weight losses were observed to increase 
for both inhibitors in the inhibited environment. For the 
inhibited samples at various concentrations of Cascabela 
thevetia, same weight loss patterns were observed as the 
days increase from 7 to 21 days. However, between days 21 
and 28, the weight loss increases for 0.3 g/L concentration 
between 5.43 and 5.88 g/L while for other concentrations, 
the weight losses reduce (Fig. 2). Moreover, from Fig. 3, 
the weight losses of the inhibited samples follow the same 

7 
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pattern at 0.6, 0.9, 1.2 and 1.5 g/L concentrations of Jatropha 
curcas between days 7 and 21. Only at 0.6 g/L concentration 
of Jatropha curcas was the weight loss slightly increased 
while other concentrations show distinct weight losses be-
tween 21 and 28 days.

The weight loss reduction can be attributed to shielding 
film layer formation on the mild steel surface in the inhibit-
ed system (Oguzie & Ebenso 2006, El-Etre & El-Tamtawy 
2006). The weight loss of the coupon in both inhibitors 
indicates that within 7-14 days at high concentration of 0.9-

1.5 g/L, Cascabela thevetia proves to be a superior inhibitor 
when compared to Jatropha curcas. However, Jatropha 
curcas displays the minimum weight loss within 14-21 days 
regardless of the inhibitor concentration. Therefore, Jatropha 
curcas demonstrates to be a superior inhibitor within 21 to 
28 days than Cascabela thevetia.

Additionally, the rate of corrosion for the blank sample 
increases and reaches a peak at day 14. A declining nature 
in the corrosion rate was observed between 14 and 28 days 
(Figs. 4 & 5). The Cascabela thevetia has the highest cor-
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rosion rate of 1.54 ´ 10-5 g/mm2/h (in 0.3 g/L) and 1.4 ´ 
10-5 g/mm2/h (in 1.5 g/L) as the least. However, Jatropha 
curcas has the highest corrosion rate of 1.72 ́  10-5 g/mm2/h 
(in 0.3 g/L) and the least to be 0.974 ´ 10-5 g/mm2/h (in 
1.5/L). Generally, for both corrosion inhibitors at different 
concentrations, the rate of corrosion without regards to the 
level of inhibitor concentration is lower than the blank. From 
Fig. 4, it was observed that as the exposure time increases 
from days 7 to 21, the corrosion rates increase for all the 
inhibited samples at various concentrations of Cascabela 
thevetia while the corrosion rates decline from days 21 to 
28. At 0.3 g/L concentration of Jatropha curcas, the corro-
sion rate increases between days 7 and 14 where a peak was 
reached and declined until the end of day 28. However, other 
concentrations of Jatropha curcas increase from days 7 to 
21 and a slight decline was observed until day 2 (Fig. 5). It 
can be said that the higher the concentration of the inhibi-
tors in the environment, the lower the corrosion rate. This 
implies that the extracts from the leaves are good enough to 
protect or reduce the steel materials from corrosion. Higher 
concentrations of the extracts lower the rate of disintegration 
for a long time. 

The decline in the rate of corrosion when the coupons 
are in the inhibited environments could be as a result of the 
inhibitor concentration increment which invariably suggests 
the adsorption of organic compounds present in the leaf ex-
tracts which could have formed the passive protecting film 

layer that has lowered the penetrability of the sulphuric acid 
onto the surface of the coupons mild steel. The corrosion 
rates could mean that the inhibitive effect of the inhibitor 
does not affect regardless of the inhibitor concentration after 
21 and 14 days for Cascabela thevetia and Jatropha curcas, 
respectively. This might be as a result of the suspension of 
H2SO4 into H2 gas and SO4

2-, that is, the H2 gas evolving and 
the media becomes less corrosive since SO4 is a base. Thus, 
Jatropha curcas is more effective as a corrosion inhibitor 
than Cascabela thevetia due to the number of days obtained 
from the experiment.

Figs. 6 and 7 show the inhibitors’ inhibitive efficiency on 
mild steel coupon at different concentrations in H2SO4. The 
results show that for both Cascabela thevetia and Jatropha 
curcas inhibitors during the initial 14 days, the inhibitor 
concentration is proportional to the inhibitive efficiency, 
that is, increase in the inhibitor concentration is an increase 
in the inhibitive efficiency in an acidic environment. Con-
sidering Figs. 6 and 7, the highest inhibitive efficiencies of 
the Cascabela thevetia and Jatropha curcas inhibitors at 1.5 
g/L were obtained to be 49.6% and 55.8%, respectively. At 
the same concentration, it can be said that Jatropha curcas 
gives better inhibitive efficiency than Cascabela thevetia. 
The maximum inhibitive efficiencies obtained at 1.5 g/L 
concentration of the inhibitors in H2SO4 environment could 
be as a result of increased thickness of the shielding film 
layer formation which could be attributed to increase in the 
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Fig. 6: Inhibitive efficiency under various concentrations of the Cascabela thevetia inhibitor.  
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inhibitor concentration in the system. This could be instigated 
by phytochemical constituents’ adsorption which is existing 
in the inhibitors (Table 2) that consequently cause a reduction 
in the penetrability of H2SO4 onto the surface of the metal. 
The least inhibitor inhibitive efficiency at 0.3 g/L was found 
to be 21.9 and 39.2% for Jatropha curcas and Cascabela 
thevetia, respectively. After 14 days, without regard to the 
inhibitor concentration, the inhibitive efficiencies decline for 
both green inhibitors used. This study finds agreement with 
previous studies on corrosion inhibition as it was reported 
that mild steel corrosion rate in the corrosion system of 
nitric acid/Carica papaya decreased with increment in the 
concentration of the inhibiting leaf extracts while corrosion 
efficiency and surface coverage increased as inhibitors’ 

concentration increase (Oki et al. 2015). More so, as the 
concentration of corrosion inhibitor increases, there is always 
a decrease in the weight loss of the metal in the corrosion 
system (Odusote & Ajayi 2013, Oki et al. 2015, Salami et 
al. 2012). This was obtained from this study and such should 
be expected as stated by Oki et al. (2015) that the inhibiting 
species number will rise in proportion to the leaf extracts 
concentration in the system (Oki et al. 2015).

Gasometric studies: For both inhibitors, there was a 
linear decline in the hydrogen gas evolution rate as a result 
of time increment. This was, however, not as rapid as that of 
the blank (uninhibited) samples (Figs. 8 & 9). Also, it was 
observed that the presence of the green inhibitors (Cascabela 
thevetia and Jatropha curcas) rapidly lowers the rate at which 

Table 2: Phytochemical constituents of the inhibitors.

Phytochemical constituent Cascabela thevetia Jatropha curcas

Tanins + +

Saponins + + 

Phenols - +

Flavonoids + +

Alkaloids + +

Terpenoids + +

Nicotine - -
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Fig. 7: Inhibitive efficiency under various concentrations of the Jatropha curcas inhibitor.  
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the hydrogen gas volume evolves. Also, it is observed that 
the gas evolution of the gas is inversely proportional to the 
inhibitors’ concentration. This implies that the increment 
in the inhibitors’ concentration results in a decrease in the 
evolution of the gas for both inhibitors. The same observation 
was reported by Oki et al. (2015) in which corrosion activi-
ties reduced with increment in leaf extract concentration of 
Carica papaya extracts in the corrosion system. The highest 
gas of evolution volumes at 0.3 g/L concentration were 24 

and 22 cm3 while the least gas evolution volumes at 1.5 g/L 
concentration were 31 and 32 cm3 for both Cascabela theve-
tia and Jathropha curcas inhibitors, respectively at 7 minutes.

It was observed that there is an increment in the surface 
coverage for both green inhibitors as the concentration in-
creases (Fig. 10). This could be the aftermath effect of the 
interactive reaction between the phytochemical constituents 
and H2SO4 which results in the declining nature of the acidic 
reaction rate on the mild steel coupons. This consequently 
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lowers the metal corrosion rate. The maximum surface 
coverage for the green inhibitors, Cascabela thevetia and 
Jatropha curcas, at 1.5 g/L concentration were 0.68 and 
0.61, respectively and the lowest surface coverage at 0.3 
g/L concentration were 0.31 and 0.27, respectively. This is 
an indication that Cascabela thevetia has a superior surface 
coverage for a short period of time compared to Jatropha 
curcas. The increment in time of surface coverage makes 
Jatropha curcas inhibit better and superiorly effective than 
Cascabela thevetia.

With increase in inhibitors’ concentration, there is an 
increment in the inhibitive efficiency of both green inhibitors 
(Fig. 11). The highest inhibitive efficiency was at 1.5 g/L 
concentration for both inhibitors and the values were 68.9% 
and 61.3% for Cascabela thevetia and Jatropha curcas, re-
spectively.  The lowest inhibitive efficiency was at 0.3 g/L 
for both inhibitors and the values were 31.6 and 27.2% for 
Cascabela thevetia and Jatropha curcas, respectively. 

This trend in corrosion inhibition efficiencies at vari-
ous inhibitors concentrations indicate the phytochemical 
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constituents’ chemisorption of the inhibitors on the metal 
surface. The mild steel coupon corrosion in H2SO4 solutions 
increase inhibitors’ concentration which was attributed to the 
adsorption of the inhibitors’ components on the metal surface. 

Consequentially, during corrosion reactions, the anodic 
reaction rate is always equal to the cathodic reaction rate. This 
is so as a result of the utilization of all electrons released in 
the anodic half reaction by the cathodic half. Therefore, the 
gas evolution rate is a function and measure of the corrosion 
rate of the metallic specimen in the corrosion system (Oki 
et al. 2015).

CONCLUSION

Comparative examination of the influence of Cascabela 
thevetia and Jatropha curcas leaves extracts on mild steel 
was carried out in this study and the following were deduced.

 1. The extracts have inhibitive efficiencies at 1.5 g/L 
concentration (after 28 days) in H2SO4 to be 49.59 and 
55.77% for Cascabela thevetia leaves and Jatropha 
curcas leaves, respectively. 

 2. As the concentration of the inhibitors (Cascabela 
thevetia and Jatropha curcas) increased in the H2SO4 
medium, the weight loss, the corrosion rate and the 
hydrogen gas evolved decreased.

 3. Cascabela thevetia had better surface coverage for 
a shorter period while Jatropha curcas had superior 
coverage with prolonged time. The inhibition property 
is best with Jatropha curcas.

 4. The gas evolution is dependent on the inhibitors’ 
concentration, therefore, increment in the inhibitors’ 
concentration reduces gas evolution.
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ABSTRACT

World across, there is an increasing concern about river health. In India, Ganga River Basin Management 
Plan (GRBMP) 2015 considered River Ganga as an ecological entity. This paper attempts to present 
a framework for river health assessment in India and discusses its applicability for River Ganga near 
Varanasi. In the proposed framework, the River Health Condition (RHC) is assessed through the 
calculation of River Health Index (RHI) on a 0-100 scale and categorized as Acceptable or Poor. RHI 
is calculated by using selected parameters/indices normalized on the 0-5 scale based on their critical 
and target values. River Health is presented through a coloured circumscribed pentagon each of whose 
side represents one of five indicator groups: i. Organo-electrolytic-bacterial qualities. ii. Nutrients, iii. 
Algae, iv. Macroinvertebrates, and v. Fish. Application of the proposed framework has been tested 
and explained using observed data for four seasons per year for two years from five locations of River 
Ganga near Varanasi. The colour of circumscribing pentagon reflects overall river health condition at 
a given location and each side of pentagon reflects health score concerningto one indicator group. 
The analyses indicate that the health of River Ganga near Varanasi is improving with time. The river 
health is found at its best level during Spring season and unstable during Post Monsoon period at most 
of the locations. The severely reduced RHI indicate “Overstressed” condition of River Ganga at the 
confluence points of River Assi and Varuna, which are evidenced by the presence of pollution tolerant 
biotic species. There are clear stretches of the river near outfall points which are nutrients rich and 
organically polluted causing poor health of river showing a disturbed balance of biotic species. Indicator 
group score based RHI gives a clear identification of critical parameters which may be used in strategic 
planning for river health restoration.

INTRODUCTION

Since ages, rivers have been taken as a source of water. See-
ing its importance, the Government of India declared River 
Ganga as the National River in the year 2008 (MoWR 2014). 
However, the river is getting polluted from many sources, 
including domestic sewage, industrial wastewaters and sur-
face run off from fields. Different types of pollutants enter the 
river system which affects the water quality in turn affecting 
the aquatic organisms present in the riverine environment. 
For most of the times, water resource managers understand 
water quality by measuring a few physico-chemical and bi-
ological characteristics and suggest its suitability for various 
beneficial uses. Ganga River Basin Management Plan (GRB-
MP) 2015 prepared by Government of India has considered 
River Ganga as ‘ecological entity’. From this perspective, 
researchers and experts in the field have been feeling the need 
to define river health and parameters for its assessment. It 
has been realized that in addition to physico-chemical and 
bacteriological water quality parameters, it is necessary to 
include aquatic organisms, such as algae, macroinvertebrates 
and fishes present in the riverine environment as indicators 

to define river health. These aquatic organisms convey the 
integrated and continuous characteristics of water quality.  
Therefore, many experts (Hawkes 1979, Sladecek 1979, 
Tittizer & Koth 1979, Hellawell 1986, Rosenberg & Resh, 
1993, Allan 1995) are of the view that algae, macroinverte-
brates and fish should be considered as suitable indicators for 
assessing the health of rivers. The Australia-China Environ-
ment Development Partnership (ACEDP) Report 2011, under 
the title ‘Assessment of River Health in Liao River Basin, 
Taizi Sub-catchment’, China is a good example in this line 
of thinking. In the study, from the whole spectrum of water 
quality characteristics, 15 parameters have been selected 
and divided into five categories: i. Physical and Chemical 
parameters (P&C), ii. Nutrients (NT), iii. Algae (A), iv. Mac-
roinvertebrates (MI), and v. Fish (F). Five P&C parameters 
included Electrical Conductivity (EC), Dissolved Oxygen 
(DO), Biochemical Oxygen Demand (BOD), Chemical 
Oxygen Demand (COD) and Phenols. Two NT parameters 
include Ammonia-N (NH4-N) and Total Phosphorus (TP). 
Two algal indices include a multi-metric Index of Biotic In-
tegrity (A_BI2) and Berger-Parker dominance index (A_BP). 
Three macroinvertebrate indices include family-level rich-
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ness (M_S), BMWP score (M_BMWP) and family-level EPT 
richness (M_EPT_S). Three fish indices include family-level 
richness (F_S), fish index of biotic integrity (F_BI) and Berg-
er Parker index (F_BP). River health assessment has been 
made using these 15 parameters. River Health Report Card 
(2012) has been presented in pictorial form in the shape of 
a pentagon, each side of pentagon depicting river health in 
terms of one category of characteristics, i.e. P&C, nutrients, 
algae, macroinvertebrates and fish. Under Indian conditions, 
it has been observed that organic pollution is predominant in 
rivers and almost all the surface water sources have the pres-
ence of Coliform group of bacteria to some extent (Bhard-
waj 2005). Accordingly, Singh & Saxena (2018) proposed 
calculation of River Health Index (RHI) based on suitably 
selected indicators and parameters. In this framework, Faecal 
Coliform (FC) was included (replacing Phenol taken in Aus-
tralia-China Study) among five P&C category characteristics, 
NT parameters were increased from 2 to 3 by including Total 
Nitrogen (TN) as this is more readily available data. Among 
biotic indicators, identification and counting based simple 
indices for algae, macroinvertebrate and fish which could be 
performed by non-experts also, were selected and used. This 
included Algal Palmer Genus Pollution Index (APPI), (index 
for algae), Macroinvertebrate Shannon Weiner Diversity In-
dex (M_SW), Macroinvertebrate BMWP score (M-BMWP) 
(two indices for macroinvertebrates), and Fish Family level 
Richness Index (F_S), Shannon Weiner Diversity index 
(FSW) (two indices for fishes). 

The present work is an attempt to interpret and understand 
the above framework of river health assessment for Ganga at 
Varanasi taking water quality and biotic indicators together 
into consideration. The framework calculates River Health 
Index (RHI) based on five indicator group scores, using a 
total of 13 parameters/indices. Organo-Electrolytic-Bacterial 
(OEB) group has five parameters (BOD, COD, DO, Elec-
trical Conductivity and Fecal Coliform values), Nutrients 
(NT) group consists of 3 monitoring characteristics: NH3-N, 
Total-Nitrogen and Total Phosphorus measurements. In ad-
dition, algae, macroinvertebrates and fishes are represented 

using five indices suitable for their groups. River Health 
Condition (RHC) has been classified as Acceptable (Excel-
lent, Very Good, Good) and Poor (Stressed, Overstressed, 
Critical and Sick/Dead) based on RHI.

MATERIALS AND METHODS

Study Area

The Varanasi district lies in Uttar Pradesh (UP) province of 
India between 82°56’E-83°03’E and 25°14’N-25°23.5’N. 
The city of Varanasi is situated in the middle stretch of 
Ganges basin in the eastern part of Uttar Pradesh. The cres-
cent-shape Ganges banks are all through the left side of the 
city (Fig. 1). The samples of the river water were collected 
for two years from September 2016 to May 2018 during four 
seasons: Post Monsoon (16 Sep-15 Nov), Winter (16 Nov-15 
Jan), Spring (16 Jan-15 Mar) and Summer (16 Mar-15 May) 
from 5 locations along the Ghats, starting from Saamne Ghat 
(upstream of confluence point of river Assi with Ganga) 
to the confluence point of River Varuna with Ganga in the 
downstream side of the city. The samples were collected 
from Saamne Ghat (L1), the confluence of (C/O) Assi Nala 
with Ganga (L2), Dashashwamedh Ghat (L3), Raaj Ghat 
(L4) and C/O Varuna with Ganga (L5) stretched in a length 
of around 7 km.

The Framework of River Health Index (RHI) 
Calculation

In this study, the framework of River Health Index (RHI) 
calculation is based on scores of aquatic environment pa-
rameters divided into five indicator groups: i. Organo-Elec-
trolytic-Bacterial (OEB) group (comprising of EC, DO, 
BOD, COD and FC, Total 5 parameters), ii. Nutrients (NT) 
group (consisting of NH3-N, TN and TP, Total= 3 parame-
ters), iii. Algae (Genus level Algal Palmer Pollution Index 
(APPI) One index), iv. Macroinvertebrate (Shannon Weiner 
Diversity index (MSW) and Macroinvertebrate BMWP score 
(MBMWP), Two Indices), and v. Fishes (Family level Fish 
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Species richness index (FS) and Shannon Weiner Diversity 
index (FSW), Two indices).

The group scores of Organo-Electrolytic-Bacterial 
(OEB), Nutrient (NT), Algae (A), Macroinvertebrate (MI) 
and Fish (F) indicators were used to calculate the River 
Health Index (RHI) by the following formula:

River Health Index (RHI) 

= [(OEB x w1) + (NT x w2) + (A x w3) + (MI x w4) 

 + (F x w5)]  …(1)

Where, OEB = Organo-Electrolytic-Bacterial indicator 
group score, NT = Nutrient indicator group score, A= Algal 
indicator group score, MI = Macroinvertebrate indicator 
group score, and F= Fish indicator group score and  w1, w2, 
w3, w4 and w5 are weightages given to different groups (Table 
1). The OEB and NT group indicators are normally affected 
by short term fluctuations, whereas biotic indicators such as 
algae, macroinvertebrates and fish are long term integrators of 
river health. Therefore, the biotic indicators should contribute 
more heavily towards an overall RHI. With similar reasoning, 
macroinvertebrates and fish indicators are weighted more 
heavily than algal indicators as they are longer lived than 
algae (Leigh et al. 2012).

River Health Condition (RHC) is defined based on indi-
cator group score andRiver Health Index (RHI) and colour 
code is given for visual representation, as shown in Table 2.

The river health is considered Acceptable or Poor if RHI 
is greater than or less than 60. Acceptable river health may 
be of three categories: Good (RHI 60-70), Very Good (RHI 
70-80) or Excellent (RHI>80). With poor river health, rivers 
may be categorized as Stressed (RHI 50-60), Overstressed 
(RHI 40-50), Critical (RHI 20-40) or Sick/Dead (RHI £ 20). 
The river health is pictorially represented by a circumscribed 
pentagon in which colour of each side represents one indi-
cator group score of water quality in the river environment 
and the colour of the circumscribing pentagon represents the 
river health condition (RHC) based on overall River Health 
Index (RHI) for the site (Fig. 2). 

Sample Collection and Analyses

Samples for organo-electrolytic-bacterial, nutrient, algae and 
macroinvertebrate analyses were collected from 5 locations 
along the Ghats of Varanasi during post-monsoon (16Sep-
15Nov), winter (16Nov-15Jan), spring (16Jan-15Mar) and 
summer (16Mar-15May) for two years 2016-2017 and 2017-
2018. Three grab samples were collected during morning 
hours between 8.00 a.m. and 11.00 a.m. from each location 
and mixed to form a compound sample for that location 
once every month and grouped in seasons. The total num-
ber of samples for which analyses have been performed is 
360 (120 each for Organo-Electrolytic-Bacterial, Nutrient, 
Algae and Macroinvertebrate). Some parameters such as 
electrical conductivity (EC), dissolved oxygen (DO) (includ-

Table 1: Weightage of different indicator groups.

Indicator Group Parameters/Indices No. of Parameters/Indices Weight factor Weight factor
given  in the present study

1 Organo-Electrolytic-Bacterial (OEB) EC,DO,BOD,COD,FC 5 w1 0.15

2 Nutrient Score (NT) NH3-N, TN, TP 3 w2 0.15

3 Algae Score (A) APPI 1 w3 0.20

4 Macroinvertebrate Score (MI) MSW, MBMWP 2 w4 0.25

5 Fish Score (F) FS, FSW 2 w5 0.25

Total 13 1.00

Table 2: River Health Condition (RHC) based on Indicator Group Score and River Health Index (RHI). 

River Health Indicator Group Score/ RHI Score RHC Colour Code

Acceptable

>80 Excellent Blue

70-80 Very Good Green

60-70 Good Yellow

Poor

50-60 Stressed Orange

40-50 Over Stressed Grey

20-40 Critical Red

£20 Sick/Dead Black
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Table 3: Genus based Algal Palmer Pollution Index (APPI) (Palmer 1969, Nandan & Patel 1986).

Genus Pollution Index Genus Pollution Index

Anacystis 1 Micractinium 1

Ankistrodesmus 2 Navicula 3

Chlamydomonas 4 Nitzschia 3

Chlorella 3 Oscillatoria 5

Closterium 1 Pandorina 1

Cyclotella 1 Phacus 2

Euglena 5 Phormidium 1

Gomphonema 1 Scenedesmus 4

Lepocinclis 1 Stigeoclonium 2

Melosira 1 Synedra 2

Anabaena 1

Note: Pollution classification of Palmer (1969) suggest that APPI = 0-10 represents lack of organic pollution, 10-15 indicates moderate pollution, 15-20 
marks probable high organic pollution, and 20 or more confirms high organic pollution.
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ing temperature, and pH) were recorded on the site using 
a multi-parameter analyser. Others including biochemical 
oxygen demand (BOD) by 5-day BOD test, chemical ox-
ygen demand (COD) by closed reflux titrimetric method 
(Hanna Instrument), faecal coliforms (FC) by multiple 
tube fermentation technique and nutrient parameters, such 
as ammonia-nitrogen (NH3-N) by titrimetric method, total 
nitrogen (TN) and total phosphorous (TP) by stannous chlo-
ride method were tested in the laboratory as per the standard 
methods (APHA 2005). 

The samples for algal analyses were collected in bottles 
and preserved in 4% formalin solution and transported to the 
laboratory for identification using the microscope. 

The Genus based Algal Palmer Pollution Index (APPI) 
was calculated using Table 3 (Palmer 1969, Nandan & Patel 
1986). Pollution classification of Palmer (1969) suggests that 
APPI =0-10 represents lack of organic pollution, 10-15 indi-
cates moderate pollution, 15-20 marks probable high organic 
pollution, and 20 or more confirms high organic pollution.

The macroinvertebrate samples were collected using 
standard D-frame dip net having 500-micron opening. Ben-

thic macroinvertebrates were collected systematically from 
all available instream habitats by kicking the substrate and 
jabbing with a D-frame dip net. The samples were preserved 
in 4% formalin solution and transported to the laboratory 
for further examination. In the laboratory, the samples were 
rinsed thoroughly with pure water to remove the preserva-
tive. Collected samples were examined and counted using 
the hand lens and microscope. The macroinvertebrates were 
identified to the lowest possible taxonomic level using stand-
ard taxonomic literature APHA (2005), Gerber & Gabriel 
(2002), Barbour et al. (1999), Merritt & Cummins (1996), 
William & Feltmate (1992), Pennak (1989), Durrand & 
Leveque (1981), Tonapi (1980), Pennak (1978) and Needham 
& Needham (1969). The Macroinvertebrate Shannon Weiner 
Diversity Index (MSW) was calculated as follow:

 MSW = -Spi.ln pi 

Where, pi = S/N,  S = Number of individual of particular 
specie, N = Total number of individuals of all species in the 
sample.

Macroinvertebrate Biological Monitoring Working Party 
(MBMWP) score was calculated based on the presence of 
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taxonomical class and families using Table 4 (De Zwart 
&Trivedi 1994).

The two fish indices, i.e. Fish Species Index (FS) and 
Shannon Weiner Diversity Index (FSW) were calculated 
based on species count and process suggested in the available 
literature (Das et al. 2013, Dwivedi et al. 2016).

 The ‘Target Value’ and ‘Critical Value’ for the in-
dicators were obtained from available literature as given in 
Table 5. 

The values of individual parameter/indices obtained 
from sample analysis are used to calculate the score of 
the parameter/index at a particular location. For making 

the score calculation more precise, the full range between 
‘Target value’ and ‘Critical value’ has been divided into five 
zones on a 0-5 scale, as given in Table 6. According to this, 
if at a particular site, the observed value of an indicator is 
better than or equal to the target value, the site would have 
an indicator score 5 and if the observed value is less than the 
critical value, the indicator score would be 0. 

The group indicator score is calculated by aggregating 
the parameters/indices score of each group.

Indicator Group Score 

= [S scores of parameters or indices/(5×No. of parameters 
or indices in the group)]×100 …(2)

Table 4: Biological Monitoring Working Party (BMWP) Score (De Zwart & Trivedi 1994).

Taxonomical Class Taxonomical Families BMWP Score

Ephemeroptera Heptogeniidae, Leptophlebiidae, Ephemerellidae, Ephemeridae, Potoaminthidae, Siphonuridae 10

Plecoptera Leuctridae, Capniidae, Perlodidae, Perlidae, Taeniopterygidae

Hemiptera Aphelocheiridae

Trichoptera Leptoceridae, Goeridae, Lepidostomatidae, Brachycentridae, Sericostomatidae

Odonata Lestidae, Gomphidae, Cordulegasteridae, Aeschnidae, Corduliidae, Libellulidae, Plathycnemididae 8

Trichoptera Psychomyiidae, Philopotomidae

Ephemeroptera Caenidae 7

Plecoptera Nemouridae

Trichoptera Rhyacophilidae, Polycentropodidae, Limnephilidae

Mollusca Ancylidae, Hydrobiidae, Neritidae, Viviparidae, Thiaridae, Bithynidae, Unionidae 6

Trichoptera Hydroptilidae

Crustacea Palaemonidae, Atydae, Gammaridae

Polychaeta Nereidae, Nephthyidae

Odonata Coenagriidae, Agriidae

Hemiptera Mesovelidae, Hydrometridae, Gerridae, Nepidae, Naucoridae, Notonectidae, Pleidae, Corixidae, Veliidae, 
Hebridae, Belestomatidae

5

Coleoptera Haliplidae, Hygrobidae, Dytiscidae, Gyrinidae, Hydrophilidae, Noteridae, Helodidae, Dryopidae, El-
minthidae, Psephenidae

Trichoptera Hydropsychidae

Diptera Tipulidae, Culicidae, Blepharoceridae, Simulidae

Planaria Planariidae, Dendroceolidae

Ephemeroptera Baetidae 4

Megaloptera Sialidae

Hirudinea Piscicodidae

Mollusca Lymnaeidae, Planorbidae, Sphaeridae 3

Hirudinea Glossiphonidae, Hirudidae, Erpobdellidae

Planaria Dugesiidae

Crustacea Asselidae

Diptera Chironomidae, Syrphidae 2

Oligochaeta All families 1
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Table 6: Score of parameters/indices on a 0-5 scale.

Indicator Group Parameter/Indices Score

0 1 2 3 4 5

1 Organo-Elec-
trolytic-Bacte-
rial (OEB)

i. EC (µmhos/cm) >1500 1250-1500 1000-1250 750-1000 400-750 £400

ii. DO (mg/L) <3 3-4 4-5 5-6 6-7 ³7

iii. BOD (mg/L) >8 6.5-8 5.0-6.5-5 4.0-5.0 3.0-4.0 £3

iv. COD  (mg/L) >80 65-80 50-65 40-50 30-40 £30

v. FC (MPN/100 mL) >2500 2000-2500 1500-2000 1000-1500 500-1000 £500

2 Nutrients (NT) i.NH3-N  (mg/L) >1.5 1.2-1.5 0.9-1.2 0.6-0.9 0.3-0.6 £0.3

ii. TN ( mg/L) >2 1.6-2.0 1.2-1.6 0.8-1.2 0.5-0.8 £0.5

iii. TP (mg/L) >0.3 0.25-0.3 0.2-0.25 0.15-0.2 0.1-0.15 £0.1

3 Algae (A) i. APPI (Genus) >20 18-20 15-17 13-14 11-12 £10

4 Macroinverte-
brate  (MI)

i. MSW 0 0-1.0 1.0-2.0 2.0-3.0 3.0-3.5 >3.5

ii. MBMWP (Saprobic) 0 0-2.0 2.0-4.0 4.0-5.5 5.5-7.0 >7

5 Fish (F) i. FS (Species) 0 1-15 15-35 35-55 55-75 ³75

ii. FSW 0 0-0.75 0.75-1.5 1.5-2.5 2.5-3.5 >3.5

Table 5: Target and Critical values for parameters/indices in a river environment.

S.N. Indicator Group Parameter/ Indices Target value Critical value Source

1 Organo-Electrolytic-Bac-
terial (OEB)

i. EC (µmhos/cm) £400 >1500 EHMP (2010); (Anon 2000)

ii. DO (mg/L) ³7 <3 UNECE (1994) 

iii. BOD (mg/L) £3 >8 CPCB  (2015)(Existing); CPCB (2002)

iv. COD  (mg/L) £30 >80 Assumed (Currently no limit is available). 

v. FC (MPN/100mL) £500 >2500 CPCB (2015)  (Existing)

2 Nutrients (NT) i.NH3-N  (mg/L) £0.3 >1.5 CPCB (2002); MEP (2008)

ii. TN  (mg/L) £0.5 >2 Anon (2000); MEP (2008)

iii. TP (mg/L) £0.1 >0.3 CPCB (2002) 

3 Algae (A) i. Genus APPI £10 >20  Palmer (1969)

4 Macroinvertebrate (MI) i. MSW >3.5 0 Kerkhoff (2010)

ii. MBMWP (Saprobic) >7 0 CPCB (2015) 

5 Fish (F) i. Family Level Fish Species 
Richness Index (FS)

³75 0 Das et al. (2013) 

ii. FSW >3.5 0 Das et al. (2013) 

RESULTS AND DISCUSSION

The list of algae and different macroinvertebrate families 
found at all five locations of sampling in Varanasi during 
the study period is listed in Tables 7 and 8.

The range of values observed for different parameters/
indices at all 5 locations of Varanasi during four seasons of 
two years period is given in Table 9.

The observed value of parameter/index is assigned a score 
between 0-5 using Table 6. The value of the indicator group 

score is calculated using Eqn. (2). Based on the indicator 
group score, the River Health Index (RHI) is calculated from 
Eqn. (1)and the River Health Condition (RHC) is categorized. 
The parameter/index score of the individual parameter/index, 
indicator group score, RHI and RHC at a particular location 
for two years (Sep 2016-May 2017 and Sep 2017- May 2018) 
is given in Table 10. 

From Table 10, it is observed that, based on RHI calculat-
ed through the proposed framework, health condition of River 
Ganga at Varanasi is acceptable and under ‘Good’ category 
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Table 8: Macroinvertebrate Groups and Families found at different locations in River Ganga near Varanasi 
(Sept 2016-May 2018).

 Taxonomical Group Taxonomical Families Common names

1 Coleoptera

Dytiscidae Diving Beetles

Elmidae Riffle Beetles

Hydrophilidae Water scavenger Beetles

2 Diptera

Chironomidae Non biting Midges

Culicidae Mosquito larvae

Psychodidae Moth fly

Simuliidae Black fly

Syrphidae Rat-tailed maggot

Tabanidae Horse fly

Tipulidae Crane fly

Muscidae Muscid fly

3 Ephemeroptera Baetidae May fly

4 Mollusca

Lymnaeidae Pond Snails

Physidae Pouch Snails

Pilidae Apple  Snail

Viviparidae Snails

5 Oligochaeta
Tubifex Worms

Tubificidae Worms

Table 7: Algal groups and genera found at different locations of River Ganga near Varanasi  (Sept 2016-May 2018).

Group Genus Group Genus

Bacillariophyceae

Achnanthes

Chlorophyceae

Mougeotia

Asterionella Oedogonium

Cocconeis

Cyclotella Palmella

Cymbella Pediastrum

Fragilaria Scenedesmus

Gomphonema Sphaerocystis

Melosira Spirogyra

Navicula Staurastrum

Nitzschia Stigeoclonium

Stauroneis Tetraspora

Surirella Tribonema

Synedra Ulothrix

Tabellaria Volvox

Chlorophyceae

Zygnema

Actinastrum

Cyanophyceae

Ankistrodesmus Anabaena

Chlorella Anacystis

Chlorococcum Cylindrospermum

Cladophora Lyngbya

Clostridium Merismopedia

Coelastrum Oscillatoria

Crucigenia Phormidium

Draparnaldia Spirulina

Hydrodictyon

Microspora Xanthophyceae                                Vaucheria
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Table 9: Range of values of parameters/indices observed in River Ganga near Varanasi in four seasons during Sept 2016-May 2018.

Parameter/ 
Indices   

Unit
2016-2017 2017-2018

Post 
Monsoon 
(16Sep-
15Nov)

Winter 
(16Nov-
15Jan)

Spring 
(16Jan-
15Mar)

Summer 
(16Mar-
15May)

Post 
Monsoon 
(16Sep-
15Nov)

Winter 
(16Nov-
15Jan)

Spring 
(16Jan-
15Mar)

Summer 
(16Mar-
15May)

Temperature °C 23.0-24.5 17.0-18.0 22.1-23.5 27.2-28.2 23.4-24.9 17.1-18.0 22.3-23.8 27.3-28.2

pH 7.8-8.4 8.2-8.8 8.0-8.6 7.5-7.9 7.8-8.3 8.1-8.6 7.9-8.6 7.5-8.0

EC µmhos/cm 600-700 265-300 300-400 420-900 572-650 293-372 332-390 420-1100

DO mg/L 3.9-6.5 4.0-6.3 4.1-6.3 2.9-5.8 4.2-6.7 4.6-6.5 4.2-6.3 2.9-5.9

BOD mg/L 4.3-7.0 4.2-6.2 4.0-6.0 4.3-6.8 4.7-6.8 3.9-6.0 4.0-6.4 4.4-6.9

COD mg/L 34-72 38-68 55-82 60-100 40-68 42-78 52-80 52-110

FC MPN/100 mL 1100-4200 1500-3200 1300-2200 1800-3600 1200-3100 1200-2200 1200-1900 1600-3300

NH3-N mg/L 0.40-1.48 0.50-1.50 0.45-1.04 0.90-2.01 0.60-1.18 0.38-0.60 0.19-0.56 0.90-1.50

TN mg/L 0.91-2.34 1.35-2.50 1.08-1.68 1.37-2.40 1.35-1.65 0.68-1.38 0.52-1.32 1.35-2.00

TP mg/L 0.160-
0.359

0.195-
0.378

0.145-
0.410

0.210-
0.320

0.202-
0.280

0.195-
0.298

0.125-
0.220

0.160-
0.290

APPI(Genus) 13-16 13-18 13-17 15-18 13-16 13-16 13-15 15-21

MSW 0.70-1.09 1.18-1.59 1.33-1.58 0.64-1.27 0.99-1.20 0.88-1.64 1.41-1.65 1.11-1.33

MBMWP 3.00-4.50 3.83-4.40 3.83-4.80 3.00-5.20 4.25-4.33 3.60-4.80 4.20-5.00 3.00-5.00

FS 70 70 70 70 70 70 70 70

FSW 2.23 2.23 2.23 2.23 2.23 2.23 2.23 2.23

Table 10: The Parameter/Index Score, Indicator Group Scores, RHI and RHC (Sep 2016-May 2018).
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L2 4 1 1 1 0 28 1 0 0 7 2 40 1 2 30 4 3 70 38.2 Critical

L3 4 4 3 2 1 56 3 1 2 40 3 60 2 3 50 4 3 70 56.4 Stressed

L4 4 4 2 2 1 52 2 1 1 27 3 60 1 3 40 4 3 70 51.3 Stressed

L5 4 3 2 1 0 40 1 1 0 13 2 40 2 2 40 4 3 70 43.5 Over Stressed
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L5 2 1 1 0 1 20 2 1 1 27 1 20 2 2 40 4 3 70 38.5 Critical

only at upstream location (L1) and this location also becomes 
stressed during the summer season. All other locations are 
under poor river health category, varying from ‘Stressed’ to 
‘Critical’ levels. Fig. 3 shows the variation of RHIas graphs 
and Fig.4 gives the coloured pictorial representation of River 
Health Condition (RHC) as quality pentagon and scores 
under various categories for four seasons during 2016-17 
and 2017-18 at different locations.

From Fig. 3, based on River Health Index (RHI), it 
appears that river health is at its lowest levels during the 
summer season, which improves during post-monsoon 
months. During winter, the river health improves further 
and attains its best levels during the spring season (16Jan-
15Mar). It is also observed that near Varanasi, the river 
health at most of the Ghats has improved in 2017-2018 with 
respect to the year 2016-2017. Better river health during 

the spring season (16Jan-15Mar) could be due to increasing 
temperature and other environmental factors. Among OEB 
parameters, BOD and faecal coliforms in the riverine envi-
ronment are at lowest levels in the spring in comparison to 
other seasons. The OEB group score at L1 and L3 is Very 
Good and Good respectively during the spring season. All 
the nutrient parameters decreased during the spring season 
which increases the NT score and all locations except L5 
are in ‘Very Good’ category. As water quality improves for 
these parameters, there is an increase in the population and 
diversity of biotic indicators. The population of pollution 
sensitive species increase, which increases the scores of 
biotic indices. The algal group scores at L1, L3 and L4 are 
in ‘Stressed’ range and L2 & L5 are in ‘Critical’ condition 
during the spring season. It is noted that locations L1, L3 
and L4 show presence of the genera Flagilaria, Spirogyra, 

Cont. Table...
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Staurastrum, etc. of algae. Venkateswarlu & Reddy (1985) 
reported that the abundance of green algal flora like Zygnema, 
Spirogyra, Mougeotia, Euastrum, Staurastrum, etc. indicate 
less polluted water. Among macroinvertebrates, presence of 
moderately sensitive species such as Baetidae, Culicidae, 
Dytiscidae, Elmidae, Hydrophilidae, Psychodidae families 
at locations L1, L3 and L4 indicate good quality of water at 
these locations. Adakole (2001) also noted that the presence 
of Mayflies and Caddisflies reflects clean water. This increase 
in biotic scores improves the River Health Index (RHI). A 
higher RHI indicated a better River Health Condition (RHC). 

The water quality and river health are found at its lowest 
levels during summer (16Mar-15May), possibly because with 
the onset of summer, the temperature starts rising and the DO 
starts decreasing due to high microbial activities involved 
in organic matter decomposition. The decrease in DO and 
an increase in BOD and faecal coliforms reduce the OEB 
group score. Due to low dilution and increased pollution, 
nutrient concentration also increases. The decrease in water 
quality affects the aquatic biota present. Due to low level 
of DO, reduced discharge and increased concentration of 

pollutants, sensitive biotic species decreases and there is an 
increase in the number of pollution resistant species (Genter 
& Lehman 2000, Biosson & Perrodin 2006). This increase in 
pollution resistant species decreases the biotic indices score 
which lowers the RHI value, indicating deteriorating river 
health condition. At L2 (the confluence of Assi Nala with 
Ganga) and L5 (the confluence of Varuna with Ganga), large 
amounts of sewage are added to River Ganga. The presence 
of algal genera such as Ankistrodesmus, Euglena, Navicula, 
Nitzschia, Oscillatoria, Scenedesmus, etc. at these locations 
during the period is indicative of polluted water, as noted 
by Patrick (1965) and Palmer (1969) who concluded that 
Ankistrodesmus, Euglena, Navicula, Scenedesmus, Stige-
oclonium, Oscillatoria, Chlamydomonas and Nitzschia are 
highly pollution tolerant genera and found in organically 
polluted waters. Pearsall (1932) was the first to establish a 
correlation between blue-green algae and organic pollution 
tolerant species of diatoms such as Anabaena, Chlorella, 
Closterium, Cosmarium, Eudorina, Melosira, Navicula, Pan-
dorina, Scenedesmus and Spirulina. Rai et al. (2008), Das et 
al. (2007), Sanap (2007), Jafari & Gunale (2006), Goel et al. 

Fig. 3: Variation of River Health Index (RHI) for River Ganga at different locations near Varanasi during 2016-2017 and 2017-2018.
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(1986), Gunale & Balakrishnan (1981)and Ratnasabapathy 
(1975) also suggested that the presence of these pollution 
tolerant species indicate polluted waters. At locations, L2, 
L4 and L5 the repeated presence of macroinvertebrates 
Oligochaeta (Tubificids, Tubifex) Chironomids (midge lar-
vae), Physidae and Muscidae indicate polluted water which 
is in accordance with the findings of Adakole (2001) who 
reported that certain tubificids (especially Tubifex tubifex and 
Lumnodrilus hoffmeisteri) or midge larva of the genus Chi-
ronomus or Eristalis larvae or class Oligochaeta can reflect 
low DO levels and high organic concentration in an area. The 
macroinvertebrate species which are pollution tolerant are 
expected to be more dominant in polluted waters (Sallenave 
2015). Sharma et al. (2014) gave the order of disappearance 
of organisms due to continuous increase in pollution as 
Plecoptera (stoneflies): Ephemeroptera (mayflies, damsel-
flies etc): Trichoptera (caddisflies): Gammarus (freshwater 
shrimp): Asellus (water hog louse): Chironomidae (blood 
worms): Oligochaeta (tubificid worms).

It is evident from Fig 4. that at upstream of Varanasi 
(L1), the health of River Ganga is in ‘Good’ condition. As it 
enters the city, the first point is C/O of Assi Nala (L2) where 
a large quantity of sewage is being added to the river and the 
health condition varies at this point between ‘Over Stressed’ 
and ‘Critical’ during various seasons of the year.  In OEB 
group category, DO decreases and there is an increase in the 
BOD, COD and faecal coliforms. In Nutrient group, there is 
an increase in NH3-N, TN and TP concentration. 

At Dashashwamedh Ghat (L3), both OEB and NT group 
parameters seem to have improved possibly due to self-puri-
fication, or some physico-chemical reactions, and the health 
comes in the ‘Good’ category during winter and spring and 
‘Stressed’ condition during summer. However, as it moves 

downstream to Raaj Ghat (L4) and C/O Varuna with Ganga 
(L5), the concentration of COD and faecal coliform param-
eters of OEB group and TN and TP parameters of NT group 
increase. Consequently, the river health again comes under 
‘Stressed’ to ‘Critical’ condition at these points. 

CPCB (2018) reported the biological water quality of 
River Ganga at Varanasi in moderate pollution range in May 
2017 and March 2018. The results of these analyses are also 
reflective of similar conclusions, although with a deeper 
diagnostic approach. 

Using the observational data for two years (Sept 2016-
May 2018), the river health condition of Ganga near Varanasi 
may be categorized as  ‘Good’ to ‘Stressed’  at upstream of 
Varanasi (L1), and near Dashaswamedhghat (L3),  ‘Stressed’ 
to ’Overstressed’ near Rajghat (L4),  and ‘Overstressed’ to 
‘Critical’ near the confluence of river Assi with Ganga (L2) 
and Varuna with Ganga (L5). For comparison, the river health 
condition of Ganga as categorized from the framework pre-
sented in this study, based on RHI calculation at Rishikesh 
(near Laxman Jhoola) in winter and spring 2019 is ‘Very 
Good’ and ‘Excellent’ respectively, as shown in Fig. 5.

Thus, the framework for an understanding of river health 
condition, based on river health index (RHI) calculation, as 
discussed in the present study appears to give good results 
capable of describing the riverine condition in a simple but 
scientifically sound manner. Its coloured representation of 
scores for five indicators groups of river water quality and 
overall river health condition makes it simpler to the scien-
tific community for diagnostic and corrective step purposes. 

CONCLUSIONS

In the present study, a framework for a scientific assess-

Fig. 5: RHI and RHC of Laxman Jhoola, Rishikesh during winter and spring.
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ment of river health condition involving eight water quality 
parameters and five biotic indices, have been proposed and 
tested. Water quality parameters have been divided into two 
groups: i. Organo-Electrolytic-Bacterial (OEB) and ii. Nutri-
ents (NT). Also, one algal (A), two macroinvertebrates(MI) 
and two fish (F) indices have been used to calculate River 
Health Index (RHI) on a 0-100 scale. Based on RHI value, 
River Health Condition (RHC) has been classified from 
Sick/Dead to Excellent and represented through a coloured 
circumscribed pentagon, each side depicting the condition of 
river health for one category of riverine water quality. This 
framework has been used to assess the health of River Ganga 
near Varanasi through measurement of relevant water quality 
parameters and evaluation of biotic indices for four seasons 
(post-monsoon, winter, spring and summer) continued for 
two years. Based on RHI calculation, the health of River 
Ganga near Varanasi was found to be slightly improving in 
the year 2017-2018 for 2016-2017. River health is observed 
unstable during the post-monsoon period and found its best 
levels during the spring season (16Jan-15March). At polluted 
locations of the river, pollution resistant and at clean/less 
polluted locations sensitive or moderately sensitive algae 
and macroinvertebrate community are present. Pollution 
resistant species of algae and macroinvertebrate were ob-
served near the confluence of river Assi (L2) and Varuna 
with Ganga (L5), and clean locations such as SaamneGhat 
(L1) and DashashwamedhGhat (L3) and moderately polluted 
location near RaajGhat (L4) showed the presence of sensitive 
or moderately sensitive species. The confluence of river Assi 
(L2) and the confluence of Varuna with Ganga (L5) were 
found to be organically polluted. In spatial terms, the river 
health is generally acceptable and found as ‘Good’ near 
Saamne Ghat, followed by Dashashwamedh Ghat and Raaj 
Ghat in Varanasi stretch. Overall, it varied between ‘Good’ 
to ‘Overstressed’conditions during the full year, except near 
Assi and Varunariver confluence points, where it is found to 
be ‘Critical’. The Indicator Group Score based approach of 
River Health Index (RHI) calculation gives insights for iden-
tification of critical parameters and strategic plan preparation 
for restoration. The analyses indicate that RHI can be used 
as a tool to understand river health conditions.

To improve the River Health Condition, the restoration 
plan should focus on parameters whose group score are 
below acceptable (less than 3 on the 0-5 scale). Nutrients 
(NT) group of parameters appear the most critical and algal 
score seems the worst affected for river health near Assi and 
Varuna confluence points. Highly polluted waters coming 
from these rivers need to be checked and controlled. Instream 
treatment such as ponding and active algal harvesting to 
reduce organic pollutants and nutrients load, use of boulders 
to create roughness in the bed, fountains for aeration, and 

floating algal mats in the streams can be used to improve 
the water quality of Assi and Varunarivers before they meet 
River Ganga. With these initiatives, the river health condition 
of Ganga near Varanasi may be improved substantially and 
maintain it at acceptable levels all around the year. 
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ABSTRACT

China is rich in mineral resources with many points and broad faces in metal and nonmetal mines. 
However, numerous goafs are formed due to backward mining technology, low intensification degree, 
incomplete safety precautions, and the excessive exploitation of mineral resources, thus leading to 
severe environmental disruption. Accidents, like goaf collapse, are major geological disasters in mine 
production, and goaf stability evaluation is of great importance for reducing natural disasters in goafs 
and implementing environmental protection. The hazard types of environmental disruption caused by 
mine goafs were first analyzed in this study. Then, an influence factor index system of goaf stability 
was established, and a case study of a mine goaf in Henan Province was conducted using an analytic 
hierarchy process (AHP)-based fuzzy comprehensive evaluation model. Results show that the hazards 
of environmental disruption in mine goafs are manifested in the structural failure of surrounding buildings, 
massive water and soil loss, the exhaustion of water resources, the degradation of soil quality, and the 
remarkable reduction of overlying animals and plants. Technical factors exert the maximum influence 
on underground goaf stability with the total weight value reaching 72.42%, and the influence weight of 
goaf span on goaf stability reaches 21.43%, followed by goaf area and pillar distribution with influence 
weights of 18.58% and 11.17%, respectively. Through fuzzy AHP-based comprehensive evaluation and 
calculation, the goaf stability of the Henan Sandaozhuang open-pit mine in the case study belongs to 
grade (ordinary), that is, the goaf stability is in the ordinary state, and the evaluation result reflects the 
reality. The study results have improved the reasonable stability and safety management scheme for 
complex multi-layer goaf and solved complex goaf hazards faced by Gaofeng mining area, so they will 
be of general significance for the environmental governance of other underground mine goafs. 

INTRODUCTION

With the sustainable and rapid development of the national 
economy of China, the demand for and utilization of various 
mineral resources are continuously increasing. Meanwhile, 
Fig. 1 shows that the exploitation of mineral resources is 
increasing in quantity annually in China, though large re-
serves exist. Metal and nonmetal mines have many points 
and broad faces, but many underground goafs are formed due 
to backward mining technology, low intensification degree, 
incomplete safety precautions, and the excessive exploitation 
of mineral resources. In view of the complex underground 
goaf distribution and the difficulty in predicting goaf roof 
caving (collapse), the stability analysis of underground goafs 
has become a major limiting factor of the development of 
mines, and accidents, like goaf collapse, have become major 
geological disasters in mine production. Goafs are cavity 
areas left after underground mineral products are excavated. 
Natural rock masses are originally in a natural balanced 

state. All kinds of spaces, like roadways and stopes, must 
be excavated from rock masses to exploit mineral deposits, 
disrupting the natural balance state of rock masses. Fur-
thermore, the exploited space changes the original stress 
field of the rock mass and thus generates a secondary stress 
field. Under the action of the secondary stress field, the rock 
mass around the exploited space undergoes deformation and 
even failure and movement until a new balance is reached. 
A mining area can be divided into old, present, and future 
mining areas according to the mining time. 

However, as the open-stope method is adopted in most 
small- and medium-sized mines in China, the scale of the 
goaf left is extremely large. Meanwhile, some goafs have 
already become major risks to the safe production of mine 
enterprises due to the poor hydrogeological conditions in 
goafs and the harsh geological environmental conditions 
around them. Mining activities lead to surface subsidence, 
slope instability, ground fracture, and other geological 
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disasters. The development of mineral resources will result 
in soil resource loss, the pollutant discharge in the develop-
ment process of mineral resources will cause environmental 
pollution, and the whole mining activity will lead to the 
imbalance of the underground water system and aggravate 
the water and soil loss and land desertification in the mining 
area. These problems exist in the coal mining process and 
have a huge environmental impact on the entire mining area 
in the form of geological disasters, like goaf collapse, and a 
severe effect on the economic development, people’s lives, 
and property safety in the mining area. With the exhaustion 
of mineral resources, most mine enterprises are in the re-
sidual ore recovery phase, and some are guilty of excessive 
exploitation so that the exposure areas of goafs are further 
enlarged. Moreover, the surrounding rock stability in goafs 
is degraded and the recovery safety is threatened under the 
impacts of water flow erosion and blast vibration. 

PAST STUDIES

Environmental pollution and governance problems in mine 
goafs have always been among the main difficulties of mine 
enterprises. Domestic and foreign experts and scholars have 
carried out many theoretical research works and scientific 
practices. The main foreign mining countries have turned 
their attention to the goaf stability problem very early. Re-
garding the environmental disruption caused by goafs, Ma 
et al. (2012) deemed that the large-area continuous solid 
shallow-buried goaf group generated by the open-stope 
method would collapse completely because the partial in-
stability of upright and roof led to the collapse of the whole 
mine, displaying the domino effect, that is, causing severe 
environmental disruption. Youhong et al. (2015)  investi-
gated the collapse mechanism of the third mining area in 
Gongchangling District, Liaoyang City and related influence 
factors and distribution laws through a geological survey. 

Their results show that mining is the primary factor of surface 
subsidence, while underground water infiltration accelerates 
this process. Huang et al. (2017) deemed that the exploitation 
of China’s coal resources would cause permanent fracture 
and the movement of the stratigraphic texture and thus cause 
the fracture and collapse of the overlying strata; furthermore, 
surface subsidence and water leakage at aquifers around 
the coal seam would occur. These phenomena would not 
only result in loss of land and water resources but would 
also lead to serious threats to and accidents in underground 
mining and further cause the destruction and degradation of 
the ecosystem. Zhao et al. (2018) introduced the coal stone 
backfill and banding mining method to perform case analysis 
of the Tangshan coal mine in Hebei Province, China, and 
their study suggests that the surface subsidence and coal 
stone caused by mining activity might seriously impact the 
nearby environment. Hengjie et al. (2018) believed that the 
coal mining processes in the whole world have left many 
goafs. If pillars fail to maintain permanent stability, sudden 
large-area goaf collapse might occur, which would cause 
serious environmental pollution. Ma et al. (2019) believe that 
the coal stones generated during the coal mining and dressing 
process are a severe threat to the ground environment and 
proposed a new governance method. The main researches on 
goaf stability are as follows. Whittles et al. (2006) developed 
an analysis method for predicting the possible influence of 
the shear strain generated in rock mass on the subsequent 
shaft stability and then provided a derivation method. Gao 
et al. (2016) deemed that underground coal mining would 
have a major adverse effect on road stability and proposed 
a numerical method combing SRM-UDEC (Synthetic Rock 
Mass-Universal Distinct Element Code) Trigon to investi-
gate the roadway failure mechanism along unstable goafs. 
Chuanqu et al. (2006) thought that goaf stability is compre-
hensively influenced by multiple factors, such as the strength 
of surrounding rock, coal strength, mining depth, gaps in sur-
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Fig. 1: Reserves of main mineral resource types in China during 2010-2016. 
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Environmental pollution and governance problems in mine goafs have always been among the 
main difficulties of mine enterprises. Domestic and foreign experts and scholars have carried out 
many theoretical research works and scientific practices. The main foreign mining countries have 
turned their attention to the goaf stability problem very early. Regarding the environmental 
disruption caused by goafs, Ma et al. (2012) deemed that the large-area continuous solid 
shallow-buried goaf group generated by the open-stope method would collapse completely 
because the partial instability of upright and roof led to the collapse of the whole mine, displaying 
the domino effect, that is, causing severe environmental disruption. Youhong et al. (2015)  
investigated the collapse mechanism of the third mining area in Gongchangling District, Liaoyang 
City and related influence factors and distribution laws through a geological survey. Their results 
show that mining is the primary factor of surface subsidence, while underground water infiltration 
accelerates this process. Huang et al. (2017) deemed that the exploitation of China’s coal resources 
would cause permanent fracture and the movement of the stratigraphic texture and thus cause the 
fracture and collapse of the overlying strata; furthermore, surface subsidence and water leakage at 
aquifers around the coal seam would occur. These phenomena would not only result in loss of land 
and water resources but would also lead to serious threats to and accidents in underground mining 
and further cause the destruction and degradation of the ecosystem. Zhao et al. (2018) introduced 
the coal stone backfill and banding mining method to perform case analysis of the Tangshan coal 
mine in Hebei Province, China, and their study suggests that the surface subsidence and coal stone 
caused by mining activity might seriously impact the nearby environment. Hengjie et al. (2018) 
believed that the coal mining processes in the whole world have left many goafs. If pillars fail to 
maintain permanent stability, sudden large-area goaf collapse might occur, which would cause 
serious environmental pollution. Ma et al. (2019) believe that the coal stones generated during the 
coal mining and dressing process are a severe threat to the ground environment and proposed a 
new governance method. The main researches on goaf stability are as follows. Whittles et al. 
(2006) developed an analysis method for predicting the possible influence of the shear strain 
generated in rock mass on the subsequent shaft stability and then provided a derivation method. 
Gao et al. (2016) deemed that underground coal mining would have a major adverse effect on road 
stability and proposed a numerical method combing SRM-UDEC (Synthetic Rock Mass-Universal 
Distinct Element Code) Trigon to investigate the roadway failure mechanism along unstable goafs. 
Chuanqu et al. (2006) thought that goaf stability is comprehensively influenced by multiple factors, 
such as the strength of surrounding rock, coal strength, mining depth, gaps in surrounding rock, 
mining operation, top coal thickness, and coal seam width, and thus constructed a subordinate 

Fig. 1: Reserves of main mineral resource types in China during 2010-2016.

Van



951HAZARDS OF ENVIRONMENTAL DISRUPTION IN MINE GOAFS AND STABILITY EVALUATION

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

rounding rock, mining operation, top coal thickness, and coal 
seam width, and thus constructed a subordinate function for 
the influence factors of gob-side roadway stability on a fully 
mechanized working face and built a grey fuzzy classification 
model to carry out an empirical study. Chen et al. (2010) 
included the microcosmic goaf governance problem into 
the innovative design of the mining method and probed the 
synergistic effect between the two problems. The catalyzed 
fission mining area of the 105# ore body in Gaofeng Mining 
Area, Guangxi was taken as an example. Some typical goafs 
were selected, and their stability was calculated through the 
discrete element method according to their differences in 
scale, environmental conditions, and geo-stress field. The 
research results indicate that collaborative research on goafs 
in fission ore segments and goaf management can improve 
the safety of ore deposits. Li et al. (2016) evaluated the 
long-term stability of the rock strata above an old goaf and 
its possible influence on the buildings above the rock strata, 
analyzed the releasable space in the rock strata, proposed a 
stability evaluation method for the building foundation above 
the goaf under the abovementioned circumstance, and applied 
the proposed method to engineering practice. Feng (2018) 
explored the influences of the strength of backfill materials 
on the deformation of coal and the rock strata constituted 
by multiple goafs during the excavation process through the 
backfill method. The numerical results show that the support-
ing ability of the backfill materials in the goaf was enhanced 
with the increase of BMS (the strength of backfilling mate-
rials). Wu et al. (2018) believed that the mining process is 
accompanied by the gradual accumulation of disasters and 
selected 10 influence factors to evaluate the ground stability 
of goafs. According to level of each evaluation factor, the 
surveyed area was divided into four regions-the unstable, 
basic unstable, basic stable, and stable regions-based on 
the fuzzy comprehensive evaluation, and the study results 
would contribute to predicting and controlling the surface 
subsidence disaster caused by underground mining in similar 
areas. Yang et al. (2019) investigated the gob-side roadway 
stability under the disturbance of the underground coal face 
and raised concrete control measures. The existing literature 
indicates that studying the overall mine stability during the 
underground exploitation process helps mines take necessary 
measures to eliminate or reduce their potential safety haz-
ards, like surface subsidence or collapse, effectively control 
ground pressure disasters, protect the surface environment, 
and realize green mining. On this basis, the hazard types of 
environmental disruption caused by mine goafs were ana-
lyzed first in this study. A mine in Henan Province was taken 
as an example, an influencing factor index system of goaf 
stability was established, and an analytic hierarchy process 
(AHP)-based fuzzy comprehensive evaluation method was 

used to evaluate the goaf stability of this mine. Qualitative 
and quantitative safety evaluations of the underground goaf 
stability were conducted, and goaf management measures 
were proposed according to the evaluation results for the 
mine to eliminate and control some unstable goafs. This will 
not only contribute to safe underground mining but also bring 
economic benefits to the mine. 

HAZARDS OF ENVIRONMENTAL DISRUPTION IN 
MINE GOAF 

Structural Failure of Buildings 

Geological disasters related to goaf ground fracture present 
slow development. Geological disasters gradually emerge 
and escalate with the increasing number and scale of ground 
fracture activities. For instance, high tensile stress is gen-
erated inside buildings on ground fracture due to ground 
fracture activity. As the ground fracture activity continues 
to increase, cracks will generate after the tensile stress gen-
erated by buildings reaches the limit value and continuously 
propagate with the ground fracture activity, thus leading to 
the structural failure of buildings and finally influencing 
their overall stability. This process is generally a long-term 
process and not a sudden disaster. 

Massive Water and Soil Loss 

Under a shallow surface water table, a swamp area or water 
collection pool will form on the earth’s surface when the 
underground water level at a sedimented low-lying place is 
approximate to or higher than the surface level, leading to 
certain water and soil loss. For land resources in goafs, the 
ground fracture will dewater the shallow groundwater and 
cause large-area damage to land and water resources. With 
the continuous coal mining activities, the surface water is 
influenced by “three zones,” the surface runoffs leak and 
runoff along the fissure zone and then gradually decrease, 
the motion state of the underground water body is trans-
formed from the original transverse motion into longitudinal 
motion, which reduces the surface water capacity and the 
underground water level by a large margin, and then a series 
of problems, such as the flow cutoff of surface spring water, 
emerges. When goafs are under the joint action of ground 
fracture, land erosion can be divided into rill, gully, and 
gravitational erosions. Rill erosion enlarges soil gaps with 
reduced capillary water content and increased gravitational 
water along with the formation of fine soil particles and the 
reduction of water content. Gully erosion cuts the land and 
causes land slope. Gravitational erosion leads to direct soil 
displacement under the action of gravity and water and can 
easily cause the direct occurrence of geological disasters, 
like collapse and landslide. 
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Exhaustion of Water Resources 

Continuous coal mining activities also influence the un-
derground water circulating supply system and change the 
hydraulic connection between underground aquifers. Within 
the scope of a coal mining area, pit water infiltrates under-
ground via the diversion fissure zone and replenishes the 
underground water, polluting the underground water, and the 
utilizable quantity of nearby underground water resources 
is reduced or even exhausted. Coal mining activities lead to 
underground water pollution. Given the existence of cracks 
at the upper strata in a goaf, the water recharge acquired 
by the lower aquifer in the vertical direction and the water 
content at the underlying aquifer increase. The degree of 
mineralization and hardness of underground water gradually 
increases during the long-term oxidation-reduction process, 
and the pollution also escalates every year. 

Degradation of Soil Quality 

The change in soil quality in the overlying region caused by 
mining-out is mainly reflected in the change in soil moisture 
content, pH, rapidly available phosphorus, rapidly available 
potassium, and so on. Soil moisture content, porosity, and 
the contents of rapidly available phosphorus and potassium 
in the overlying region decrease due to mining-out. The 
comparative changes in moisture content and porosity di-
rectly indicate that ground fracture changes the soil water 
containing, holding and retaining capacities, and the soil pH 
value has a bearing on the effectiveness of soil nutrients. The 
comparative changes in the rapidly available phosphorus 
and potassium contents directly reflect the effect of ground 
fracture on soil fertility. 

Marked Reduction of Overlying Animals and Plants 

Given the influences of water and soil loss caused by the 
ground fracture in the goaf on water and soil environments, 
the growth of the overlying vegetations is degraded. Influ-
enced by ground fracture, the damaged caused by the ground 
fracture to plant root systems influences the moisture and 
nutrient absorption of plant root systems and inhibits plant 
growth. Coal mining reduces the number of wild plant spe-
cies, and the richness of wild species in the goaf is evidently 
lower than that in non-mined out area. 

GOAF STABILITY EVALUATION

Profile of AHP-Based Fuzzy Comprehensive 
Evaluation Model 

As a general rule, many factors should be considered in 
measuring and calculating complicated problems, like goaf 

stability, and these factors are located at different levels. 
Thus, the evaluation factors must be divided into several 
types according to one property. First, each type is com-
prehensively evaluated, and then high-level comprehensive 
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The study object is the Sandaozhuang mining area, which 
is located in Lengshui Town, Luanchuan County, Luoyang 
City, Henan Province and a subordinate of China Molybdenum 
Co., Ltd. The mining area is approximately 20 miles from 
Luanchuan County. The Sandaozhuang Lingyucheng Ridge 
in the mining area is a watershed for two major water systems, 
the Yangtze and Yellow rivers. The northern water system 
flows into the Yellow River through the Yihe River, while the 
southern water system flows into the Yangtze River via the 
Xiaohe River and the Laoguan River. This mining area has a 
high-mountain climate that is cool in summer and severe cold 
in winter. Located in the Funiu Mountain area, this mining area 
has a large population with a relatively small land and focuses 
on agriculture with auxiliary industry, forestry, and mining 
industry. The present production capacity of the Sandaozhuang 
open-pit mine is 30,000 t/day. The mine started as small-scale 
underground mining in the 1960s, employing the open-stope 
method. Owing to excessive and unplanned excavations and 
mining in the entire mining area, severe destruction and waste 
of national resources have been experienced. Meanwhile, 
many irregular goafs are formed in the mining area. 

EMPIRICAL STUDY

Weight Determination 

The AHP was used in this study to determine the weights 
of influence factors. The AHP judgment matrix is given in 
Tables 2-5. 

The final calculated weight results are provided in 
Table 6. 

According to Table 6, technical factors have the most in-
fluence on underground goaf stability, with their total weight 
value reaching 72.42%, while the total weight of the other 
factors is the minimum, that is, 8.25%. Therefore, importance 
should be attached to subfactors in technical factors in the 
goaf stability analysis. Among the subfactors, the influence 
weight of goaf span on goaf stability reaches 21.43%, and 
thus the most important influence factor, followed by goaf 
area and pillar distribution, with respective influence weights 
of 18.58% and 11.17%, respectively. Hence, these main 
influence factors should be highlighted in the goaf stability 
evaluation and calculation process. 

Table 1: Influence Factors of Goaf Stability.

First-level index Second-level index

Technical factors

Area

Span

Pillar distribution

Burial depth of goaf

Thickness of overlying strata

Span–depth ratio of goaf

Geological factors

Rock mass structure

Geological structure

Rock mass quality

Geographic orientation

Underground water activity

Other factors
Conditions of adjacent goaf

Mining disturbance

Protective measures

Table 2: Judgment matrix of First-level factors.

Technical factor Geological factor Other factors

Technical factor 1.00 5.00 7.00

Geological factor 0.20 1.00 3.00

Other factors 0.14 0.33 1.00
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Table 5: Judgment matrix of other factors.

Conditions of adjacent goaf Mining disturbance Protective measures

Conditions of adjacent goaf 1.00 3.00 7.00

Mining disturbance 0.33 1.00 3.00

Protective measures 0.14 0.33 1.00

Table 4: Judgment matrix of geological factors.

Rock mass structure Geological structure Rock mass quality
Geographic  
orientation

Underground water 
activity

Rock mass structure 1.00 3.00 0.20 0.33 7.00

Geological structure 0.33 1.00 3.00 1.00 5.00

Rock mass quality 5.00 0.33 1.00 0.33 3.00

Geographic orientation 3.00 1.00 3.00 1.00 5.00

Underground water activity 0.14 0.20 0.33 0.20 1.00

Table 3: Judgment matrix of technical factors.

Area Span
Pillar

distribution
Burial depth of goaf

Thickness of overlying 
strata

Span-depth ratio of goaf

Area 1.00 1.00 3.00 4.00 1.00 3.00

Span 1.00 1.00 2.00 4.00 5.00 3.00

Pillar distribution 0.33 0.50 1.00 5.00 3.00 0.50

Burial depth of goaf 0.25 0.25 0.20 1.00 0.33 0.33

Thickness of overlying strata 1.00 0.20 0.33 3.00 1.00 1.00

Span-depth ratio of goaf 0.33 0.33 2.00 3.00 1.00 1.00

Table 6: Index weights determined via AHP.

First-level index First-level weight Second-level index Second-level index weight Combined weight

Technical factor 0.7242

Goaf area 0.2566 0.1858

Goaf span 0.2959 0.2143

Pillar distribution 0.1542 0.1117

Burial depth of goaf 0.0468 0.0339

Thickness of overlying strata 0.1178 0.0853

Span-depth ratio of goaf 0.1286 0.0931

Geological factor 0.1933

Rock mass structure 0.2246 0.0434

Geological structure 0.2403 0.0464

Rock mass quality 0.1960 0.0379

Geographic orientation 0.2966 0.0573

Underground water activity 0.0426 0.0082

Other factors 0.0825

Conditions of adjacent goaf 0.6698 0.0553

Mining disturbance 0.2427 0.0200

Protective measures 0.0875 0.0072
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Membership Analysis 

A total of 18 mine safety experts were invited to evaluate 
the quantitative indexes, the evaluation grade set of each 
second-level index was obtained, and their memberships 
were obtained through fuzzy statistics as shown in Table 7. 

Fuzzy Synthetic Calculation 

According to Formulas (2)-(5), a fuzzy calculation of the 
second-level indexes is carried out one by one to obtain the 
following matrix. 
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enriching the factor system of goaf stability is suggested to 
establish a more accurate and complicated evaluation model 
and acquire related mechanical parameters needed for the 
reliability analysis of goaf stability, such as the compressive 
strength, tensile stress, elasticity modulus, and density of the 
ore-bearing rocks in the goaf. 
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ABSTRACT

An investigation of 43 soil samples and their corresponding wheat samples collected from Qinan (QN) 
and Luling (LL) coal mining areas in Suzhou, China, was conducted to study the accumulation of heavy 
metals (Cu, Pb, Zn, Cd, Cr and Ni) in the soil-wheat system, and to evaluate the potential human 
health risk posed by heavy metals from long-term ingestion of local wheat. Results showed that Cu, 
Zn, Cd and Ni were accumulated in the soils from the two mining areas, higher proportions of all the 
investigated metals in residual fraction were recorded, while large amounts of Cd, Cu, Zn, Pb were also 
observed in the bioavailable or potential bioavailable fractions. Metal contents in the different parts of 
wheat mainly followed the order of Root>Stem>Grain. The trends of Bioaccumulation factor (BF) and 
Translocation factor (TF) values were Zn>Cd>Cu>Ni>Pb>Cr and Cu>Cd>Zn>Cr>Pb>Ni, respectively. 
Correlation analysis suggested that the accumulated metals in the grain were mainly supplied from 
exchangeable and carbonate bound fractions in soil. Since the health risk posed by heavy metals 
ingestion was very close to the maximum allowable limit, the safety of wheat consumption in the coal 
mining areas should be continually concerned.

INTRODUCTION

Heavy metals are widespread pollutants in the environment 
and well-known for their high toxicity, non-degradable 
properties and bioaccumulation. Excessive heavy metals in 
agricultural soil are the result of vehicular exhaust, fertiliza-
tion and sewage irrigation, as well as industrial and mining 
activities (Yan et al. 2007). Mining of coal is an important 
source of heavy metal pollution in soil. It produces a large 
quantity of coal wastes with different composition. These 
materials are often deposited near coal mines and exposed 
to atmospheric conditions. Gradual weathering of the wastes 
causes the release of toxic metals into the surrounding en-
vironment. Some previous studies regarding environmental 
pollution in coal mining area have found significant ac-
cumulation of heavy metals in soils, dusts, sediments and 
vegetables (Rout et al. 2015, Zhang et al. 2016, Brandelero 
et al. 2017, Rai et al. 2015).

In soil-crop systems, heavy metal ions can be gradually 
absorbed by crop roots and then migrate upward to stems, 
leaves and grains, which not only represent a threat to the 
growth and yield of crops but also probably lead to the prob-
lem of agricultural product safety (Dong et al. 2012, Wang et 
al. 2017). Mobility and bioavailability of heavy metal in soil 
mainly depend on their specific chemical fractions rather than 

the total elemental contents (Baeyens et al. 2003). Based on 
the Tessier sequential extraction, heavy metals in soils can be 
classified into exchangeable (EXC), carbonate bound (CAB), 
Fe-Mn oxides bound (Fe-Mn), organic matter/sulphide 
bound (OMS) and residual (RES) fractions (Tessier et al. 
1979). EXC fraction is considered to be bioavailable, CAB, 
Fe-Mn and OMS fractions are potentially bioavailable, while 
RES fraction is unavailable to plants. The occurrence and 
relative distribution of metals among these various fractions 
have been used as an important reference for understanding 
a metal’s bioavailability in soil (Zhu et al. 2015). Besides, 
several studies were conducted to explore the other factors 
affecting heavy metals absorption by crops, including soil 
types, crop species and growth conditions (Wang et al. 2013, 
Yang et al. 2014, Khan et al. 2017).

Consumption of crop is the major route of human expo-
sure to heavy metals (Zeng et al. 2015). Contaminated crop 
contains excessive essential and toxic metals, which can 
cause serious harmful diseases to inhabitants through the 
food chains. Thus, it is very essential to estimate the potential 
health risk posed by heavy metals from long-term ingestion 
of the crops grown in the contaminated areas. Research on 
monitoring heavy metal concentrations in wheat collected 
from a market in Bangladesh showed the health risk asso-
ciated with wheat consumption was negligible (Ahmed et 
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al. 2015). However, another study found significant heavy 
metal exposure risk for residents from the consumption of 
wheat grown in Huaibei, and the inhabitants in the rural area 
experienced higher health risk than those in the urban area 
(Shi et al. 2013).

Suzhou, which is located in northern Anhui province, is 
an important production base of agricultural grain in China 
and known as “Barn of Central Plains”. It had a population of 
1.72 million in 2017. Wheat flour is the staple food of most 
local residents in Suzhou, especially in rural areas. Since the 
1970s, coal mining activities in Suzhou gradually increased, 
which also caused serious ecological environmental problems 
in the mining areas. The main purpose of this work was: (i) 
to investigate the accumulation of the selected heavy metals 
(Cu, Pb, Zn, Cd, Cr and Ni) in the soil-wheat system from 
the coal mining areas, including metal contents in soil, in 
chemical fractions of soil and in different parts of wheat, (ii) 
to examine whether metal content in wheat grain relates to 
metal concentration in soil or any of the chemical fractions 
of soil, and (iii) to estimate the potential human health risk 
posed by heavy metal from long-term ingestion of wheat 
grown in the coal mining areas.

MATERIALS AND METHODS

Study Areas and Samples Collection

The areas of field sampling in the present study are located 
around Qinan (QN) and Luling (LL) coal mine in the south 
east of Suzhou City. The region has a sub-humid monsoon 
climate, which is characterized by a wide seasonal variation 
in temperature ranging from 32°C in summer to -2°C in 
winter. The average annual rainfall and temperature are 890 
mm and 14.4°C. The soils in these areas are mainly Yellow 
fluvo-aquic soil and lime concretion black soil. Suzhou is 
abundant in coal resources and has a long history of mining. 
The exploitation of QN and LL coal mine began in 2000 and 
1969, respectively. At present, more than 1.5 million tons 
of coal can be produced annually from QN mine. Owing 
to the long-term exploitation, LL mine has inevitably faced 
the threat of resource exhaustion and is planned to be closed 
down in 2019.

Forty-three sampling sites of farmland were selected for 
the present study, twenty-one of them are located in QN coal 
mining area and the others are located in LL coal mining 
area (Fig. 1). Sampling was carried out at wheat maturity. 
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Fig. 1: Location of sampling sites in the investigated areas. 
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At each site, one soil sample (approximately 0.5 kg) from 
the 0-20 cm depth of the A horizon and its corresponding 
wheat sample were collected, while coordinate of sampling 
station was recorded with the aid of a handheld Global Posi-
tioning System (GPS). The collected samples were put into 
a plastic self-sealing bag and labelled before the laboratory 
processing.

Sample Preparation

After being transported to the laboratory, each soil sample 
was air-dried and then divided into two parts. One part was 
ground and passed through a 2-mm sieve for pH analysis, 
and the other part was ground with an agate mortar to pass 
a 0.149 mm nylon sieve for acid digestion and soil organic 
matter analysis. Each wheat sample was carefully cut into 
four parts of root, stem, leaf and grain with scissors. All the 
parts were thoroughly washed with running tap water to re-
move dirt and rinsed with deionized water three times. The 
cleaned roots, stems, leaves and grains were oven-dried at 80℃ 
to constant weight, then ground to powder for acid digestion.

Sample digestion: 0.2 g of each soil sample was digested 
with a mixture of 8 mL acids (aqua regia, HClO4 and HF, 
4:1:1, v/v) in a Teflon beaker and 0.50 g of each wheat 
sample (root, stem, leaf and grain) was also digested with a 
mixture of 5 mL acids (HNO3, HCl and HClO4, 5:1:1, v/v) 
in a glass beaker. The beakers were placed on an electric 
hot plate and heated at 110℃ for thermal decomposition of 
samples. After the samples were completely digested, the 
remaining liquid in the beakers was carefully transferred to 

glass volumetric flasks and diluted with MilliQ water to a 
final volume of 50 mL.

Chemical fraction extraction of heavy metal for soil: A 
five-step sequential extraction procedure (Tessier et al. 1979) 
was performed in this study for quantifying the contents of 
heavy metals in different chemical fractions in soil samples. 
Fraction of metal, defined by the Tessier sequential extrac-
tion method, includes five forms of exchangeable (EXC), 
carbonate bound (CAB), Fe-Mn oxides bound (Fe-Mn), 
organic matter/sulphide bound (OMS) and residual (RES). 
The extraction sequence, the reagents used, the extraction 
conditions and the extraction processes are presented in 
Table 1.

Analysis Methods and Quality Control

Soil pH was measured in soil-deionized water (2.5:1, v/w) 
suspension using a pH meter, and the content of soil organ-
ic matter was tested using the acid dichromate oxidation 
method (Bao 2000). The contents of heavy metals in all of 
the solution prepared in the above digestion and extraction 
procedures were determined by atomic absorption spectro-
photometer (Model TAS-990FG, Purkinje General Instru-
ment, Beijing, China).

All chemicals used in this study were of analytical grade. 
All the glassware, Teflon beakers and centrifuge tubes were 
treated with the proper cleaning procedure, including a 24 h 
immersion in 10% HNO3 and thorough rinses with deionized 
water twice, before being used. Standard reference materials 
GSS-16 (GBW07430) for soil and GSB-2 (GBW10011) for 

Table 1: Sequential extraction procedure of Tessier.

Extraction 
sequence

Extraction 
fraction

Reagenths
Extraction 
conditions

Extraction processes
Collection processes 
of extracts

Step 1
Exchangeable 
(EXC)

Solution A: 1 M MgCl2
pH 7.0,
25°C

1.0 g soil sample + 8 mL solution A, 
shaking for 1 h continuously S t e p  1 - 4 :  A f t e r 

extraction of each 
step, the solution was 
centrifuged at 3000 
rpm for 20 min, the 
supernatant liquid was 
collected for analysis.
Step 5:  After  the 
sol id  res idue was 
completely digested, 
the remaining liquid 
in Teflon beaker was 
carefully transferred 
to glass volumetric 
flasks and diluted with 
MilliQ water to a final 
volume of 50 ml for 
analysis. 

Step 2
Carbonate bound 
(CAB)

Solution B: 1 M NaOAc
pH 5.0,
25°C

Solid residue from step 1 + 8 
mL solution B, shaking for 5 h 
continuously

Step 3
Fe-Mn oxides 
bound (Fe-Mn)

Solution C: 0.04 M NH2OH·HCl 
in 25% (v/v) HOAc

96±3°C
Solid residue from step 2 + 20 mL 
solution C, heating for 6 h with 
occasional agitation

Step 4
Organic matter /
sulphide (OMS)

(1) Solution D: 30% H2O2+0.02 
M HNO3 (5:3, v/v)
(2) Solution E: 30% H2O2 
(3) Solution F: 3.2 M NH4OAc 
in 20% (v/v) HNO3

(1) pH 2.0,
85±3°C

(2) pH 2.0,
85±3°C

25°C

(1) Solid residue from step 3 + 8 mL 
solution D, heating for 2 h.
(2) Then add 3 mL solution E, 
heating for 3 h with intermittent 
agitation.
(3) Adding 5 mL solution F, shaking 
for 30 min continuously

Step 5 Residual (RES)
Solution G: Aqua regia+
HClO4+HF (4:1:1, v/v)

110°C
Solid residue from step 4 was 
transferred to Teflon beaker and 
digested with 8 ml solution G
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wheat were used to check the analytical accuracy of metal 
concentration in the experimental procedure. The recover-
ies of Cu, Pb, Zn, Cd, Cr and Ni in the reference materials 
were in the range of 84-112%. Additionally, the standard 
was tested repeatedly after every ten samples to check the 
reproducibility.

Bioaccumulation Factor and Translocation Factor

To evaluate the uptake efficiency of heavy metal by wheat, 
Bioaccumulation factor (BF) index of the root was adopted. 
It is defined as the ratio of the heavy metal concentration of 
wheat root to the corresponding soil. The following equation 
was used for the calculation.
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trations of heavy metal in wheat root and in soil on the basis 
of dry weight, respectively.

Translocation factor (TF) index reflects the ability that 
transports the metal ion from plant root upward to other 
parts. In this study, the wheat root-to-grain TF was adopted 
and calculated as follows:
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Where IR (kg·person·d-1) is the daily wheat flour intake 
rate. According to the data provided by the Statistical Bu-
reau of China, IR values in this study are 0.143 and 0.052 
kg·person·d-1 for adults and children, respectively. EF is the 
exposure frequency (350 d·year-1), ED (year) is the exposure 
duration, in this study of 30 years for adults and 6 years for 
children. BW (kg) is the average weight of residents, in this 

study, of 61.6 kg for adults and 18.6 kg for children. AT is the 
average exposure time for non-carcinogens (ED×365 days)

Hazard quotients (HQ) is defined as the ratio of the 
estimated daily intake of metals and the oral reference dose 
(Rfd). It is calculated following the formula established by 
the US Environmental Protection Agency (US EPA 2011).
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If HI£1.0, there will be no obvious adverse effects 
through wheat ingestion, whereas a HI>1.0 indicates that 
potential risk for wheat ingestion is possible (Xue et al. 2012).

Data Statistics

Data statistics were performed by SPSS 13.0 software 
package, and all figures in this article were produced by 
CorelDRAW 12.0. Pearson correlation coefficients were 
calculated to identify the relationships between metal content 
in wheat grain and total metal concentration in soil, as well 
as between metal content in wheat grain and metal content 
in any of the chemical fractions.

RESULTS AND DISCUSSION

Physico-Chemical Properties and Heavy Metal 
Contents in Soil

The statistical characteristics of physico-chemical properties 
and metal concentrations in soils collected from QN and LL 
mining areas are given in Table 2. Soils in the investigated 
areas were slightly acidic and had mean pH values of 6.87 
in QN and 6.58 in LL. Compared with “the classification 
criterion of soil nutrients based on the second soil survey of 
China”, the organic matter content was in the lacking level. In 
the two mining areas, higher Cd contamination than the other 
metals in soil was observed. The mean Cd concentrations in 
QN (0.381 mg·kg-1) and LL (0.421 mg·kg-1) were 1.27 and 
1.40 times higher than the environmental quality standard 
for agricultural soil in China (GB15618-2018), while mean 
concentrations of the other metals were all lower than the 
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standard. But when compared to the background values of 
Anhui province in China, mean concentrations of Cu (26.60 
mg·kg-1 in QN and 31.71 mg·kg-1 in LL), Zn (73.39 mg·kg-1 
in QN and 72.47 mg·kg-1 in LL), Cd and Ni (39.81 mg·kg-1 in 
QN and 42.26 mg·kg-1 in LL) were higher, while Pb (26.88 
mg·kg-1 in QN and 27.83 mg·kg-1 in LL) was slightly higher, 
indicating that noticeable metal accumulations in soils had 
emerged and were very likely to be caused by the intensive 
mining activities in the investigated areas.

Compared with QN area, the mean concentrations of 
Cu, Pb, Cd and Ni in soils from LL area were higher, while 

the mean concentrations of Zn and Cr were slightly lower. 
Additionally, Coefficients of Variation (C.V.) of the six heavy 
metals in LL area were all lower than that in QN area, proving 
that the spatial distribution of heavy metal contents in soils 
around LL mine was more uniform. The difference between 
the two mining areas might be due to their different mining 
duration. LL mine is an old coal mine with a mining history 
of nearly 50 years, the long-term anthropogenic disturbance 
and impacts of natural factors in this mining area have not 
just resulted in the accumulative effect of toxic metals in the 
soil environment, but intensified the migration and diffusion 

 

 12 

few Cu ions in soil probably exist in the form of organically complexed metal species, and may be 

because Cu has a high affinity to some natural organic matters, such as humic substances 

(Pempkowiak et al. 1999). 

Generally, RES fraction is considered to be unavailable and metals in this fraction are securely 

fixed in the crystal of minerals (Ashraf et al. 2012). In this study, almost all the investigated metals, 

except Pb, were dominantly associated with RES fraction in soil. Cr occupied the largest RES 

fraction in both QN (87.06%) and LL (87.26%) areas, followed by Ni (61.35% in QN and 63.57% in 

LL), indicating that the two metals in soils from the investigated areas could hardly be released under 

natural condition. 

 
Fig. 2: Concentrations of heavy metals in different parts of wheat samples. 
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Heavy metal concentrations in different parts of wheat samples are illustrated in Fig. 2. The 
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higher than those in the aboveground organs, showing that these metals are mainly trapped by roots 

after being assimilated, and only a few of them can be transported to other organs of wheat. This is 

also considered to be an adaptive strategy of wheat under the adverse conditions for avoiding toxic 

hazards of heavy metals to photosynthesis and metabolism (Khan et al. 2015). Cd in leaves in the two 

Fig. 2: Concentrations of heavy metals in different parts of wheat samples.

Table 2: Descriptive statistics of physico-chemical properties and heavy metal concentrations in soil.

pH
Organic matter 
(g·kg-1)

Cu
(mg·kg-1)

Pb
(mg·kg-1)

Zn
(mg·kg-1)

Cd
(mg·kg-1)

Cr
(mg·kg-1)

Ni
(mg·kg-1)

QN
(n=21)

Max. 8.19 18.06 50.51 59.73 106.44 0.813 108.75 100.14

Min. 5.53 3.27 12.63 16.81 48.68 0.159 43.42 28.62

Mean 6.87 11.42 26.60 26.88 73.39 0.381 70.73 39.81

Stdev. 1.05 5.14 10.15 9.57 17.43 0.174 16.89 16.89

C.V.(%) 15.30 45.01 38.15 35.59 23.75 45.89 23.88 37.24

LL
(n=22)

Max. 8.13 19.22 49.66 39.25 113.04 0.775 80.80 79.84

Min. 5.17 3.10 13.36 14.73 43.35 0.126 49.11 26.03

Mean 6.58 10.77 31.71 27.83 72.47 0.421 65.24 42.26

Stdev. 0.98 5.55 8.23 5.42 16.94 0.120 10.02 10.42

C.V.(%) 14.92 51.48 25.96 19.49 23.37 28.44 15.36 24.65

Environmental Standard for 
Agricultural soils in China 
(GB15618-2018)

- - 100 120 250 0.3 200 100

Anhui Background - - 20.4 26.6 62.0 0.097 67.5 29.8
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of pollutants as well, thus leading to the more uniform spatial 
distribution of soil contamination in the mining area.

Chemical Fraction of Heavy Metals in Soil

The concentrations and percentage of heavy metals present 
in the various fractions are given in Table 3. For further 
examining the accuracy of analytical results obtained from 
sequential extraction procedure in this study, an internal 
check was carried out by comparing the sums of metal 
concentrations in all the five fractions with the total metal 
concentrations in soils obtained from acid digestion. Metal 
recoveries were calculated by the following equation and the 
results are also presented in Table 3.
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As given in Table 3, the values of metal recoveries in 
the two mining areas ranged from 89.9-108.1%, so it can be 
concluded that the results obtained from sequential extraction 
were in good agreement with those by digestion. 

The bioavailability and ecotoxicity of heavy metals are 
mainly related to their chemical fractions. Metals in EXC 
fraction are weakly sorbed on the soil surface by electrostatic 
interaction and could be easily released by ion exchange 
processes (Kumar & Ramanathan 2015, Barać et al. 2016). 

Table 3: Concentrations and percentages of heavy metals in the five fractions. 

EXC CAB Fe-Mn OMS RES Sum Recovery (%)

QN area

Cu
Content (mg·kg-1) 0.97±0.36 4.19±1.95 3.24±2.66 6.12±2.73 10.23±3.91 24.75 93.1

Percentage (%) 3.92±1.45 16.93±7.88 13.09±10.75 24.73±11.03 41.33±15.8

Pb
Content (mg·kg-1) 2.57±1.08 3.44±1.54 10.24±3.55 3.53±1.62 8.65±7.04 28.43 105.8

Percentage (%) 9.04±3.8 12.13±5.45 36.01±12.45 12.41±5.7 30.41±24.75

Zn
Content (mg·kg-1) 5.42±1.50 15.29±4.68 11.35±3.42 7.94±2.16 30.71±9.53 70.71 96.3

Percentage (%) 7.67±2.12 21.62±6.62 16.05±4.84 11.23±3.05 43.43±13.48

Cd
Content (mg·kg-1) 0.070±0.031 0.083±0.038 0.061±0.040 0.019±0.014 0.156±0.130 0.389 102.0

Percentage (%) 18.12±8.03 21.32±9.71 15.57±10.32 4.88±3.61 40.10±33.51

Cr
Content (mg·kg-1) 1.09±0.33 2.01±0.76 2.37±0.49 4.07±1.92 64.17±17.37 73.70 104.2

Percentage (%) 1.48±0.45 2.73±1.03 3.22±0.66 5.52±2.6 87.06±23.57

Ni
Content (mg·kg-1) 3.59±1.14 4.42±1.95 3.53±1.40 5.10±2.38 26.41±9.56 43.05 108.1

Percentage (%) 8.34±2.65 10.27±4.53 8.2±3.25 11.85±5.53 61.35±22.21

LL area

Cu
Content (mg·kg-1) 1.14±0.44 4.87±8.52 3.56±1.81 7.36±2.30 13.96±5.45 30.89 97.4

Percentage (%) 3.69±1.42 15.77±27.58 11.52±5.86 23.83±7.45 45.19±17.64

Pb
Content (mg·kg-1) 2.91±1.03 4.06±1.48 9.64±3.28 4.35±1.77 8.90±4.73 29.86 107.3

Percentage (%) 9.74±3.41 13.59±4.95 32.27±10.98 14.6±5.93 29.8±15.84

Zn
Content (mg·kg-1) 4.90±1.24 16.26±6.28 11.88±4.62 7.37±1.78 24.73±7.59 65.14 89.9

Percentage (%) 7.52±1.92 24.96±9.64 18.24±7.09 11.31±2.75 37.96±11.65

Cd
Content (mg·kg-1) 0.087±0.030 0.099±0.031 0.067±0.022 0.014±0.004 0.127±0.106 0.394 93.6

Percentage (%) 22.01±7.51 25.12±7.89 17.00±5.50 3.56±0.98 32.31±26.97

Cr
Content (mg·kg-1) 1.01±0.28 1.64±0.80 2.01±0.57 3.70±1.55 57.25±9.47 65.61 100.6

Percentage (%) 1.54±0.43 2.5±1.22 3.06±0.87 5.64±2.36 87.26±14.43

Ni
Content (mg·kg-1) 3.25±1.09 3.72±1.62 2.96±0.50 5.14±1.97 26.30±7.45 41.37 97.9

Percentage (%) 7.86±2.63 8.99±3.92 7.15±1.21 12.42±4.76 63.57±18.01

Sum = EXC+CAB+Fe-Mn+OMS+RES
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non-essential element of plant, the similarities of ionic radius and valence between Cd2+ and Ca2+, as 

well as Zn2+, enable Cd2+ ions to combine with enzymes in place of Ca2+ and Zn2+, and also to be 

transferred to plant cells through the channels of Ca2+ and Zn2+ (Gu et al. 2005, Wang et al. 2017). 

 
Fig. 3: Bioaccumulation factor (BF) and Translocation factor (TF) of heavy metals in the wheat-soil system. 

Correlation Analysis 

To investigate whether the metal content in wheat grain relates with that in soil or any of the 

chemical fractions, correlation analysis was performed based on testing data of the 43 soil and wheat 

samples collected from the two mining areas, and the results are given in Table 5. The correlation 

between grain metals and total soil metals for Cd was very significant (R=0.459), and for Pb was 

significant (R=0.321), whereas for Cu, Zn, Cr and Ni were insignificant, suggesting that total 

contents of heavy metals in soil, except Cd and Pb, could hardly be the adequate indicators for metal 

uptake by wheat.  

Table 5: Pearson correlation coefficients between the metal contents in wheat grains and those in any of the chemical 
fractions of soils, as well as total metal contents of in soils (n=43). 

Element 
Metal fraction Total 

concentration in 
soil EXC CAB Fe-Mn OMS RES 

Cu 0.464** -0.173 0.035  0.374* 0.055  0.166  
Pb 0.330* 0.508** 0.057  -0.056 0.125  0.321*  
Zn 0.034  -0.034 -0.123 0.161  0.095  0.056  
Cd 0.540**  0.559**  0.318*  0.126  0.008  0.459**  
Cr 0.434**  0.365* -0.337* -0.029 -0.053 -0.046 
Ni 0.709** 0.475**  -0.120 0.373*  0.053  -0.002 

*Correlation is significant at 95% confidence level (n=43, rcritical=0.301); **Correlation is significant at 99% confidence level (n=43, 
rcritical=0.389). 
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CAB fraction, which showed that the accumulated metals in grain were mainly supplied from the two 

fractions, or one of the two fractions in soil. For example, grain-Cu correlated with EXC-Cu very 

significantly (R=0.464), grain-Cd correlated with EXC-Cd (R=0.540) as well as CAB-Cd (R=0.559) 

very significantly. An exception of the relationship was for grain-Zn, which had a very low 

Fig. 3: Bioaccumulation factor (BF) and Translocation factor (TF) of heavy metals in the wheat-soil system.

Among the six metals in this study, Cd showed the highest 
percentage (18.12% in QN and 22.01% in LL) in EXC 
fraction, while Cr occupied the lowest EXC fraction as only 
1.48% in QN and 1.54% in LL. The percentages of Pb, Zn 
and Ni in EXC fraction seemed to have a slight difference 
(7-10%).

In CAB fraction, the proportional distribution was in 
the order of Cd≈Zn>Cu>Pb>Ni>Cr. Over 20% of Cd and 
Zn were found in CAB fraction, implied that Cd and Zn are 
more inclined to be associated with carbonate minerals. This 
finding is consistent with the result of the previous research 
(Barać et al. 2016). A possible explanation for this is that 
Cd and Zn have an ionic radius similar to that of Ca, so they 
could easily substitute the Ca ions in calcium carbonate in 
the soils and co-precipitate with the carbonates. 

Metals bounded by Fe-Mn oxides in soil have potential 
activity and can be released in reducible conditions. In the 
Fe-Mn fraction, the largest percentage was observed for Pb, 
in comparison with the other metals. Pb also dominantly 
existed in the third fraction, with the mean percentage values 
of 36.01% in QN and 32.27% in LL, while a considerable 
amount of Zn (16.05% in QN and 18.24% in LL) and Cd 
(15.57% in QN and 17.00% in LL) were also found in this 
fraction. Previous studies concerned with soil have observed 
high proportions of Pb and Zn in Fe-Mn fraction (Jalali & 
Hemati 2013, Li et al. 2015). However, the high proportion of 
Cd in this fraction is rarely reported. The strong associations 
between Cd and the Fe-Mn oxides may be related to the redox 
condition in the soil. Under the influence of mining activities, 
a large number of SO4

2-, originating from colliery wastewater 
and leaching solution of coal gangue, were discharged into 
the soils in the mining area. SO4

2- is an important oxidant in 
soil, and its massive accumulation will result in the raising of 
oxidation-reduction potential (ORP) values, which are highly 
favourable for the association between the Fe-Mn oxides and 
some metal ions, such as Pb, Cd and Zn. A previous study also 
found that Cd contents in Fe-Mn fraction increased when a cer-
tain amount of Na2SO4 was added into the soil (Li et al. 2017).

Heavy metals associated with OMS fraction are ordi-
narily considered to be relatively stable under normal soil 
conditions, but the degradation of organic matter under ox-
idizing conditions can lead to the release of soluble metals 
bound to those materials (Bakircioglu et al. 2011). In this 
fraction, the proportional distribution was in the order of 
Cu>Pb>Ni>Zn>Cd>Cr. A relatively large amount (more than 
20%) of Cu associated with OMS fraction was observed in 
this study. This suggested that quite a few Cu ions in soil 
probably exist in the form of organically complexed metal 
species, and may be because Cu has a high affinity to some 
natural organic matters, such as humic substances (Pemp-
kowiak et al. 1999).

Generally, RES fraction is considered to be unavailable 
and metals in this fraction are securely fixed in the crystal 
of minerals (Ashraf et al. 2012). In this study, almost all the 
investigated metals, except Pb, were dominantly associated 
with RES fraction in soil. Cr occupied the largest RES frac-
tion in both QN (87.06%) and LL (87.26%) areas, followed 
by Ni (61.35% in QN and 63.57% in LL), indicating that the 
two metals in soils from the investigated areas could hardly 
be released under natural condition.

Heavy Metal Concentrations in Different Parts of 
Wheat

Heavy metal concentrations in different parts of wheat sam-
ples are illustrated in Fig. 2. The distribution of most metals 
in wheat occurred in the following order: Root>Stem>Grain, 
only with an exception of Cu, of which concentration in grain 
was higher than those in the stem. Mean concentrations of Cu, 
Pb, Zn, Cd, Cr and Ni in the roots, of 11.01, 2.92, 67.17, 0.17, 
2.73 and 6.04 mg·kg-1 in QN area and of 12.43, 3.19, 63.33, 
0.24, 2.52 and 6.61 mg·kg-1 in LL area, were much higher 
than those in the aboveground organs, showing that these 
metals are mainly trapped by roots after being assimilated, 
and only a few of them can be transported to other organs 
of wheat. This is also considered to be an adaptive strategy 
of wheat under the adverse conditions for avoiding toxic 
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hazards of heavy metals to photosynthesis and metabolism 
(Khan et al. 2015). Cd in leaves in the two mining areas and 
Pb in leaves in LL area were slightly higher than those in 
stems, the other metals in leaves showed the approximately 
equal concentrations or slightly lower concentrations to than 
those in stems. Compared with the existing standards applied 
to food safety in China (Table 4), the mean concentrations 
of all six metals in grains were below the tolerance limits. 
Nevertheless, not all the samples were in the safe range. The 
numbers of sample exceeding the tolerance limits of Pb, Cd 
and Cr accounted for 14.3%, 33.3% and 19.0% in QN area, 
and 18.2%, 22.7% and 4.5% in LL area, respectively. It can 
be seen from the above data that Cd pollution in wheat grains 
was relatively more common in the investigated areas, which 
coincides with the high total Cd content in the soils.

As wheat absorbs heavy metals in soils mainly through 
the roots and then migrate to other parts of the plant (Dong 
et al. 2012), it is necessary to evaluate the absorbing capacity 
of roots and transporting capacity from root to grain. The 
mean values of BF and TF for Cu, Pb, Zn, Cd, Cr and Ni in 
the soil-wheat system are shown in Fig. 3. The trend of mean 

BF values of heavy metals was Zn>Cd>Cu>Ni>Pb>Cr, while 
mean TF values followed the order of Cu>Cd>Zn>Cr>P-
b>Ni. These trends are consistent with the result obtained 
from the laboratory pot experiments of wheat (Skiba & Wolf 
2017), and similar to the data obtained from a case study of 
wheat grown on sewage irrigated soils (Meng et al. 2016). 
Higher BF and TF values for Cu, Zn and Cd observed in this 
study indicated that wheat plants from the investigated areas 
are more efficient uptakers of these metals, and this might 
be related to the active absorption and transport of the three 
trace elements by wheat. As the essential nutrient elements 
for plant growth and for synthesizing of some important 
enzymes, Cu and Zn are widely involved in various phys-
iological activities of the plant. Therefore, the two metals 
can be actively absorbed and transferred by the plant during 
the metabolic processes. Though Cd is the non-essential 
element of plant, the similarities of ionic radius and valence 
between Cd2+ and Ca2+, as well as Zn2+, enable Cd2+ ions to 
combine with enzymes in place of Ca2+ and Zn2+, and also 
to be transferred to plant cells through the channels of Ca2+ 
and Zn2+ (Gu et al. 2005, Wang et al. 2017).

Table 4: Tolerance limits (Chinese standard) of heavy metals in wheat grain, as well as the numbers and percentages of wheat sample exceeding the 
standards in this study.

Tolerance limits 
(mg·kg-1)

QN (n=21) LL (n=22)

Metal contents in 
grain (mg·kg-1)

Sample numbers 
exceeded standards

Percent exceeded 
standards(%)

Metal contents in 
grain (mg·kg-1)

Sample numbers 
exceeded standards

Percent exceed-
ed standards(%)

Cu 10a 5.38±2.23 0 0 5.60±1.97 0 0

Pb 0.2b 0.12±0.06 3 14.3 0.15±0.07 4 18.2

Zn 50a 24.23±6.08 0 0 23.45±7.31 0 0

Cd 0.1b 0.077±0.032 7 33.3 0.083±0.039 5 22.7

Cr 1.0b 0.64±0.41 4 19.0 0.40±0.28 1 4.5

Ni 1.0b 0.37±0.20 0 0 0.31±0.16 0 0

a: Chinese Agricultural Standard for wheat (NY861-2004). b: Chinese Hygiene Standard for wheat (GB2762-2012).

Table 5: Pearson correlation coefficients between the metal contents in wheat grains and those in any of the chemical fractions of soils, as well as total metal 
contents of in soils (n=43).

Element
Metal fraction Total concentration in 

soilEXC CAB Fe-Mn OMS RES

Cu 0.464** -0.173 0.035 0.374* 0.055 0.166 

Pb 0.330* 0.508** 0.057 -0.056 0.125 0.321* 

Zn 0.034 -0.034 -0.123 0.161 0.095 0.056 

Cd 0.540** 0.559** 0.318* 0.126 0.008 0.459** 

Cr 0.434** 0.365* -0.337* -0.029 -0.053 -0.046

Ni 0.709** 0.475** -0.120 0.373* 0.053 -0.002
*Correlation is significant at 95% confidence level (n=43, rcritical=0.301); **Correlation is significant at 99% confidence level (n=43, rcritical=0.389).
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Correlation Analysis

To investigate whether the metal content in wheat grain 
relates with that in soil or any of the chemical fractions, 
correlation analysis was performed based on testing data of 
the 43 soil and wheat samples collected from the two mining 
areas, and the results are given in Table 5. The correlation 
between grain metals and total soil metals for Cd was very 
significant (R=0.459), and for Pb was significant (R=0.321), 
whereas for Cu, Zn, Cr and Ni were insignificant, suggesting 
that total contents of heavy metals in soil, except Cd and Pb, 
could hardly be the adequate indicators for metal uptake by 
wheat. 

Most of the metals in wheat grains had the strongest cor-
relations with those in EXC fraction or CAB fraction, which 
showed that the accumulated metals in grain were mainly 
supplied from the two fractions, or one of the two fractions 
in soil. For example, grain-Cu correlated with EXC-Cu very 
significantly (R=0.464), grain-Cd correlated with EXC-Cd 
(R=0.540) as well as CAB-Cd (R=0.559) very significantly. 
An exception of the relationship was for grain-Zn, which had 
a very low correlation with any of the fractions extracted by 
Tessier procedure, and it might be associated with the dis-
turbance to Zn contents in various chemical fractions in soils 
caused by frequent and repeated applications of Zn fertilizer 
in the investigated areas. The correlations between metals in 
wheat grain and those in RES fraction were all insignificant, 
reconfirming the view that metals in RES fraction are unlikely 
to be absorbed by the plant (Bakircioglu et al. 2011). Fur-
thermore, significant positive correlations were also observed 
between grain-Cd and Fe-Mn-Cd (R=0.318), grain-Cu and 
OMS-Cu (R=0.374), and grain-Ni and OMS-Ni (R=0.373), 
revealing that Cu and Ni in OMS fraction and Cd in Fe-Mn 
fraction were important sources of the accumulated metals 
in wheat grain.

Risk Assessment

Based on the mean concentrations of Cu, Pb, Zn, Cd, Cr 
and Ni in wheat grains from the investigated mining areas, 
chronic daily intake (CDI), hazard quotient (HQ) and hazard 
index (HI) of heavy metals by consumption of wheat were 
calculated and listed in Table 6. In the two mining areas, the 
CDI values of heavy metals for adult and children followed 
the identical order of Zn>Cu>Cr>Ni>Pb>Cd, which was 
similar to the result of a previous study in Tianjin sewage 
irrigation area (Zeng et al. 2015). Children had higher CDI 
values of each metal than adults.

HQ values of the studied metals for both adults 
and children showed the following decreasing order of 
Cu>Zn>Cd>Pb>Ni>Cr in QN area, and of Cu>Cd>Zn>P-
b>Ni>Cr in LL area. All the metals in this study had the HQ 
values far below 1.0, and Cu reached the highest value of 
0.377 for children in LL area. Therefore, it can be deduced 
that intake of a single metal through wheat consumption in 
mining areas could not cause an obvious adverse effect on 
human health. The data in the present study were higher than 
the HQ values of wheat in the irrigated area of Jinghui in 
China (Lei et al. 2015) and those of wheat from the markets 
of Bangladesh (Ahmed et al. 2015), but lower than the results 
obtained from metal mining areas, where several studies 
showed the HQ values far above 1.0 (Lim et al. 2008, Du 
et al. 2018). 

As given in Table 6, the HI values for adults and chil-
dren in QN area were 0.771 and 0.931, slightly lower than 
those (0.801 and 0.968) in LL area. It seemed that children 
were more susceptible to heavy metal exposure through 
local wheat consumption than adults, and the consistent 
results were reported by other scholars (Si et al. 2014, Zota 
et al. 2011). In both the mining areas, Cu, Zn and Cd made 
important contributions to the calculated HI values, which 

Table 6: Chronic daily intake (CDI), hazard quotient (HQ) and hazard index (HI) for heavy metals by consumption of wheat grain around the two coal 
mining areas.

QN LL

Adult Children Adult Children

CDI (mg·kg-1·d-1) HQ CDI (mg·kg-1·d-1) HQ CDI (mg·kg-1·d-1) HQ CDI (mg·kg-1·d-1) HQ

Cu 1.20×10-2 0.300 1.45×10-2 0.363 1.25×10-2 0.312 1.51×10-2 0.377 

Pb 2.64×10-4 0.075 3.19×10-4 0.091 3.26×10-4 0.093 3.94×10-4 0.112 

Zn 5.41×10-2 0.180 6.53×10-2 0.218 5.23×10-2 0.174 6.32×10-2 0.211 

Cd 1.72×10-4 0.172 2.08×10-4 0.208 1.86×10-4 0.186 2.24×10-4 0.224 

Cr 1.42×10-3 0.001 1.72×10-3 0.001 8.90×10-4 0.001 1.07×10-3 0.001 

Ni 8.36×10-4 0.042 1.01×10-3 0.051 6.97×10-4 0.035 8.42×10-4 0.042 

HI 0.771 0.931 0.801 0.968 
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coincides with the high BF and TF values of the three metals 
in soil-wheat system mentioned before (Fig. 3). Although 
there was insignificant health risk through ingestion of 
wheat grown in the mining areas because all the HI values 
calculated in this study were below 1.0, it should be also 
noticed that the HI values for local residents, especially for 
children, were very close to 1.0, which suggested that more 
attention should be continually paid to the safety of wheat 
consumption in the coal mining areas. 

CONCLUSIONS

The mean concentrations of Cu, Zn, Cd and Ni in soil from 
the investigated areas were higher than the background values 
of Anhui province. In particular, Cd concentration was higher 
than the environmental quality standard for agricultural soil 
in China (GB15618-2018). Compared with QN mine, LL 
mine had a longer mining duration, which caused relativity 
more uniform spatial distribution of heavy metals in soils 
around this mine. Chemical fraction analysis reflected that 
Cu, Zn, Cd, Cr and Ni dominantly existed in RES fraction, 
while Pb mainly existed in both Fe-Mn and RES fractions. 
Considerable amounts of Cd were observed in EXC, CAB 
and Fe-Mn fractions, a high percentage of Zn were also found 
in CAB and Fe-Mn fractions, while over 20% of Cu was 
detected in OMS fraction. Cr and Ni were most stable in soil 
because over 60% of them were associated with RES fraction. 
Heavy metals, except Cu, in the different parts of wheat, fol-
lowed the order of root>stem>grain, and mean concentration 
of all the six metals in grains were below tolerance limits of 
the existing standards in China. Higher BF and TF values for 
Cu, Zn and Cd were observed in this study, showing that the 
wheat plants from the investigated areas are more efficient 
uptakers of these metals. Correlation analysis suggested that 
EXC and CAB fractions were the dominant sources of the 
metals accumulated in grain, followed by Fe-Mn and OMS 
fractions. Furthermore, although high health risk posed by 
heavy metals from ingestion of wheat grown in the mining 
areas was not observed, all the HI values calculated in this 
study were very close to the maximum allowable limit of risk 
(1.0), which suggested that the safety of wheat consumption 
in the coal mining areas should be still continually concerned.
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ABSTRACT

Silver nanoparticles of 22-40 nm size were synthesized using goat, cow and buffalo urine. These 
nanoparticles are conjugated with a fungicide (Mancozeb). The antifungal activity of these conjugated 
nanoparticles (Mc-AgNPs) was tested against Colletotrichum gloeosporioides which causes 
anthracnose disease in various fruits and vegetables. This fungus infects during pre and post-
harvesting seasons causing a significant decrease in the quantity and quality of the product. The 
fungicide conjugated AgNPs were characterized by UV-Visible, FTIR, SEM and XRD analysis. The 
synthesis of AgNPs was confirmed by the UV-visible spectroscopy. The shape of AgNPs was found 
to be spherical. The Mc-AgNPs from goat, cow and buffalo urine exhibited 146.15%, 133.33% and 
114.28% more antifungal activity than the fungicides alone respectively. The results indicate that 
the Mc-AgNPs from goat urine showed more efficacy than cow and buffalo urine. The fungicide-
conjugated AgNPs drastically reduce the amount of fungicide to be applied against Colletotrichum 
gloeosporioides, which in turn reduce the hazardous effect caused by fungicides. Further, these can 
be tested to control other pathogenic fungi also.

INTRODUCTION

In every facet of nanotechnology, the buzzing of nanotech-
nology has been flourishing at a remarkable rate in recent 
decades (Jain et al. 2011). The bionanoparticles can work 
efficiently as fertilizer, pesticide and fungicide in the field 
of agriculture and horticulture. The biological products can 
reduce metal ions to metal nanoparticles. The biological 
products are ecofriendly, less toxic, cost-effective and also 
have sacred molecules which enhance the quality and quan-
tity of products in agriculture and horticulture (Govarthanan 
et al. 2014). The biomaterials like plant extracts, animal 
secretions and microorganisms can be used to synthesize the 
AgNPs (Kumar et al. 2009, Ahmad et al. 2003, Shahverdi et 
al. 2007, Jha et al. 2009, Atul et al. 2008, Lee et al. 2013). 
The proteins are involved in the reduction and stabilization 
of nanoparticles (Velmurugan et al. 2011). 

The world has a very rich heritage in the domestication 
of a wide range of livestock. The cow, buffalo and goat are 
common livestock which are widely reared all over the world. 
According to 19th livestock census-2012 from Department 
of Animal Husbandry, Dairying and Fisheries following 
Ministry of Agriculture, India, the distribution of livestock 
population was found to be 37.28% cattle, 21.23% buffaloes, 

12.17% sheep, 26.04% goats and 2.01% pigs. The population 
of buffalo is 108.7 million, cow 122.9 million, goat 135.17 
million and sheep 65.06 million. The secretions from these 
livestock have great importance in Ayurveda, Unani and 
Siddha medicine, which are rich in proteins, lipids, carbohy-
drates, micronutrients and antioxidants. The cattle like cow 
and buffalo are treated as sacred in world heritage and the 
use of the secretions like milk, dung, urine, ghee, buttermilk 
and curd are widely used. 

Goat urine (Ajamutra) is an astringent, sweet with whole-
some many beneficial properties as per Ayurveda (Vaibhav 
et al. 2018). The goat urine has antibacterial and antifungal 
properties against various pathogens. The Ajamutra has 
nitrogenous constituents like nitrogen, uric acid, allantoin, 
hippuric acid, creatine, creatinine and ammonia, and the 
non-nitrogenous contents like carbonates, bicarbonates, 
phosphates, sulphates, chlorides, calcium and magnesium 
(Ferichani 2013). The cow urine (Gomutra) and Ajamutra 
have great future in modern pharmacology because of their 
universal availability, cost-effective and many beneficial uses 
(Hazarika et al. 2018).

Cow urine is nectar with many beneficial potentialities 
which is capable of removing several ill effects and imbal-
ances in the body during infection. It consists of 95% water, 
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2.5% urea, and other 2.5% is the combination of 24 types of 
salts, hormones, enzymes, vitamins, minerals and antioxi-
dants (Edwin et al. 2008). It is used as biofertilizer to enrich 
nutrient contents in soil and biopesticides to kill bacteria, 
viruses and fungi (Jandaik et al. 2015). Cow urine has a pool 
of sources like nitrogen, phosphorus, potassium, calcium, 
magnesium, sulfur, chlorite, iron, silicon, lactose, carbolic 
acid, urea, aromatic acids, aurum hydroxide, hippuric acid, 
protein and creatinine. The urea vitamins in urine are A, B, 
C, D and E and gold acids (Pathak & Kumar 2003). It also 
works as a plant hormone to enhance the growth of the plant 
and correct micronutrient deficiency in plants (Pradhan et al. 
2018, Sahu et al. 2016).

Buffalo urine (Mahishamutra) has been in use in Ayurve-
da and traditional medicines. The contents of Mahishamutra 
are like that of cow urine but the exception is reduced level 
of nitrogen and phosphorus content and increased level of 
solids, urea and uric acid (Gianluca et al. 2014, Shourbagy 
& Abdel 1953). The cattle urine also contains the microele-
ments like barium, strontium, copper, lead, zinc, nickel and 
copper (Raghu 2015). The urine composition of buffaloes 
varies in their oestrous cycle and gestation period (Barman 
et al. 2013). The Mahishamutra is used as a medicine in the 
treatment of oedema, piles, abdominal diseases and also 
alleviate the loss of appetite (Thakur 2004).

Mango (Magnifera indica L.) belongs to Anacardiaceae 
family and is the eighth most produced fruit in the world.  
The global demand for mango is fast-paced because it is 
a cardinal component of the diet and rich in vitamins and 
minerals.  India produces over 18.7 million tons of mango 
where it stands number one in production (Felipe 2000). The 
mango is very eminent due to its wide range of adaptability, 
high nutritive value, richness in variety and delicious taste.

Anthracnose is a prominent pre and post-harvest disease 
of many plants including fruits and vegetables. The disease 
appears in flowers, young fruits, leaves, twigs and stored ma-
ture fruits as slightly, black, sunken, irregular shape lesions 
(Prakash et al. 1997, Fitzell & Peak 1984, Jefferies et al. 
1990). The quiescent infection on immature fruits leads to a 
reduction of yield to 25-30% in mango (Abd-Alla & Wafaa 
2010). The disease spreads with rain splash, insects, wind 
and garden tools. Anthracnose is caused by fungi of genus 
Colletotrichum. It is commonly called as brown blight (coffee 
and tea), dieback (citrus), stem canker and anthracnose tear 
stain (mango) (Sayiprathap et al. 2018, Kamle et al. 2013).

Colletotrichum gloeosporioides is most common disease 
plant pathogenic fungus in many host plants like citrus, yam, 
papaya, tomato, mango, coffee and sweet pepper. The life 
cycle encountered by fungi involves the production of spores 
on a susceptible host, dispersal of spores, penetration of host 

tissue, the start of infection process inside the cell, the emer-
gence of lesions, the formation of bristly spores and spreads 
in various ways. The pathogen has high graving dimension 
at high humidity and temperature of 20-30°C (Davis et al. 
1987). The Penzig reported the pathogenic Colletotrichum 
gloeosporioides. The C. gloeosporioides (Penz.) is ubiqui-
tous species belonging to Ascomycetes family and order 
Melanovoniales, with cosmopolitan distribution (Kamle 
& Pradeep 2016, Ajay Kumar 2014). The pathogen infects 
either as a parasite (primary disease-causing organism), sap-
rophyte (infect deteriorated plant parts) or endophytic fungi 
(live inside plant tissue). The optimal growth conditions for 
C. gloeosporioides are high humidity, the temperature of 
25-30°C and pH 6-7. 

Mancozeb is a non-systemic broad-spectrum protectant 
fungicide for control of a wide range of disease in agricul-
ture, horticulture and ornamental crops. It is a member of 
ethylene-bis (dithiocarbamate) (EBDC). In I962, Rohm and 
Haas signified mancozeb as zinc ion complex of maneb. 
The most versatile group of an organic fungicide is EBDC 
fungicide among which mancozeb is most significant in 
commercial use. The empirical formula is [SCSNHCH2CH2 
NHCSSMN-]x(Zn)y (Venugopal & Sainadh 2016). It is grey 
to yellow coloured powder with multisite action. Mancoz-
eb is a profungicide and breaks down to release ethylene 
bis-isothiocyanate sulphide (EBIS) on exposure to water, and 
converted to ethylene bis-isothiocyanate (EBI) on the action 
of UV light. For control of diseases, mancozeb is sprayed 
with an interval of 14 days between panicle emergence and 
fruit set (Gullino et al. 2010, Jigneshkumar et al. 2014).

MATERIALS AND METHODS

Pathogen Culture

The spores of fungus Colletotrichum gloeosporioides were 
cultured using potato dextrose agar (PDA) medium and 
mango fruit extract agar (MFEA) (Abera et al. 2016) for 6-8 
days at 30°C. The cultural isolate was obtained from infected 
fruits and vegetables such as mango, papaya and chilly. The 
spores were harvested in 7-10 mL of sterile double distilled 
water using inoculation loop in aseptic condition. The cy-
clomixer was used for spore suspension unification and the 
spore concentration was found to be 106 spores per mL with 
the aid of haemocytometer (Abd-Alla & Wafaa 2010).  

Urine Sample Collection

Urine samples of goat, cow and buffalo were collected from 
the domestic yard of Santhekadur village, Shimoga district, 
Karnataka, India. During dawn, around 50-80mL of urine 
sample was collected from healthy livestock in sterile wide-
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X-Ray Diffraction Analysis

The Scherrer formula was used to calculate the crystallite 
domain size from the width of XRD peaks, assuming that 
they are free from non-uniform strains.

 D = 0.94 l / b Cos q
Where, D is the average crystallite domain size perpen-

dicular to the reflecting planes, l is the X-ray wavelength, 
q is the full width at half maximum (FWHM), and b is the 
diffraction angle. To eliminate additional instrumental broad-
ening the FWHM was corrected, using the FWHM from 
a large-grained Si sample. B corrected = (FWHM2sample 
- FWHM2si)1/2.

The lyophilized Mancozeb, AgNPs and Mc-AgNPs of 
different urine samples (goat, cow and buffalo) were coated 
on the grid and subjected to X-ray diffraction (XRD) meas-
urements (Rigaku Miniflex 600). The analysis was carried 
out using X-ray diffractometer with an operating voltage of 
40 kV and a current of 15mA. 

Fourier Transform Infrared Spectroscopy

The Mancozeb, AgNPs and Mc-AgNPs of different urine 
samples (goat, cow and buffalo) were subjected to Fourier 
transform infrared (FT-IR) spectroscopy (Bruker, USA) 
to analyze their spectra. The analysis was carried out with 
potassium bromide (KBr) pellets, recorded in the range of 
500-4000 cm-1.

In Vitro Antifungal Activity of AgNPs and Mc-AgNPs 

The antifungal activity of AgNPs and Mc-AgNPs of different 
urine samples (goat, cow and buffalo) was investigated by 
well plate method, in vitro along with fungicide Mancozeb as 
control. The synthesized fungicides Mancozeb, AgNPs and 
Mc-AgNPs were added to wells made in the solidified potato 
dextrose agar media or mango fruit extract agar (MFEA) 
spread with the sporal culture of Colletotrichum gloeospori-
oides uniformly. The plates were incubated at 30°C for 48-72 
hours for the visualization of inhibition zones. The inhibition 
by fungicide Mancozeb was considered as control. 

RESULTS AND DISCUSSION

UV-Visible Spectroscopy

The UV-Visible spectroscopy is one of the most widely used 
techniques for the structural characterization of AgNPs. The 
absorption band in 350 to 550 nm region is typical for the 
AgNPs.  The UV-visible spectra showed absorption bands 
in 350 to 550 nm region which confirms the formation of 
AgNPs (Sastry et al. 1997, Henglein 1993, Sastry 1998). 
In the present study, we found that the biological synthesis 

mouth containers. After the collection of samples, they were 
immediately transferred to the laboratory and stored at 4°C 
for further use. The urine samples were confirmed for nor-
mal biochemicals parameters (glucose, pH, specific gravity, 
bilirubin, urobilinogen, ketones) with the aid of reagent dip 
strips urinanalysis (URS-10 T strips, Mumbai, India). The 
debris and bacterial contamination in samples were filtered 
through 0.1 µ membrane filter.

Synthesis of Silver Nanoparticles

Silver nanoparticles (AgNPs) were synthesized by the bi-
ological method using urine samples from goat, cow and 
buffalo. Double distilled deionized water was used to prepare 
silver nitrate (AgNO3). Different volumes (5, 10, 15 mL of 
0.001M) of silver nitrate were added dropwise to 50 mL of 
pre-chilled urine samples with constant stirring for 4-6 hours. 
The solution turned to light yellow after the addition of 10 
mL of silver nitrate and to brown when all of the silver nitrate 
has been added. The stirring was continued even after all the 
silver nitrate was added. Finally, the colloid breaks down to 
settled out the particles (Geoprincy et al. 2013).

Synthesis of Mancozeb Conjugated Silver 
Nanoparticles (Mc-AgNPs)

The fungicide, Mancozeb (0.1%) was mixed with urine sam-
ples of goat, cow and buffalo. The mixture was pre-chilled 
for 20 minutes. Silver nitrate (0.001M) solution was added 
dropwise to this mixture with vigorous stirring for about 3 
to 5 hours. The solution turned to brown after the addition of 
20-25 mL of silver nitrate (Raghavendra et al. 2019).

UV-Visible Spectroscopy

The optical properties of synthesized silver nanoparticles 
were determined by UV-Visible spectrometry (Thermosci-
entific). The UV-Visible absorption spectra of AgNPs and 
Mc-AgNPs of goat, cow and buffalo were observed in the 
range 350 nm to 450nm.

Scanning Electron Microscopy (SEM) Analysis

The surface topography and 3D view of the synthesized 
nanoparticles were analysed in SEM (EVO MA18 with 
Oxford EDS). The morphological characteristics of AgNPs 
and Mc-AgNPs from different cattle urine samples (goat, 
cow and buffalo) were established by SEM. The thin films 
of the samples were prepared on a carbon-coated copper grid 
by dropping a very small amount of the sample on the SEM 
grid and the film was allowed to dry by keeping it under 
a mercury lamp for 5-7 min and then subjected for SEM 
analysis with a magnification of 1,00,000x.
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of AgNPs and Mc-AgNPs using goat urine sample showed 
the characteristic absorption peak at 403 nm and 432 nm 
respectively (Fig. 1a and b). The AgNPs and Mc-AgNPs 
synthesized using Cow urine sample showed the character-
istic peak at 377 nm and 405 nm respectively (Fig. 1c and d). 
And the AgNPs and Mc-AgNPs synthesized using Buffalo 
urine sample showed the characteristic peak at 392 nm and 

433 nm respectively (Fig. 1e and f).

Scanning Electron Microscopy (SEM) Analysis

Microscopic surface features including morphology and 
particle size of synthesized AgNPs and fungicide conjugated 
AgNPs were assessed by SEM analysis. The AgNPs and 
Mc-AgNPs synthesized using goat urine sample were found 

 
 

Fig. 1: UV-Vis absorption spectra of (a) AgNPs and (b) Mancozeb conjugated AgNPs 

synthesized from goat urine sample; (c) AgNPs and (d) Mancozeb conjugated AgNPs 

synthesized from cow urine sample; (e) AgNPs and (f) Mancozeb conjugated AgNPs synthesized 

from buffalo urine sample. 
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Fig. 1: UV-Vis absorption spectra of (a) AgNPs and (b) Mancozeb conjugated AgNPs synthesized from goat urine sample; (c) AgNPs and (d) Mancoz-
eb conjugated AgNPs synthesized from cow urine sample; (e) AgNPs and (f) Mancozeb conjugated AgNPs synthesized from buffalo urine sample.
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to be spherical with a diameter ranging from 22 to 28 nm 
and 26 to 32 nm respectively (Fig. 2a and b). The AgNPs and 
Mc-AgNPs synthesized from cow urine sample were found 
to be spherical with a diameter ranging from 26 to 34 nm 
and 30 to 36 nm respectively (Fig. 2c and d). The AgNPs 
and Mc-AgNPs synthesized using buffalo urine sample were 
found to be spherical with a diameter ranging from 28 to 

36 nm and 32 to 40 nm respectively (Fig. 2e and f). SEM 
image also confirms that the synthesized nanoparticles are 
well separated with no aggregation.

X-ray Diffraction Analysis

The Mancozeb and synthesized AgNPs and Mc-AgNPs from 
different cattle urine samples were subjected to X-ray diffrac-

 
Fig. 2: SEM Images of (a) AgNPs and (b) Mancozeb conjugated AgNPs synthesized from goat 

urine sample; (c) AgNPs and (d) Mancozeb conjugated AgNPs synthesized from cow urine 

sample; (e) AgNPs and (f) Mancozeb conjugated AgNPs synthesized from buffalo urine sample. 

 

X-ray Diffraction Analysis 

The Mancozeb and synthesized AgNPs and Mc-AgNPs from different cattle urine samples were 

subjected to X-ray diffraction studies to understand the crystallinity and to establish the average 

particle size.  As shown in Fig. 3a, the XRD pattern of Mancozeb alone showed prominent 
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Fig. 2: SEM Images of (a) AgNPs and (b) Mancozeb conjugated AgNPs synthesized from goat urine sample; (c) AgNPs and (d) Mancozeb conjugated 
AgNPs synthesized from cow urine sample; (e) AgNPs and (f) Mancozeb conjugated AgNPs synthesized from buffalo urine sample.
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tion studies to understand the crystallinity and to establish 
the average particle size.  As shown in Fig. 3a, the XRD 
pattern of Mancozeb alone showed prominent characteristic 
peaks of 2q at 20.15°, 29.64° and 39.75° which confirms the 
presence of Mancozeb (Liang et al. 2010).

The XRD pattern of AgNPs synthesized from goat urine 
sample (Fig. 3b) has prominent diffraction peaks of the 2q 
values of 30.34°, 39.16°, 46.82° and 65.59° which can be 

assigned to (111), (200), (220) and (311) planes, respectively, 
with some minor peaks (Jamdagni et al. 2018). The XRD 
pattern of Mc-AgNPs synthesized from goat urine sample 
(Fig. 3c) showed characteristic peaks of 2q at 20.65°and 
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Fig. 3: XRD pattern of (a) Mancozeb; (b) AgNPs synthesized from goat urine sample; (c) Mancozeb conjugated AgNPs synthesized from goat urine 
sample; (d) AgNPs synthesized from cow urine sample; (e) Mancozeb conjugated AgNPs synthesized from cow urine sample; (f) AgNPs synthesized 

from buffalo urine sample; (g) Mancozeb conjugated AgNPs synthesized from buffalo urine sample.
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values of 21.22°, 30.89°, 38.73°, 48.59° and 53.32° which 
can be assigned to (111), (200), (220) and (311) planes, 
respectively, with some minor peaks. The XRD pattern of 
Mc-AgNPs synthesized from cow urine sample (Fig. 3e) 
showed characteristic peaks of 2q at 20.17° and 39.86° cor-
responding to Mancozeb and the peaks of 2q at 30.69° and 
53.62° corresponding to AgNPs.

The XRD pattern of AgNPs synthesized from buffalo 
urine sample (Fig. 3f) has prominent diffraction peaks of 
the 2q values of 21.08°, 28.86°, 32.52°, 42.79° and 47.96° 
which can be assigned to (111), (200), (220) and (311) planes, 
respectively, with some minor peaks. The XRD pattern of 
Mc-AgNPs synthesized from buffalo urine sample (Fig. 3g) 
showed characteristic peaks of 2q at 39.29° corresponding to 
Mancozeb and the peaks of 2q at 32.04°, 42.09° and 47.91° 
corresponding to AgNPs. 

The data confirm that Mancozeb has been successfully 
adsorbed on the surface of AgNPs.

Fourier Transform Infrared Spectroscopy

The Mancozeb and synthesized AgNPs and Mc-AgNPs 
from different cattle urine samples were subjected to Fourier 
transform infrared spectroscopy studies. The FTIR spec-
trum of Mancozeb (Fig. 4a) shows characteristic peaks at 
3313.46 cm-1 showed the stretching vibrations of -N-H group, 
2978.95 cm-1 corresponds to -C-H groups and 1286.51 cm-1 
Corresponds to -C-N group which confirms the presence of 
Mancozeb as shown earlier (Bahram et al. 2017). 

The FTIR spectra of synthesized AgNPs synthesized 
from goat urine sample showed various absorption bands for 
different chemical groups (Fig. 4b) at 3319.62 cm-1, 1627.57 
cm-1, 1108.46 cm-1 and 874.21 cm-1 (Arment et al. 2005). 
The FTIR spectrum of Mc-AgNPs synthesized from goat 
urine sample (Fig. 4c) shows distinct peaks at 3295.13 cm-1 
illustrating the stretching vibrations confirms the AgNPs. 
The peaks at 2976.05 cm-1 and 1282.61 cm-1 establish the 
adhesion of Mancozeb on the AgNPs.

The FTIR spectra of synthesized AgNPs synthesized 
from cow urine sample showed various absorption bands for 
different chemical groups (Fig. 4d) at 3429.14 cm-1, 1626.96 
cm-1, 1119.04 cm-1 and 714.88 cm-1. The FTIR spectrum 
of Mc-AgNPs synthesized from cow urine sample (Fig. 
4e) shows distinct peaks at 3424.62 cm-1 and 719.99 cm-1 
illustrating the stretching vibrations confirms the AgNPs. 
The peaks at 3302.62 cm-1 and 2970.67 cm-1 establish the 
adhesion of Mancozeb on the AgNPs.

The FTIR spectra of synthesized AgNPs synthesized from 
buffalo urine sample showed various absorption bands for 
different chemical groups (Fig. 4f) at 3438.81cm-1, 1641.78 

cm-1, 875.56 cm-1 and 476.34cm-1. The FTIR spectrum of 
Mc-AgNPs synthesized from goat buffalo sample (Fig. 4g) 
shows distinct peaks at 3440.03 cm-1, 1640.98 cm-1, 871.42 
cm-1 illustrating the stretching vibrations confirms the Ag-
NPs. The peaks at 2968.74 cm-1 establish the adhesion of 
Mancozeb on the AgNPs.

Antifungal Activity of AgNPs, Mancozeb and Mc-
AgNPs

The antifungal potential of AgNPs, Mancozeb and Mc-Ag-
NPs was assessed against Colletotrichum gloeosporioides 
which causes anthracnose disease. The results showed that 
the inhibition of fungal growth was observed with Mancozeb, 
AgNPs and Mc-AgNPs of goat urine (Fig. 5). The Mancozeb 
(1%) significantly inhibited with an inhibition zone of diam-
eter 1.3 cm which is 85.71% more than the AgNPs which 
showed the inhibition zone of diameter 0.7cm. Further, the 
Mc-AgNPs exhibited the highest growth inhibition of Colle-
totrichum gloeosporioides (~146.15%) more as compared to 
fungicide Mancozeb alone with an inhibition zone of 3.2 cm. 

The inhibition of fungal growth was observed with 
Mancozeb, AgNPs and Mc-AgNPs of cow urine sample 
(Fig. 6). The Mancozeb (1%) significantly inhibited with 
an inhibition zone of diameter 0.9 cm which is 80.0% more 
than the AgNPs which showed the inhibition zone of diameter 
0.5 cm. Further, the Mc-AgNPs exhibited the highest growth 
inhibition of Colletotrichum gloeosporioides (~133.33%) 
more as compared to fungicide Mancozeb alone with an 
inhibition zone of 2.1 cm.

The inhibition of fungal growth was observed with 
Mancozeb, AgNPs and Mc-AgNPs of buffalo urine sample 
(Fig. 7). The Mancozeb (1%) significantly inhibited with an 
inhibition zone of diameter 0.7 cm which is 75.0% more than 
the AgNPs which showed the inhibition zone of diameter 0.4 
cm. Further, the Mc-AgNPs exhibited the highest growth 
inhibition of Colletotrichum gloeosporioides (~114.28%) 
more as compared to fungicide Mancozeb alone with an 
inhibition zone of 1.5 cm.

These results illustrate that Mc-AgNPs synthesized from 
goat urine sample have shown 52.38% more potency against 
C. gloeosporioides compared to Mc-AgNPs synthesized 
from cow urine sample and 113.33% more effective than the 
Mc-AgNPs synthesized from buffalo urine sample.

CONCLUSIONS

Currently, there are many chemical fungicides to control 
plant pathogens which are being used at very high con-
centrations thus causing environmental pollution. Hence, 
there is a great need to reduce the use of high concentra-



976 S. N. Raghavendra et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

 
Fig. 4: Fourier transform infrared spectroscopy of (a) Mancozeb. (b) AgNPs synthesized from 

goat urine sample. (c) Mancozeb conjugated AgNPs synthesized from goat urine sample. (d) 

AgNPs synthesized from cow urine sample. (e) Mancozeb conjugated AgNPs synthesized from 

cow urine sample. (f) AgNPs synthesized from buffalo urine sample. (g) Mancozeb conjugated 

AgNPs synthesized from buffalo urine sample. 

 

Antifungal Activity of AgNPs, Mancozeb and Mc-AgNPs 

a 

c b 

d
d 

e 

f g 

Fig. 4: Fourier transform infrared spectroscopy of (a) Mancozeb. (b) AgNPs synthesized from goat urine sample. (c) Mancozeb conjugated AgNPs 

synthesized from goat urine sample. (d) AgNPs synthesized from cow urine sample. (e) Mancozeb conjugated AgNPs synthesized from cow urine 

sample. (f) AgNPs synthesized from buffalo urine sample. (g) Mancozeb conjugated AgNPs synthesized from buffalo urine sample.



977MANCOZEB CONJUGATED SILVER NANOPARTICLES AGAINST A FUNGUS

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

The inhibition of fungal growth was observed with Mancozeb, AgNPs and Mc-AgNPs of cow 

urine sample (Fig. 6). The Mancozeb (1%) significantly inhibited with an inhibition zone of 

diameter 0.9 cm which is 80.0% more than the AgNPs which showed the inhibition zone of 
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tion of fungicides to control plant pathogens which affect 
several crops worldwide. It has been very well established 
that AgNPs alone can be an effective means of controlling 
plant pathogens. However, in the present study, we have 
synthesized Mc-AgNPs from goat, cow and buffalo urine 
which greatly enhanced the antifungal potency against 

Colletotrichum gloeosporioides at very low concentrations. 
These can be applied as an economical and environmentally 
friendly method to control Colletotrichum gloeosporioides 
which causes anthracnose disease. These Mc-AgNPs could 
potentially be used in the field to control anthracnose disease 
caused by C. gloeosporioides affecting various plants.
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ABSTRACT

In this research work, the characterization of the palm stearin biodiesel was made using Nuclear 
Magnetic resonance (NMR), Fourier transform infrared spectroscopy (FITR) and GC/MS methods. 
Analysis of the composition of fatty acids was done using the GCMS apparatus based on the retention 
time. Fourier transform infrared spectrometer was used for the spectrum analysis of the various 
functional groups and bands located in it. The properties of the palm stearin biodiesel were predicted 
adopting the American Society for Testing and Materials  (ASTM) standards. Measured values of the 
properties were the density at 18°C as 0.88 g/m3, kinematic viscosity at 35°C as 3.4 mm2/s, the calorific 
value of the palm stearin as 37121 kJ/kg and the flash and fire points of the biodiesel as 130°C and 
160oC respectively. The rapid and correct characterization of the palm stearin biodiesel was made by 
the NMR.  

INTRODUCTION

The upsurge in the increase in the use of fuel and environ-
mental awareness of pollution has created the urge in many 
researchers to take up the perfect biodiesel from feedstocks 
(Sun et al. 1999). Biodiesel was extracted from the feedstocks 
of waxes, and classified into two namely, animal waxes and 
plant waxes. Palm stearin wax was classified as plant wax as 
it was extracted from palm trees. Naturally, waxes have long 
chain esters of fatty acids, which were converted from long 
chain esters to fatty acid methyl esters with the transesteri-
fication reaction (Hariram et al. 2017, Gelbard et al. 1995). 

Gas chromatography coupled with mass spectrometry is 
a versatile tool for the separation, quantification and identifi-
cation of unknown organic components and permanent gases. 
Analysis of complex mixtures can be done by combining 
sensitivity and high resolving power (Hariram & Vasantha-
seelan 2015). The information obtained can be used for the 
detection of impurities, contamination control and improve-
ment, for example, of semiconductor management. Various 
fatty acids concentrations were determined from the GCMS 
graph and ion concentration (Pereira et al. 2002). They de-
pict many components that include ketones, hydrocarbons, 
ions, fatty acids and esters. FTIR was absorbed in bands that 
identified the various functional groups of molecules such 
as OH stretch, C-O and OH bending, C-C stretching, C-O 

stretch, C-H stretching and C-C and C-O bending which was 
located based on the wavelength. FTIR stands for Fourier 
Transform Infrared Spectroscopy, the preferred method for 
Infrared spectroscopy. 

Nuclear magnetic resonance (NMR) spectroscopy is a 
powerful analytical technique used in the characterization of 
organic molecules through the identification of carbon-hy-
drogen frameworks within the molecules. It determines the 
physical and chemical properties of atoms or the molecules 
in which they are contained. NMR has two classifications of 
variations such as C-NMR and H-NMR used in the character-
ization of organic structures (Hariram et al. 2017). H-NMR is 
used in the determination of the number of hydrogen atoms 
present in the molecules and C-NMR represented in the 
determination of the number of carbon atoms present in the 
molecules. NMR is used in the identification of the blending 
levels in biodiesel blends. This paper gives the hydrogen and 
carbon atoms present in the palm stearin biodiesel using the 
NMR spectroscopy method. The focus of the paper is on op-
timization of various properties of palm stearin biodiesel such 
as flash point, fire point kinematic viscosity, calorific value, 
density and iodine value determined and compared with the 
properties of diesel. The various properties of palm stearin 
biodiesel are seen in ASTM standards of ASTM D6751-07b 
and European standards (EN 14214). 
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Bharathwaaj et al. (2018) have carried out extraction of 
biodiesel from the species of mellifera waxes. Long chain fat-
ty alcohols are present in the bee wax. Biodiesel determines 
the properties that include: density of 880 kJ/m3 and calorific 
value of 35.5 MJ/kg and the cetane number of 48. Arun 
Shankar et al. (2017) have indicated cottonseed biodiesel as 
produced from cottonseed oil using the transesterification 
process. Cottonseed biodiesel was characterized using the 
GC-MS and FTIR to find out the functional groups present 
in the biodiesel. The properties of biodiesel such as calorific 
value (36.18 MJ/kg, 33.78 MJ/kg), flash point (160oC) and 
kinematic viscosity and density have been predicted. Ng & 
Yung (2019) have characterized palm oil biodiesel and its 
blends. NMR was employed for accurate characterization 
of the oil and its blends. Folayan & Anawe (2019) have 
done extraction of the argan oil from its kernel. Fatty acid 
content was employed using the GCMS results. The meas-
ured properties of the argan biodiesel were in accordance 
with the American Society for Testing Methods standards. 
Eman et al. (2015) have carried out extraction of green algae 
(Spirogyra longata) which was characterized using GC-MS. 
In GC-MS apparatus, helium gas was employed as a carrier 
gas with the employment of impact ionization mode. GC 
graphs show the presence of valuable components such as 
ketones, phenolic, hydrocarbons. Fatty acids were defined 
using FTIR spectrum. Naureen et al. (2015) have done bio-
diesel extraction from sunflower oil used in the prediction 
of the characteristics of biodiesel using the GC-MS, FTIR 
and NMR. GCMS results indicated, the presence of seven 
saturated, one polyunsaturated and three monounsaturated 
fatty acid methyl esters in the biodiesel. 

Monteiro et al. (2009) saw the NMR results of soybean 
and castor oils biodiesel which had a complex chemical 
composition, NMR helped prediction of the chemical 
components in biodiesel mentioned above. Knothe (2001a) 
reported numerous studies on biodiesel formation and its 
characterization such as GC/MS, NMR and HPLC method-
ology which showcased a non-linear behaviour in their cor-
responding FTIR spectra. Knothe (2001b) have used NMR 
spectroscopy to predict the vegetable oils and miscible oil 
with convenient diesel fuel. H-NMR was employed for the 
determination of the biodiesel fuel quality. Knothe (1999) 
did the exploration of the chemical structures predicted by 
the dominant technique that employed the nuclear magnetic 
resonance spectrometry. Shimamoto et al. (2017) have done 
characterization of soybean and castor oil. Monterio et al. 
(2009) have used H-NMR spectroscopy for the characteriza-
tion of the quality of the biodiesel-diesel blend. H-NMR was 
used in the making of a higher concentration not exceeding 
2% of biodiesel concentration. Portela et al. (2016) evaluated 
biodiesel content in the diesel fluid using the H-NMR spec-

troscopy method. In this process, the multivariable regression 
model was generated by the use of partial least square (PLS).

In the current work, palm stearin biodiesel produced 
from palm stearin wax was characterized using NMR, FTIR 
and GC-MS. The molecular structure was predicted using 
GC-MS and compared with the NIST library. Characteriza-
tion of the palm stearin biodiesel was done using FTIR for 
optimization of the functional groups present in biodiesel. 
NMR spectroscopy was used in the characterization of the 
biodiesel, it depicted the carbon and hydrogen groups pre-
sented in the biodiesel. In the present study, the properties 
of palm stearin biodiesel such as density, kinematic viscos-
ity, flash point, fire point, calorific value were investigated 
through different experiments. 

MATERIALS AND METHODS

Palm stearin biodiesel was produced in the laboratory using 
the palm stearin wax from the transesterification process. 
Techniques such as NMR, FTIR and GCMS were used for 
the characterization of palm stearin biodiesel.

Transesterification Process

Palm stearin bio-oil was produced by heating the palm stearin 
wax to 60oC. In the single-stage transesterification process, 
the FFA content was below 2%. The FFA content of the 
bio-oil was 0.3% which was satisfactory, the single-stage 
transesterification process was employed in this process. 
The main factors were methanol to oil molar ratio, catalyst 
concentration and reaction duration which had a significant 
role in the process. A three-necked 100 mL flask containing 
palm stearin with reflux container was used in this process. 
The temperature and speed of the magnetic stirrer were set 
at 60oC and 600rpm respectively. Initially, bio-oil was heated 
to 90oC for removing the moisture content in the bio-oil. An 
appropriate amount of methanol and a catalyst were taken for 
100 mL bio-oil. Sodium methoxide solution was produced 
by mixing NaOH and methanol at 60oC at the speed of 600 
rpm, it was mixed with the bio-oil to initiate the process. A 
magnetic stirrer was employed in this process for around 60 
min for steering at a constant speed as shown in Fig. 1. The 
process took 60 minutes for the layer separation of glycerol 
and biodiesel. A clear separation was taken 12 hours. Biodies-
el was cleaned using distilled water several times to remove 
the moisture content. After the transesterification process, the 
biodiesel was heated to 100oC to remove the water content 
and the excess methanol was present in the biodiesel.

Gas Chromatography and Mass Spectrometry (GC-MS)

GC-MS was used for the characterization of the organic 
components. This technique was performed using the gas 
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chromatography and mass spectrometry to identify the 
samples. With the help of GC-MS, samples were distin-
guished into the individual compound by the temperature 
controlled capillary column. Associating and measuring the 
fragmentation of the unique mass spectrum (m/z) with NIST 
library, mass spectrum delivered the structural formula and 
molecular weight. GC-MS was used for the measurement of 
the molar mass and structural analysis of small biomolecules. 
In the present work, the JEOL GCMATE 2 GCMS with data 
system with the maximum resolution of 6000 Daltons with 
the sources of electron impact (EI), Chemical Ionization (CI) 
and fast atom bombardment (FAB) were employed. GCMS 
was employed for finding out the saturated and unsaturated 
fatty acids determined from retention time and ions.

Fourier Transform Infra-Red Spectrometry (FTIR)

With the help of the infra-red spectrometry, the fragmentation 
of samples in the infra-red region of the electromagnetic 
spectrum was absorbed. FTIR was used for the evaluation 
of the vibrations of organic components such as starching 
vibrations and bending vibrations of C-H, C-O, C=O 
component existing in the molecules. The type of the bond 
was determined by wavelengths of the radiation. FTIR 
spectrum was used in the estimation of some cases such 
as chemicals, pharmaceuticals, petroleum products, resins, 
etc. The Perkin Elmer system one FTIR/ATR instrument 
was used in this study. It has a scan range of 450-4000 cm-1 
and resolution of 1.0 cm-1 and 50 mg sample was required 
to find out the results. 

Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance spectroscopy is a very powerful 
non-invasive technique that provides detailed structural infor-
mation relating to various molecular systems. Avance 3500 
MHz NMR was employed in this study. NMR is a spectros-
copy technique based on the absorption of electromagnetic 
radiation in the radio frequency regions 4 to 900 MHz by 
nuclei of the atom. But in the present work, the field strength 
of the NMR was 500 MHz. The CDCl3 solvent dissolved in 
the samples in 1:1 ratio.

RESULTS AND DISCUSSION

Gas Chromatography and Mass Spectrometry

GCMS was used for carrying out the experiments to find 
out the various methyl esters present in the palm stearin 
biodiesel (Fig. 2). Methyl esters were predicted based on 
the retention time compound with the NIST library. There 
are ten various fragmentation patterns developed from the 
GCMS apparatus which helped determination of the methyl 
esters structure as tabulated in Table 1. The various retention 
times were predicted from RT 13.18 min to RT 26.68 min of 
gas chromatogram operation. Fig. 3A depicts the presence of 
dodecanoic acid, methyl esters with the highest peak mass 
ions 214 Daltons at a retention time of 13.18 min. Molecular 
structure was found to be methyl esters of lauric acid, with 
a concentration of 0.1%. 

Fig. 3B presents the retention time of 15.75 min which 
had ester of methyl tetradecanoate. The highest mass to 

moisture content. After the transesterification process, the biodiesel was heated to 100oC to 

remove the water content and the excess methanol was present in the biodiesel. 

 
Fig.1: Transesterification process of palm stearin bio-wax. 
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change ratio was predicted at 242 Daltons, myristic acid was 
adopted as a fatty acid methyl ester with a concentration of 
22.90%. Fig. 3C shows the pentadecanoic acid, 14, methyl 
esters fragmentation pattern at the reaction time of 18.43 with 
the highest value of peak mass ions of 270 Daltons which 
was present at the scan of 695 Daltons. Pentadecylic acid 

was shown as FAME which had a percentage of 25.8%. 
Fig. 3D portrays the retention time of 19.87 min with the 
fragmentation pattern of hexadecanoic acid, methyl esters. 
Palmitic acid was found to be a methyl ester. Methyl esters 
had a peak mass value of 270 Daltons located at scan 752. 
The presence of stearic acid is shown in Figs. 3E and 3F at 

value of 270 Daltons located at scan 752. The presence of stearic acid is shown in Figs. 3E 

and 3F at the retention time of 20.33 min and 21.93 min which had a 9-octadecanoic acid and 

13, 16 octadecadienoic acid, methyl ester. 300 Daltons of highest peak mass value was 

predicted from the fragmentation patterns of fatty acids. Fig. 3G depicts the 11, eicosanoic 

acid and eiosanoic acid esters at the retention times of 22.53 min and 22.77 min which had 

the highest peak value such as 324 Daltons and 326 Daltons respectively. Molecular structure 

of arachidic acid was predicted from the fragmentation pattern (Hariram & Bharathwaaj 

2015). 

 

 
Fig. 2: GCMS chromatogram of palm stearin biodiesel. 

 

 

 

Fig. 2: GCMS chromatogram of palm stearin biodiesel.

Table 1: Composition of FAME’s in palm stearin biodiesel.

S. No Retention time (min) Name of the esters Fatty acid methyl esters % Conc.

1 13.18 Dodecanoic acid, methyl ester Lauric acid 0.19

2 15.78 Methyl tetra deaconate Myristic acid 22.09

3 18.43 Pentadecanoic acid, 14 -methyl, methyl ester Penta-de-cyclic acid 23.71

4 19.87 Hexadecanoic acid, methyl ester Palmitic acid 28.36

5 20.33 9 - Octadecanoic acid (2) - Methyl ester Stearic acid 0.34

6 21.93 13,16 -Octadecadienoic acid, methyl ester Stearic acid 0.15

7 22.53 11 - Eicosanoic acid, methyl ester Arachidic acid 22.04

8 22.77 Eicosanoic acid, methyl ester Arachidic acid 1.40

9 24.3 Decosanoic acid Methyl ester Behenic acid 0.62

10 26.68 Octanoic acid, heptadecylic ester Caprylic acid 1.10
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the retention time of 20.33 min and 21.93 min which had 
a 9-octadecanoic acid and 13, 16 octadecadienoic acid, 
methyl ester. 300 Daltons of highest peak mass value was 
predicted from the fragmentation patterns of fatty acids. 

Fig. 3G depicts the 11, eicosanoic acid and eiosanoic acid 
esters at the retention times of 22.53 min and 22.77 min 
which had the highest peak value such as 324 Daltons and 
326 Daltons respectively. Molecular structure of arachidic 

 
Fig. 3: Fragmentation pattern of palm stearin biodiesel.  

  

Fig. 3 presents the fragmentation pattern of the decosanoic acid, methyl esters at the 

retention time of 24.3 min with a structure of methyl esters to be behenic acid with the 

concentration of 0.6%, the highest peak value was predicted from the fragmentation pattern 

as 354 Daltons. Fig. 3J shows the octanoic acid, heptadecyl esters, which was present in the 

fragmentation pattern at the retention time of 26.68 min with the scan of 1023. Caprylic acid 

Fig. 3: Fragmentation pattern of palm stearin biodiesel.
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acid was predicted from the fragmentation pattern (Hariram 
& Bharathwaaj 2015).

Fig. 3 presents the fragmentation pattern of the decos-
anoic acid, methyl esters at the retention time of 24.3 min 
with a structure of methyl esters to be behenic acid with the 
concentration of 0.6%, the highest peak value was predicted 
from the fragmentation pattern as 354 Daltons. Fig. 3J shows 
the octanoic acid, heptadecyl esters, which was present in the 
fragmentation pattern at the retention time of 26.68 min with 
the scan of 1023. Caprylic acid is a general fatty acid methyl 
ester of these esters which have a low value in concentration. 
382 Daltons was predicted as the peak mass value of methyl 
esters. Finally, the palmitic acid and arachidic acid had a 
higher concentration in palm stearin biodiesel. Palmitic acid 
had a high value in the palm stearin biodiesel at the retention 
time of 19.87 min and 20.33 min.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform Infrared spectroscopy (FTIR) was used for 
the prediction of the alkyl groups, ester ketones and alcohol 
group from the wavelengths. Fig. 4 shows the organic and 
inorganic compounds present in the palm stearin biodiesel. 
FTIR braced the bonds and steeling such as C-O stretch, OH 
stretch and C=0, C-H bonds. In the present work, FTIR was 

adopted for carrying out the experiments of palm stearin 
biodiesel. The Perkin ELMER system one FTIR spectroscopy 
was employed for finding the stretching and vibrations of 
various natural materials. FTIR was used in the determination 
of the organic and inorganic stretching vibrations and bonds 
present in palm stearin biodiesel. A graph has been generated 
by an instrument of FTIR which indicated the bonds accord-
ing to wavelength in units of cm-1 and the transmittance as 
percentage placed in Y-axis.

Many vibrations have been created from the FTIR, prac-
ticed from 584.82 cm-1 to 2922.02 cm-1. Fig. 4 depicts the 
presence of carboxylic acid and derivatives in O-H stretch 
present in the peak of 2922.02 cm-1 and another peak value 
of 1741.78 cm-1 which was present in the C=0 (saturated 
aldehyde) that was in aldehydes and ketone groups. The peak 
value of 1438 cm-1 revealed the presence of (a-CH2 bending) 
aldehydes and ketones. a-CH2 bending was present in the 
graph which shows in the peak value of 1260.66 cm-1 that is 
also in aldehydes and ketones. Some peak value was present 
in the same functional group which was in carboxylic acids 
and derivatives such as 1195.53 cm-1 which was indicated 
in the (0-C) (2 bands).

The peak value of 1242.33 cm-1 indicated the 0-C bands 
(sometimes 2 peaks) in carboxylic acids and derivatives. The 

 
Fig. 4: FTIR spectrum of palm stearin biodiesel. 
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Fig. 4: FTIR spectrum of palm stearin biodiesel.
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alkenes group was predicted from the peak value of 849.38 
cm-1 and 721.86 cm-1 influenced in the process which had a 
functional group of alkenes indicating the CIS-RCH+CHR. 
The detailed groups of organic compounds and then stretch-
ings and vibrations located in the FTIR spectrum as shown 
in Fig. 4.

Nuclear Magnetic Resonance (NMR) 

Palm stearin wax is the feedstock for producing palm stearin 
biodiesel (PSBD). PABD mainly consists of stearin and 
oleins. The 13C and 1H NMR spectrum of PSBD have re-
semblance as shown in Fig. 5 and Fig. 6 respectively. The 
NMR spectrum (13C and 1H) of palm stearin wax and its 
biodiesel were compared. The prominent proton signal at 
4.1-4.5 ppm with multiplets, multiplet peaks between 5.2 
and 5.5 ppm and singlet peaks at 7.0 and 7.3 ppm of the 
palm stearin wax were no longer visible in the 1H NMR. 
Similarly, singlet and multiplet peaks between 65 and 80 
ppm of the palm stearin wax were no longer seen in the 
palm stearin biodiesel. These shifting of peaks indicate the 
efficiency of transesterification in the formation of fatty 
acid methyl esters. The palm stearin biodiesel which is the 
resultant product of transesterification, the palm stearin 

wax along with methanol reveals the presence of olefinic 
hydrogen atoms and methoxyl hydrogen atoms as singlet 
and multiplets peaks (Simpson 2012).

OCH3, singlet peaks at 3.67 ppm and 3.49 ppm confirm 
the presence of methoxyl hydrogens, whereas multiplet 
peaks between 5.25 and 5.36 ppm confirm the presets of 
olefinic hydrogen. The singlet peak was seen at 7.25 ppm of 
H-NMR indicating the presence of multiple multiplet peaks 
between 0.8 and 2.4 ppm indicating the presence of aliphatic 
hydrogens. The absence of the peak between 4.5 and 5 ppm 
in the 1H NMR along with the existence of olefinic hydrogens 
indicate the feedstock used in the transesterification process 
as having a vegetable based origin. The olefinic and methoxyl 
hydrogen signals of palm stearin wax and its biodiesel were 
integrated and calibrated. The existence of a linear relation-
ship between the methoxyl and olefinic hydrogen atoms was 
observed. This relationship was also confirmed by the FTIR 
studies (Hariram 2019).

Intrinsic Characteristics of Properties of Palm Stearin 
Biodiesel

The properties of palm stearin biodiesel such as kinematic 
viscosity, flash point, fire point, calorific value and iodine 
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Fig. 5: 13C NMR spectrum of palm stearin biodiesel. Fig. 5: 13C NMR spectrum of palm stearin biodiesel.
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value were characterized using ASTM standard methods as 
indicated in Table 2.

Kinematic viscosity is the main factor which influences 
the compression process. It has old and hot kinematic vis-
cosities that affect the engine. Palm stearin bio-oil has a high 
kinematic viscosity ranges which do not fit the combustion 
process, that affect the entire engine setup. Palm stearin 
biodiesel, which had a significant kinematic range fitted 
for ASTM standards and European standards was produced 
following the transesterification process. Palm stearin 
biodiesel has a kinematic viscosity at 35°C of 2.4mm2/s, 

which is in ASTM standards among 1.9-6.0 mm2/s ASTM 
D6751 and EN14214 were placed in the fuel properties. 
Flashpoint is the lowest temperature at which the fuel is 
flashable in the presence of air. Generally, diesel has a 
flashpoint of 47°C. Palm stearin biodiesel has a flashpoint 
of 244°C which is in correct proportion compared with 
the ASTM standard limits. In comparison, the flashpoint 
of the diesel and palm stearin biodiesel, diesel has a low 
flashpoint temperature which fluids use in easy combustion. 
Palm stearin has a high flashpoint temperature and takes a 
long time to ignition leading to ignition delay. Minimum 

 
Fig. 6: 1H NMR spectrum of palm stearin biodiesel. 
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Fig. 6: 1H NMR spectrum of palm stearin biodiesel.

Table 2: Physio-chemical properties of PSBD and mineral diesel.

Properties PSBD Diesel

Density @ 18°C (g/m3) 0.88 0.8200

Kinetic viscosity @ 35°C (mm2/s) 2.4 2.5

Calorific value (kJ/kg) 37121 42957

Flashpoint 244 47

Fire point 166 140
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flashpoint regions are used for easy combustion and proper 
safety (Hariram 2016).

The fire point is one of the factors of characterization 
of the fuels. Fire points of the palm stearin biodiesel are 
predicted using the fire point apparatus which has a value of 
166°C temperature compared to the value of 140°C related to 
diesel. They had similar values of fire point. Calorific value 
is defined by the amount of energy released from the fuels 
with the help of the combustion. Palm stearin biodiesel has 
a calorific value of 37121 kJ/kg related to the value of diesel 
as 42957 kJ/kg. The physio-chemical properties of the palm 
stearin biodiesel were found to be within ASTM standards. 
Ignition delay is identified when the calorific value is low. 
High calorific value improves engine efficiency. Calorific 
value is employed as the main factor in the process of com-
bustion. Density was predicted from the experiments made 
in the laboratory. Palm stearin has a density of 0.88 g/m3 at 
18°C which is in line with ASTM standards. Diesel has a 
density value of 0.8200 g/m3. Density is also a main factor in 
the combustion process which influences engine performance 
(Pimental et al. 2006, Demirbas 1997). 

CONCLUSION

This article has discussed the characterization of the palm 
stearin biodiesel. GC-MS and FTIR spectrometer have 
proved the ten fatty acids in the palm stearin biodiesel and 
the C-H stretch, C-O stretch and organic components present 
in biodiesel. Gas chromatography and mass spectrometry 
results indicate the palmitic acid and myristic acid having 
the main role in palm stearin biodiesel. The GC-MS, FTIR 
and NMR results show the proof of the palm stearin biodiesel 
of the appropriate biodiesel. Kinematic viscosity of the palm 
stearin biodiesel to be 3.4 mm2/s at 35°C and the density at 
18°C be 0.88 g/m3 were seen as the properties of biodiesel. 
The calorific value of the palm stearin biodiesel was 37,121 
kJ/kg. The flash and fire points predicted using the apparatus 
were 130°C and 166°C. All the physio-chemical properties 
of palm stearin biodiesel satisfied and were in accordance 
with the ASTM standard limits. So, the palm stearin biodiesel 
is suitable for normal compression ignition engines as an 
alternative fuel without any major modifications. 
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ABSTRACT

The land is the material basis for human survival, and the contradiction between people and land 
has become increasingly prominent. The land ecological problem has gradually become a hot spot 
of concern. It is imperative to make a scientific evaluation of the land ecological quality and propose 
reasonable and feasible improvement measures and recommendations. At present, domestic research 
on environmental cost and environmental cost degradation mostly focuses on theoretical discussion, 
and there are few applications and practical research on enterprise environmental cost management. 
Based on the principle of protecting the ecological environment, this paper creates an ecological 
service assessment model to assess the real economic cost of land use development projects. From 
small community projects to large-scale national projects, because environmental costs are difficult to 
estimate, this paper uses the recovery cost method and the preventive expenditure method to quantify 
environmental costs. The cost of environmental degradation mainly comes from water pollution and 
air pollution. This paper uses the pollution function method to quantify the cost of environmental 
degradation. The InVEST model is used to evaluate the value of ecosystem services, and the BP 
neural network method is used to optimize the ecosystem service model, and the sensitivity analysis of 
the data is used to feedback the impact of the project on ecosystem services. The ecosystem service 
model based on neural network optimization makes the accuracy of data measurement results reaching 
99.7%, which makes the model having a good generalization. Taking a paper mill as an example, 
this paper evaluates environmental costs by resource consumption cost, environmental degradation 
value and environmental governance cost, and estimates environmental degradation costs by major 
environmental governance costs. Finally, the environmental cost and environmental degradation 
cost are integrated, and the ecosystem service model is established. The neural network model was 
established in the Matlab environment based on the InVEST model, and the model simulation results 
of the ecosystem service system were obtained. Compared with the InVEST results, the results of 
this paper have better authenticity and market utilization value. Although a paper mill was used as 
an example, the system was evaluated and the evaluation results were analysed. Compared with the 
actual situation, there is a certain reliability. However, due to the limited data, the number of verifications 
is insufficient for the system. It is hoped that more data can be verified later to ensure its reliability.

INTRODUCTION

Ecosystem services are the biosphere that provides many nat-
ural processes to maintain a healthy and sustainable human 
living environment. Accelerate the reform of the ecological 
civilization system, adhere to the harmonious coexistence 
between man and nature, and coordinate the management of 
the landscape system. The improvement of people’s living 
standards is inseparable from the construction of various en-
gineering projects, but the construction of these projects will 
bring economic benefits and directly affect biodiversity and 
lead to environmental degradation. At this stage, most land 
development projects do not take into account the economic 
costs of changes in the ecosystem services: river pollution, air 
pollution, solid waste pollution. Therefore, the environmental 
cost of research projects is necessary for the development 

of enterprises. This paper takes a paper mill as an example 
to investigate the actual data of project development and 
construct an evaluation model for the environmental cost 
control of the project.

Traditionally, most land development projects only con-
sider the project investment cost in the cost calculation and 
do not take into account the environmental costs caused by 
environmental degradation in production. Environmental 
degradation restricts ecosystem services. Therefore, the 
study of ecological service assessment models requires an 
assessment of environmental costs. Environmental costs 
include polluted rivers, poor air quality, hazardous waste 
sites, improperly treated wastewater, and climate change.

This paper presents the following four questions:

 (1) Assess the environmental costs of development projects;
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 (2) Assessing the environmental degradation costs of 
development projects;

 (3) Establish ecological service assessment model;
 (4) Using a paper mill as an example to evaluate the effec-

tiveness of the model.

HYPOTHESES AND SYMBOLIC DESCRIPTIONS

Assumptions

	 ·	 Assume that exhaust gas pollution caused during mining 
and transportation is not considered.

	 ·	 Assume that only the influencing factors mentioned in 
the text are considered.

	 ·	 Assume that the data in the text are correct.
	 ·	 Suppose the parameters used in the text are correct.

Symbol Description

Symbol Definition

wi The weight of the input signal corresponding

xi The input signal

q The threshold

f The activation function

neti The neurons

Pr The cost of repairing natural resources

Ci Repair and compensation for the unit cost of i resources

Qi The number of fixing i resources

ASSESSMENT OF ENVIRONMENTAL COSTS

The Significance of Studying Environmental Costs

The production and management activities of humans 
and enterprises will bring some negative impacts to the 
environment. Some industrial enterprises have high pollution 
characteristics and have a very bad impact on the ecological 
environment. The survival and development of an enterprise 
will affect the environment, but the survival and development 
of the enterprise depend to a large extent on the gift of the 
ecological environment. Starting from the micro-level, the 
environmental problems caused by the enterprise itself will 
not only generate expenditures other than production costs, 
but also affect itself, the surrounding environment and 
the social environment, damage its own social image, and 
cause the consequences of lowering the economic interests 
of the enterprise. From a macro perspective, if a country 
does not carry out environmental protection and prevention 
when building a business, it will violate the international 
environmental protection rules and affect the country’s overall 
national strength and international influence. In summary, 

enterprises must pay attention to their environmental 
problems, so environmental cost accounting is a necessary 
measure. Through environmental cost accounting, we can 
find the environmental pollution problems generated by 
enterprises, to clarify the environmental costs of enterprises 
and to find environmental pollution problems of enterprises 
to curb environmental pollution and protect ecological 
environment resources (Li et al. 2011).

Concept and Classification of Environmental Costs

Since enterprises rarely calculate environmental costs into 
cost expenditures, there is currently no uniform standard for 
classification and calculation of environmental costs. Dif-
ferent enterprises have different footholds when accounting 
for environmental costs. For environmental costs, there is no 
precise definition for the time being. By analysing the cost of 
expenditure on environmental impacts, environmental costs 
can be divided into costs incurred in restoring a damaged 
environment, reducing the costs of pollution in the production 
process, and preventing the costs of environmental pollution.

Assessment of Environmental Costs

According to the cost source, it can be divided into recovery 
cost method, preventive expenditure method and pollution 
function method (Pan et al. 2019). The recovery cost meth-
od is generally difficult to accurately measure the cost of 
environmental damage directly, but it can be replaced with 
the idea that the expenditure required to restore the damaged 
natural resources to the previous state is used to measure the 
value of the damaged environmental resources. In general, 
natural resources are self-recovering, but if humans over-ex-
ploit and destroy natural resources, the natural world cannot 
be restored to the former state, and it is necessary to use hu-
man power to recover the environment. It is called “recovery 
compensation fee”. For example, planting and maintaining 
the felled forest to restore it to its original state.

Its accounting model is:
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the former state, and it is necessary to use human power to recover the environment. It is 
called "recovery compensation fee". For example, planting and maintaining the felled forest 
to restore it to its original state. 

Its accounting model is:  iir QCP  

Where, Pr is the cost of repairing natural resources, Ci is for repair and compensation, i 
is the unit cost of the resource, Qi is the amount of resources for repair and pollution. 

Preventive expenditure method refers to taking preventive measures to avoid or reduce 
environmental pollution. For example, in a polluted environment, people buy an air purifier 
to purify the air. The cost of purchasing an air purifier is to prevent expenditure. Pollution 
function method refers to the use of the correlation function method to measure the 
environmental costs of pollutants (wastewater, waste gas, solid waste) emitted by the 
enterprise during the production and operation process. 

Environmental costs of certain liquid/gas pollutants: 0iCl CtlV   

Where, Cli is to prevent environmental costs of a liquid/gas pollutant; V is the volume of 
a liquid/gas contaminant; l is the concentration of a liquid/gas pollutant; t is the pollution 
equivalent value of a liquid/gas pollutant; C0 is the environmental pollution cost per unit 
volume of a liquid/gas pollutant. 

Total liquid/gas pollutant cost: 



n

1i
iClCL  

Where, Pr is the cost of repairing natural resources, Ci is 
for repair and compensation, i is the unit cost of the resource, 
Qi is the amount of resources for repair and pollution.

Preventive expenditure method refers to taking preven-
tive measures to avoid or reduce environmental pollution. 
For example, in a polluted environment, people buy an air 
purifier to purify the air. The cost of purchasing an air purifier 
is to prevent expenditure. Pollution function method refers 
to the use of the correlation function method to measure the 
environmental costs of pollutants (wastewater, waste gas, 
solid waste) emitted by the enterprise during the production 
and operation process.
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Environmental costs of certain liquid/gas pollutants: Cli 
= V ´ l ´ t ´ C0

Where, Cli is to prevent environmental costs of a liquid/
gas pollutant; V is the volume of a liquid/gas contaminant; 
l is the concentration of a liquid/gas pollutant; t is the pol-
lution equivalent value of a liquid/gas pollutant; C0 is the 
environmental pollution cost per unit volume of a liquid/
gas pollutant.

Total liquid/gas pollutant cost: 
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Environmental costs of certain types of solid contami-
nants: C = V ´ f

Among them, V is the volume of solid waste; f is the 
environmental cost per unit volume of solid contaminants.

ASSESSMENT OF ENVIRONMENTAL 
DEGRADATION COSTS

The Significance of Assessing the Cost of Environmental 
Degradation

The development and utilization of land projects will 
bring environmental pollution. In particular, some highly 
polluting projects can exacerbate environmental degradation 
(Zhao 2016). Environmental degradation affects the image of 
the company and inhibits its efficiency. Therefore, the sur-
vival and development of an enterprise cannot be separated 
from a good ecological environment.

Concept of Environmental Degradation Costs

Environmental degradation refers to the unreasonable de-
velopment and utilization of natural resources by human 
beings, causing changes in the structure of ecosystems, 
leading to a decline in the self-regulation of ecosystems 
and a decline in function, which is not conducive to the 
survival and development of humans and living beings. The 
cost of environmental degradation is also called environ-
mental pollution loss, including the degradation of natural 
degradation caused by environmental degradation, and the 
loss of human health.

Assessment of Environmental Costs

The cost of environmental degradation is difficult to 
estimate and is generally translated into other losses due to 
environmental degradation (Yang 2017). For example, the 
cost of environmental degradation of air pollution is studied, 
and human health loss and crop yield loss, which account 
for a large proportion of pollution losses, are evaluated 
(State Forestry Administration 2014). The main cause of 
environmental degradation costs is water pollution and air 
pollution. Therefore, environmental costs are assessed by the 

cost of water and air pollution (Wang 2014). According to 
the pollution function method mentioned above:

Environmental costs of certain liquid/gas pollutants:  
Cli = V ´ l ´ t ´ C0

Total liquid/gas pollutant cost: 
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iClCL  ECO-SERVICE ASSESSMENT MODEL

InVEST Model

The InVEST model (Yang et al. 2012) consists of three 
modules: Freshwater ecosystem assessment, marine ecosys-
tem assessment and terrestrial ecosystem assessment, each 
of which contains specific assessment projects. Freshwater 
ecosystem assessments include water production, flood 
regulation, water quality and soil erosion; marine ecosystem 
assessments include shoreline formation, coastal protection, 
aesthetic assessment, aquaculture, habitat risk assessment, 
overlay analysis, wave energy assessment. terrestrial eco-
system assessments include biodiversity, carbon stocks, 
pollination and wood production. The InVEST model is 
hierarchically designed as shown in Table 1.

The level 0 model assesses the relative level of ecosystem 
services or significant areas of special service demand. For 
example, coastline mapping in InVEST draws only coastlines 
that are particularly prone to erosion and flooding, without 
assessing ecosystem functioning, Grab the simplest model 
of the nature of the problem.

The Level 1 model is suitable for obtaining more data 
than level 0, but still meets relatively few data requirements. 
The first level model can be used to determine the differential 
biodiversity of the ecosystem service function area, and the 
ecosystem function under current or future conditions. Re-
gional differences and biodiversity, all primary models can 
output absolute value and provide users with an economic 
valuation option.

The Level 2 model can more accurately describe the 
service value and function of the ecosystem. The results of 
the assessment are important for environmental protection 
measures and environmental compensation. The level 3 
model is suitable for special areas such as fisheries.

Our model will use a 2-level model to more accurately 
describe the ecological environment. The BP neural network 
will also be used to optimize the 2-level model. The results 
of the evaluation will be adjusted by project planners and 
managers to reach to expected indicator.



994 Feng Wang et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

InVest Model Applied to Ecological Service 
Assessment

Ecosystem services mean that the biosphere provides many 
natural processes to maintain a healthy and sustainable hu-
man living environment.

An ecological service evaluation model that the InVest 
model applies to ecological services is shown in Table 2.

Model Optimization

We used the BP neural network to optimize the ecological 
environment assessment method of a paper mill. After obtain-
ing the environmental data of a paper mill, data cleaning and 
fitting methods are used to obtain more reliable data, and the 
data can meet the requirements of training neural networks. 
And using a part of the actual data as the test data reached 
a good expectation, making the accuracy of the BP neural 
network model reach 99.7%. The use of our trained BP neural 
network in the national area has also yielded good results.

EXAMPLE APPLICATION

Assessment of Environmental Costs of A Papermaking 
Enterprise

According to the life cycle idea, the environmental cost that 
a paper mill may cause during the production and operation 
process is divided into four parts: raw material mining, 
product production, product sales and disposal according 
to the whole process of paper products from raw materials 
to production to waste stage [Yu 2018.]. Considering that 
paper products are a kind of material that can be degraded 
by nature, the environmental impact in the circulation and 
disposal stages is relatively small. Therefore, this paper 
mainly accounts for the environmental costs of the two stages 
of mining raw materials and product production.

Stage of mining raw materials: The cost of the raw 
material extraction phase includes the following two parts: 
Part of it is the loss of forest resources caused by the mining 
of wood and coal; the other part is the cost of the exhaust 
gas emitted by the vehicles that transport the raw materials 
(Zheng 2013], but this part of the cost cannot be calculated 
because the relevant data cannot be obtained. 

In 2018, from Table 3, we can get the following conclu-
sion: The pulp consumption of the paper-making enterprise 
was 10,999.75 tons. The raw materials of pulp were mainly 
wood pulp and waste paper pulp, of which wood pulp 
accounted for 34.5%, and waste paper pulp accounted for 

Table 2: InVEST Model Module Evaluation Project.

Freshwater ecosystem module Marine ecosystem module Terrestrial ecosystem module

Hydroelectric power Expand check, create GS Biodiversity

The water quality Coastal protection Carbon storage

Water rate The Marine water quality Crop pollination

Soil and water conservation Ecological risk assessment Wood production

The aesthetic evaluation

Aquaculture

Superimposed analysis

Table 1: Grading design of InVEST model.

Level 0 model Level 1 model Level 2 model Level 0 model

Relative value Absolute value Absolute value Absolute value

No evaluation Evaluate through a range of 
methods

Evaluate through a range of methods Evaluate through a range of methods

Generally no strict time, No annual 
average

Average time step, no time 
series

Time step from day to month, have 
a wide time series

Time series are associated with feed-
back and value domains

From the basin to the appropriate 
spatial range of the world 

From the basin to the appropri-
ate spatial range of the world

From a small area to the world From a small area to the world

Suitable for determining important 
areas(high risk or specialized eco-
logical service area)

Suitable for strategic decision 
(make a strategic decision 
based on criteria )

Suitable for the tactical decision, 
making with absolute value

More accurate assessment of ecosys-
tem services

No interaction between ecosystem 
services

Interaction between individual 
ecosystem services

Interaction between individual eco-
system services

Complex ecosystem interactions with 
feedback and thresholds
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65.5%. The wood converted from paper pulp can be used to 
calculate the wood consumed.

Wood pulp consumption of wood: 10999.75  ´ 34.5% ´ 
4.75 = 18025.84m3

Waste wood pulp consumption: 10999.75  ´ 65.5% ´ 3 
= 21614.51m3

Total amount of wood consumed:18025.84 + 21614.51 	
= 39640.35m3

The amount of wood per hectare in the forest is 89.79 m3; 
forest cost per hectare is about 3,700$. (7 in the following 
formula refers to the exchange rate of RMB against the US 
dollar.)

The resulting forest loss costs: P1 = (39640.35/89.79) × 
2.49/7 = 169 ($)  

In 2018, it consumed 183,100 tons of coal, and the cost 
of forest loss was calculated according to the recovery cost 
method.

Mining one ton of coal will disturb 1.1 tons of topsoil, 
with an average bulk density of 1.7 tons per cubic meter 
of soil; a soil thickness of 0.3 meters; and a forest value of 
24,900 per hectare.

The resulting forest loss costs: P2 = [183100 ´ 1.1 /(1.7 
0.3)] ´ 2.49 / 104 ´ 10000 / 7 140486 ($ )

Total forest loss costs: 

P = (1099.28 + 98.34) ´ 10000 / 7 = 1710886 ($ ) 

Production product stage: The environmental costs in-
curred during the production phase were calculated based 
on the pollution generated by the production process of the 
product. The production process of the product includes 
pulping section, papermaking section, coating section and 
processing section. The pollutants produced during the 
production process mainly include wastewater, waste gas, 
waste residue and noise. The environmental cost at this stage 

is mainly reflected in the environmental damage cost caused 
by pollutant discharge and the environmental governance, 
prevention and management costs invested by the enterprise.

Environmental Damage Costs

Calculation of wastewater discharge fee: After the waste-
water discharged from a paper mill is treated by the compa-
ny’s wastewater treatment system, most of the wastewater is 
recycled and reused. From Table 4, we can get the following 
conclusion: The reuse rate of wastewater is 88.79%, and the 
amount of wastewater to be treated is 88.3 m3/a.

According to the environmental cost measurement meth-
od mentioned above,

Processing CODcr costs: Q1 = 191680 ÷ 1 ´ 0.7 / 7 =  
134176 ($)

Handling nh3-n costs: Q2 = 250 ÷ 0.8 ́  0.7 / 7 = 31.25 ($)

Total cost of wastewater treatment: Q = (134176 + 
218.75)/ 7 = 1919.25 ($)

Calculation of exhaust gas discharge fee: In 2018, the 
total amount of exhaust gas produced by a paper mill was 
1,446,600 standard cubic meters. The content of the exhaust 
gas components is shown in Table 5.

Dealing with sulfur dioxide costs: R1 = 564160 ÷ 0.95 ´ 
0.6 / 7 = 50901.65 ($)

Dealing with nitrogen oxides costs: R2 = 324760 ÷ 0.95 
´ 0.6 / 7 = 29301.65 ($)

Dealing with soot costs: R3 = 62780 ÷ 2.18 ´ 0.6 / 7 = 
2468.41 ($)

Dealing with the total cost of atmospheric pollutants: R 
= (356311.58 + 205111.58 + 17278.90)/ 7 = 87671.71 ($)

Calculation of carbon emission costs: In 2018, a pa-
per-making enterprise emitted 338,100 tons of carbon diox-
ide. Although carbon dioxide is not an air pollutant, carbon 

Table 3: Wood conversion amount of paper pulp in the paper industry.

Product Direct consumption of raw materials Wood folding amount/m3×t

Wood pulp Logs, logs, residues 4.75

Waste pulp Waste paper 3

Table 4: Disposal of wastewater from the Paper Mill in 2015 ( Li & Ren 2011).

Amount of wastewater (Ten thousandm3/a) Contaminant Average  missions

88.3
CODcr Concentration (mg/L) 217

Production amount (t/a) 161.68

NH3-N Concentration (mg/L) 0.28

Production amount (t/a) 0.25
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dioxide is the most important greenhouse gas, causing global 
warming and the melting of glaciers. Therefore, carbon 
dioxide emissions should be treated. The average price of 
carbon dioxide in 2018 is 6$ per ton.

Carbon emission costs: 338100 ´ 6 = 2028600 ($)

Calculation of sewage charges for solid waste: In 2018, 
the total amount of solid waste generated by a papermaking 
enterprise was 72,885.49 tons. The company’s solid waste 
safe disposal rate reached 100%, and the comprehensive 
utilization rate reached 99.2%. Since the solid waste gen-
erated by a paper mill can be safely disposed of 100%, the 
comprehensive utilization rate reaches 99.2%, and the zero 
discharge to the external environment is basically realized. 
The damage caused to the environment can be neglected.

Calculation of noise discharge fee: To reduce the harm 
of production noise to the personnel in the plant and sur-
rounding neighbourhoods, the company makes reasonable 
arrangements for the noise-generating equipment in the 
factory, installs noise-proof walls around the plant, installs 
silencers at the noise source of the equipment, and constructs 
green belts for the plant area. As well as avoiding night 
time transportation and other means, noise reduction will 
reduce the noise pollution below the national environmental 
standards, and will not adversely affect the environment and 
surrounding people. Therefore, it can be determined that the 
noise emission fee of the plant is zero.

In summary, the environmental costs of pollutant emis-
sions: W = Q + R = 89590.6 ($)

Corporate Environmental Governance Costs

Table 6 shows the cost of a paper mill’s environmental 
governance costs divided into seven projects.

Depreciation costs for environmental protection facilities: 
720.92 (ten thousand dollars)

Environmental Prevention Costs

Environmental prevention cost refers to the environmental 
protection costs invested by enterprises to avoid environmen-
tal pollution, such as pollution source discharge monitoring 
systems installed by enterprises, testing fees, and environ-
mental education training for relevant personnel. In 2018, the 
depreciation expense of the pollution source discharge moni-
toring system was about 9429$, and the entrusted inspection 
department commissioned the inspection fee of 1572$, and 
the environmental protection education and training fee for 
the relevant personnel was about 5714$.

Through the above calculations, the environmental costs 
of a paper mill are shown in Table 7.

Assessment of Environmental Costs of A Papermaking 
Enterprise

The main cause of environmental degradation costs is water 
pollution and air pollution. Therefore, environmental costs 
are assessed by the cost of water and air pollution (Zhao 
2016).

The environmental degradation cost of a papermaking 

Table 6: Environmental protection facilities costs and annual depreciation.

Project Total/ten thousand Annual depreciation/ten thousand

Eastern district wastewater recovery facility 297.55 14.13

Western district wastewater recovery facility 28.3 1.35

Incoming wastewater treatment facility 18.88 0.9

Paper machine white water recycling facility 119 5.65

Flue gas treatment facility 203.16 9.65

Noise control 1.48 0.07

Pollution source online monitoring 19.86 0.94

Table 5: Disposal of atmospheric pollutants by a paper mill in 2018 ( Li & Ren 2011).

Exhaust gas volume (Ten thousandm3/a) Contaminant Average emissions

144.66

SO2 Concentration (mg/Nm3) 390.50

Production amount (t/a) 564.16

NOx Concentration (mg/Nm3) 224.5

Production amount (t/a) 324.76

Smoke Concentration (mg/Nm3) 43.4

Production amount (t/a) 62.78
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enterprise is the sum of the cost of treating water pollution 
and air pollution.

The environmental degradation costs of paper companies: 
101.87 (ten thousand dollars)

Assessment of Ecological Services in The Paper Mill

Using BP neural network to optimize the evaluation method 
in InVEST, because there is less data disclosure for a paper 
mill, we will use the fitting method to generate more data 
and then adjust the data reasonably, including data cleaning 
and normalization. In the process of fitting, we mainly use 
the NumPy library in Python to fit (Fig. 1), and get the fitted 
equation:

 f = 1.009x2 –37.64x + 3.78e + 04

To get the final cost of a paper mill in treating wastewater, 
treating waste gas, treating solid waste, and treating noise, 
we input the known data as input neurons into our BP neural 
network model and then train through the NEWFF function in 
MATLAB. For neural network objects, we have 10 neurons 

in the hidden layer, 3 neurons in the output layer, and 500 
steps in the maximum number of training steps. The training 
data has 75 different data in the factory over the years. Set the 
learning rate to 0.05 and the minimum error of the training 
target to 0.001 (Fig. 2).

Finally, our BP neural network model converges after 
495 iterations (Fig. 3).

The gradient size is 0.042 (Fig. 4):

Then carry out regression analysis (Fig. 5):

The final accuracy rate reached 97.33%.

ADVANTAGES AND DISADVANTAGES OF THE 
MODEL

Model Advantage

 (1) In the process of establishing the InVEST model, the 
second-level model was used, which enabled the eco-en-
vironment administrator to have a certain impact on 

Table 7: Environmental cost report of a paper mill in 2018.

Stage Cost type Accounting object Result/ten thousand

Production phase
Damage cost

Sewage charges 13.44

Disposal cost 57.87

Carbon cost 1174.90

Solid waste cost 0

Noise cost 0

Governance cost Governance 243617

Prevention cost Prevention 11.7
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The gradient size is 0.042 (Fig. 4): 
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the environmental change, enabling the environmental 
administrator to participate in the prediction model. We 
use BP neural network to optimize the weight of each 
factor in the ecological environment in the InVEST 
model, and we get better results by example.

 (2) Using the specific data to verify the InVEST model, so 
that the robustness of the model is improved.

Model Defect

The system establishes a system model of natural environ-
ment assessment, but the model is not perfect at the regional 
criteria level. I hope to consider adding more regional indi-
cator factors in future work to meet the natural environment 
assessment model. 
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 (1) In the survey and data acquisition, a lot of data comes 
from statistical yearbooks and papers. Some data are 
missing. In our model, the fitting method is used, which 
has certain inaccuracy.

 (2) Some parameters are based on common sense because 
very little data can be used.

CONCLUSIONS

Mathematical formulas are established through specific 
mathematical meanings, and the recovery cost method, pre-
ventive expenditure method and pollution function method 

are defined to quantify the environmental cost and environ-
mental degradation cost, and the true economic cost of the 
project is clearly expressed in the form of data. The InVEST 
model is used to evaluate the value of ecosystem services, 
and the BP neural network method is used to optimize the 
ecosystem service model. Through the sensitivity analysis 
of the data, the model simulation results of the ecosystem 
service system were obtained. Taking a paper mill as an ex-
ample, based on data generated in previous years, the value 
of ecosystem services in paper mills was assessed. It can be 
concluded that the paper mill’s management of pollutants has 
reached an excellent state, and its management method can 
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be improved and promoted. This research has guiding sig-
nificance and practical enlightenment for the environmental 
management of heavy polluting enterprises and has a good 
market utilization value.

This paper takes a paper mill as an example to evaluate 
the ecology of the paper mill’s location using the ecological 
service assessment model and the evaluation results were 
analysed. Compared with the actual situation, the model has 
a certain reliability. However, the relevant data of this paper 
mill are insufficient, and the model of this paper cannot be 
applied to the assessment of ecological services in other 
places. I hope that there will be more data in the later stage, 
and I will continue to improve through verification to get a 
more reliable model. 

ACKNOWLEDGEMENT

This work was supported by the horizontal cooperation 
research project of Fuyang Municipal Government: “Re-
search and Application Demonstration of Key Technologies 
of Wisdom Agricultural Internet of Things Commonality” 
(No.XDHX2016018).

REFERENCES

Li, J.W. and Ren, B.P. 2011. Research on the path of coordinating China’s 
environmental pollution and economic growth conflict. China Popu-
lation, Resources and Environment, 21(5): 132-139.

Pan, W.X. and Liu, S.D. 2019. Optimization research and application of 
BP neural network. Computer Technology and Development, 5: 1-3.

State Forestry Administration 2014. Results of the 8th National Forest 
Resources Inventory. Forestry Resources Management, 2: 1-2.

Wang. C.M. 2014. Cost Calculation Model and Application Research of 
Environmental Degradation Based on Air Pollution Intensity. Nanjing: 
Nanjing University of Information Science and Technology.

Yang, Y.Q. 2017. Research on Enterprise Environmental Cost Accounting 
System. Zhengzhou: Zhongyuan Institute of Technology.

Yang, Y. Y., Dai, E.F. and Fu, H. 2012. Research framework of value evalu-
ation of ecosystem service function based on InVEST Model. Journal 
of Capital Normal University, 33(3): 41-47.

Yu, H.F. 2018. Research on Environmental Cost Accounting of X Steel 
Company. Xi’an: Xi’an Petroleum University.

Zhao, L.M. 2016. Research on Air Quality Prediction and Spatial-Temporal 
Distribution in Guangzhou Based on Genetic Algorithm and BP Neural 
Network. Jiangxi University of Technology.

Zhao, Q.X. 2016. Research and Implementation of Land Ecological Assess-
ment System. School of Environment and Surveying.

Zheng, Q.H. 2013. Material flow analysis of timber resources in China’s 
paper industry supply chain. China Paper, 6: 21-27.



Evaluation Index System Construction for Geological Environmental Bearing 
Capacity and Its Application in Henan Province, China  
He Ziguang*†, Zhang Yujiao*, Huang Lei**, Duan Zhao*** and Lin Jianhao* 
*Institute of Architecture Engineering, Huanghuai University, Zhumadian 463000, China
**Water Conservancy and Civil Engineering College, Inner Mongolia Agricultural University, Hohhot 010018, China
***College of Geology and Environment, Xi’an University of Science and Technology, Xi’an 710054, China
†Corresponding author: He Ziguang; hzg198762@163.com

ABSTRACT

Geological environment is a resource base, environmental base, and engineering base for human 
socioeconomic activities. The main function of the geological environment is to provide stable and safe 
living space and essential resources for the existence and development of human society. However, 
geological environmental problems become increasingly prominent in some provinces in China due to 
fragility of the geological environment, uneven population distribution, backward economic development, 
and massive construction projects. The function of geological environments in some provinces to 
support sustainable economic and social development is evidently insufficient, and the threshold 
values of their geological environmental bearing capacity nearly reach the upper limit. For example, 
Henan Province, China, an evaluation index system for geological environmental bearing capacity, was 
established from three aspects, as follows: natural hazard, geological disaster, and disaster control. 
The weights of evaluation indexes were calculated using the variation coefficient method. Finally, 
the geological environmental bearing capacity of Henan Province during 2010-2018 was measured 
through the comprehensive evaluation method. Results showed that the constructed evaluation index 
system for geological environmental bearing capacity, which consisted of 34 indexes, was scientific and 
reasonable. During 2010-2018, the geological environmental bearing capacity of Henan Province was 
superior or excellent. Geological environmental bearing capacity can be improved by reinforcing the 
construction of legal rules and laws for geological environmental protection, carrying out research work 
regarding geological environmental bearing capacity, launching geological environmental monitoring 
and early warning system construction, and implementing feasibility demonstration for the geological 
environment of major construction projects. The study results can provide practical guidance and 
reference to realize the predictive analysis of geological environmental bearing capacity and coordinate 
human socioeconomic activities and geological environment. 

INTRODUCTION

Geological environment refers to the surface space of litho-
sphere, which interacts with hydrosphere, atmosphere, and 
biosphere and is closely related to human activities. It is also 
a material base and prerequisite for sustainable social devel-
opment of human beings. Human activities are also based on 
the natural environment, most of which are closely associated 
with the geological environment. Geological environmental 
bearing capacity is the maximum ability of the geological 
environment to bear the influences and changes brought by 
human activities. It is an important environmental constituent 
part in studies on resource environmental bearing capacity. 
As an important factor used to measure sustainable human 
development, it can reflect the coordination degree between 
human activities and geological environmental system. Effec-
tive resource distribution and utilization, efficient utilization 
of land resources, and preventive treatment of geological 

environment are urgent problems faced by China in the 
eco-environmental construction and new-type urbanization 
process under the major background of capacity utilization 
reform, supply-side structural adjustment, and socioeconom-
ic updating and upgrading. Especially because of enormous 
environmental pollution, various geological environmental 
problems emerge, such as surface subsidence, sand liquefac-
tion, soil salinization, water and soil corrosion, and a partially 
high degree of mineralization of shallow underground water. 
Scientific understanding and handling of these geological 
environmental problems are greatly important to infrastruc-
ture construction and resource development and utilization. 

   Featured by complicated natural geological conditions 
and fragile ecological environment, Henan Province in 
China is distributed with special unfavourable geological 
environmental conditions and severe geological disasters. 
Moreover, numerous geological environmental problems 
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are triggered by human activities in Henan Province. Special 
unfavourable geological environmental conditions mainly 
include special unfavourable rock and earth mass (collaps-
ible loess and swell-shrinking soil), primary geochemical 
anomaly (high fluorine water, low iodine water, and saline 
water), and secondary geochemical anomaly (soil saliniza-
tion). Geological disasters include collapse, landslide, debris 
flow, water and soil loss, surface collapse, water inrush of the 
pit, and gas explosion. Geological environmental problems 
include exhaustion of water resources, water contamination, 
and stacking of solid wastes. These factors have become 
important in restricting the improvement of people’s living 
standards and socioeconomic development in Henan Prov-
ince. Regional environmental features in Henan Province 
indicate that its economic development is mainly restricted 
by geological environmental problems. Thus, studying the 
geological environmental bearing capacity for economic 
activities in this region is especially important. Therefore, 
on the research basis of regional geological environmental 
background in Henan Province, investigating the influence 
factors of the regional geological environment on economic 
activities and evaluating its geological environmental bearing 
capacity have great theoretical and realistic significance for 
regulating socioeconomic activities and realizing coordinated 
development between geological environment and social 
economy. 

PAST STUDIES

Geological environmental bearing capacity is the extension of 
the environmental bearing capacity theory. It lays particular 
emphasis on sustainable development and protection of the 
geological environment. Geological environment is the en-
vironmental base for human society. With the emergence of 
numerous environmental problems and elevated requirements 
for geological environmental development and protection, 
studies on the geological environment have gradually de-
veloped, initially from susceptibility and danger grading of 
geological disasters and then to geological environmental 
quality evaluation until the present studies on geological 
environmental bearing capacity. Rees (1992) proposed 
ecological footprint method to evaluate geological environ-
mental bearing capacity by comparing ecological footprints 
at supply level and ecological bearing capacity at demand 
level for geological environmental bearing capacity. Fuchu 
et al. (1994) investigated topography, geology, soil types, and 
properties and their distribution range in Tongchuan City, 
as well as main geotechnical engineering and geological 
environmental problems induced by human engineering 
activities. Lew (2001) evaluated some developable areas in 
California, and the results showed that the existence of active 

earthquake fault, young loose alluvial deposit, and shallow 
groundwater was a factor possibly resulting in geological 
liquefaction in many areas in California. Youquan (2004) 
analyzed water resource bearing capacity of Wei River basin 
based on the introduced water resource distribution features 
of Gansu segment of Wei River basin as well as the existing 
effective output and bearing capacity. The results showed that 
the optimal bearing capacity of water resources in this area 
was 3,550,000 people. Wackernagel et al. (2004) deemed 
that the damage of rock slope on the Himalayas was a com-
mon feature and proposed concrete measures of improving 
rock stability on the Himalayas. Dill et al. (2005) built a 
lithofacies relief model for African savannah in the south 
of Malawi, acquired the evaluation results of rock bearing 
capacity, and put forward measures of reinforcing geological 
disaster prediction. Chuan-Ming et al. (2007) expounded 
the concept of geological environmental bearing capacity, 
highlighted the geological environmental bearing capacity 
features based on sustainable development and environmen-
tal bearing capacity, and introduced the evaluation process of 
geological environmental bearing capacity. Chang-Fei et al. 
(2011) combined actual pile foundation of the marine drill-
ing platform, considering geological drilling of Shuangtaizi 
estuary engineering, to analyze and discuss the bearing ca-
pacity characteristics of mucky strata at Shuangtaizi estuary. 
Wagner et al. (2013) deemed that the increasing urbanization 
and construction of high-rise buildings in Meshed of Iran 
affected the geological environmental bearing capacity. 
They used sequential indicator simulation and sequential 
Gaussian simulation methods to establish a 3D geological 
engineering model for standard penetration test results of 
Meshed sedimentary deposits. The results showed that 
civil engineering causes fierce change to the geological 
environment of Meshed sedimentary basin. Qi-Shan et al. 
(2015) believed that the geological environmental bearing 
capacity was poor in covered karst area, and the ground-
water development and utilization led to karst collapse. 
Then, they proposed measures of improving geological 
environmental bearing capacity in karst areas. Jiang-Ping 
et al. (2015) explored into soil layer stability and bearing 
capacity in this area with geophysical interpretation data of 
offshore areas in the North Sea in Guangxi Province. The 
results showed that this area is a complicated and diversified 
marine engineering geological environment, and the overall 
stability of clayey soil was evaluated. Wang et al. (2017) stud-
ied geological environmental bearing capacity in Guizhou 
karst area, used AHP to perform a numerical simulation 
of limestone solubility in different areas in Guizhou, and 
constructed a quantitative method combining these factors. 
Existing studies have shown to lay particular emphasis on 
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quantitative evaluation of bearing capacity. The study areas 
vary in natural, social, and economic conditions, evaluation 
factors are diverse, and different evaluation methods are ap-
plied among studies on bearing capacity. Thus, no mature, 
complete, and acknowledged research system has been 
formed in the quantitative measurement process, few studies 
have involved spatial distribution pattern of regional bearing 
capacity and identifying the associations among quality, 
scale, and spatial distribution of bearing capacity is difficult. 
Geological environmental bearing capacity and its quan-
titative research are keys to accurately and quantitatively 
master regional geological environmental bearing capacity. 
Theoretical studies on bearing capacity have contributed to 
comprehensive and in-depth studies on bearing capacity. 
The introduction and development of various mathemati-
cal models have greatly improved quantitative level and 
accuracy of bearing capacity studies. The bearing capacity 
research methods have developed from single-index static 
analysis into multiobjective, dynamic, and comprehensive 
system analysis. Therefore, in Henan Province, China, for 
example, the changing trend of geological environmental 
bearing capacity was analyzed from time dimension by 
comprehensively combing index systems of geological 
environmental bearing capacity established in the existing 
studies to enrich the connotations of geological environ-
mental bearing capacity and propose reference suggestions 
for adjustment of geological environmental bearing capacity. 

MODEL PROFILE AND INDEX SYSTEM 

Model Profile 

(1) Dimensionless processing of indexes: Evaluation index-
es vary in dimension; thus, if they are directly calculated, 
then the results are impacted. Therefore, performing dimen-
sionless processing of the evaluation indexes is necessary. 
Positive indexes are processed in formula (1), as follows: 
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In formulas (3)-(6), i   is the class of evaluation index; j  is the concrete index under each 
class of evaluation index. The present foreign evaluation methods of geological environmental 
bearing capacity mainly include ecological footprint method, state-space method, and 
comprehensive evaluation method. A comprehensive evaluation model is established on the basis 
of the comprehensive evaluation method. This method, which is also called multivariable 
comprehensive evaluation method, uses multiple indexes to evaluate multiple objects participating 
in the evaluation. The comprehensive evaluation model is feasible and effective with the 
advantages of strong pertinence, comprehensive analysis contents, easy data acquisition, 
convenient calculation, and comprehensible evaluation results. It can realize accurate evaluation 
of geological environmental bearing capacity, which is complex, fuzzy, and variable. The 
comprehensive evaluation model can be expressed using formula (7), as follows:  

1
=

n

i i
i

P Y W


                                …(7) 

In formula (7), P  is the geological environmental bearing capacity of the evaluation object; 
iY is the value of the i  (th) evaluation index of the evaluation object after nondimensionalization; 
iW  is the weight of the ith evaluation index of the evaluation object. The classification standard 

proposed in most studies on geological environmental bearing capacity is divided into four grades, 
namely, superior, good, medium, and poor using interval method, and the grading standard is 
given in Table 1.  
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focused on the coordination with the statistical method and various standards in industries such as 
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In formula (7), P is the geological environmental bearing 
capacity of the evaluation object; Yi is the value of the i (th) eval-
uation index of the evaluation object after nondimensionaliza-
tion; Wi is the weight of the ith evaluation index of the evaluation 
object. The classification standard proposed in most studies on 
geological environmental bearing capacity is divided into four 
grades, namely, superior, good, medium, and poor using interval 
method, and the grading standard is given in Table 1. 
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Index System 

Geological environmental bearing capacity is a description 
of the regional man-land systematic relationship. Thus, in-
dexes are selected mainly from two aspects, namely, “land” 
and “man.” “Land” mainly contains resource subsystem, 
environmental subsystem, and regulating subsystem; “man” 
usually includes subsystems, such as population, society, and 
economy. Variables directly related to the geological envi-
ronment are mainly considered in the selection of concrete 
indexes. In addition, indexes, which are incorporated and 
organized or could be acquired through simple calculation, 
are selected from national, local, and industrial statistical 
data. Then, attention is focused on the coordination with the 
statistical method and various standards in industries such 
as geology and environmental protection. The established 
index system for geological environmental bearing capacity 
in Henan Province is given in Table 2. The investigation 
period is 2010-2018, and data are derived from the China 
National Statistical Database. 

RESULT ANALYSIS

The collected data are calculated according to the above for-
mula, and the standard deviation, mean value, and variation 
coefficient of all indexes are calculated, as given in Table 3. 

According to formula (7), the geological environmental 
bearing capacities of Henan Province during 2010-2018 are 
calculated, as shown in Fig. 1. 

Fig. 1 shows that during 2010-2018, the geological envi-
ronmental bearing capacity in Henan Province is superior or 
excellent in most of the times. Henan Province is a flat terrain 
with few faults and geological disasters and good engineering 
geological conditions. Moreover, it is a developed industry 
and commerce with convenient transportation and complete 
infrastructure. However, human engineering activities in 
Henan Province include dispersive small-scale mining in 
addition to farming activities in recent years. The quantity of 
geological disasters is large, but the scale is small. Abundant 
geological tourism resources are available, but the degree of 
development and utilization is relatively low; the vegetation 
cover index is large. Henan Province shall take the lead in 
establishing exit and access system to measure and evaluate 
standards following the influence of engineering projects 
on the geological environment. Meanwhile, depending on 
various advantages in abundant geological relics, folk cus-
tom, and other tourism resources, Henan Province should 
cultivate and strengthen its green industries, such as tourism, 
culture, and characteristic agricultural products. Especially 
in 2011, the geological environmental bearing capacity was 
only 0.36 in Henan Province, fully indicating that geological 

Table 1: Grading standard of geological environmental bearing capacity.

State Superior Good Medium Poor

Grading interval ≥0.9 (0.7, 0.9) (0.5, 0.7) (0, 0.5)

 

  

 
Fig. 1: Geological environmental bearing capacities of Henan Province during 2010-2018. 

    Fig. 1 shows that during 2010-2018, the geological environmental bearing capacity in Henan 
Province is superior or excellent in most of the times. Henan Province is a flat terrain with few 
faults and geological disasters and good engineering geological conditions. Moreover, it is a 
developed industry and commerce with convenient transportation and complete infrastructure. 
However, human engineering activities in Henan Province include dispersive small-scale mining 
in addition to farming activities in recent years. The quantity of geological disasters is large, but 
the scale is small. Abundant geological tourism resources are available, but the degree of 
development and utilization is relatively low; the vegetation cover index is large. Henan Province 
shall take the lead in establishing exit and access system to measure and evaluate standards 
following the influence of engineering projects on the geological environment. Meanwhile, 
depending on various advantages in abundant geological relics, folk custom, and other tourism 
resources, Henan Province should cultivate and strengthen its green industries, such as tourism, 
culture, and characteristic agricultural products. Especially in 2011, the geological environmental 
bearing capacity was only 0.36 in Henan Province, fully indicating that geological environmental 
protection started late in Henan Province with inefficient measures, insufficient funds, dispersive 
management, and low consciousness, which were the primary causes for the weak foundation. 
Moreover, many departments are involved in geological environmental protection problems, along 
with common problems of barriers between high and low levels; each department attends to its 
own duties and disunity. With insufficient funds, implementing exploration and governance of 
geological disasters is difficult. Villages cannot realize required relocation, and consequently, 
some people are stricken in the threats imposed by geological disasters. The geological disaster 
information system in the entire Henan Province has not been established. Thus, sharing of 
geological disaster information resources between relevant departments to provide information 
services for government decision and the public is difficult to realize. Geological disasters in 
Henan Province have a wide range and high strength. Various hidden dangers, such as the easy 
and extensive occurrence of geological disasters, exist in its economic pattern and geological 
environment. Prevention and control measures are far from containing the deteriorated spreading 
situation of geological disasters, and the prevention and governance works still catch interests of 
multiple aspects. Therefore, a number of complicated works remain to be completed, namely, 
construction of guarantee system, elimination of threats from numerous points with hidden 

Fig. 1: Geological environmental bearing capacities of Henan Province during 2010-2018.



1005INDEX SYSTEM CONSTRUCTION FOR GEOLOGICAL ENVIRONMENTAL BEARING CAPACITY

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

Table 2: Index system of geological environmental bearing capacity.

First-level index Second-level index Unit

Natural disaster

Crop damage area One thousand hectares

Crop failure area One thousand hectares

Drought-stricken area One thousand hectares

Drought-induced crop failure area One thousand hectares

Flood, landslide, debris flow, and typhoon-stricken area One thousand hectares

Flood, landslide, debris flow, and typhoon-induced crop failure area One thousand hectares

Hailstorm-stricken area One thousand hectares

Hailstorm-induced crop failure area One thousand hectares

Natural disaster-hit population Ten thousand people

Natural disaster-induced death population People

Direct economic loss of natural disaster One hundred million yuan

Geological disaster

Number of geological disasters Number of times

Number of landslide disasters Number of times

Number of collapse disasters Number of times

Number of debris flow disasters Number of times

Number of surface subsidence disasters Number of times

Geological disaster-induced direct economic loss 10 thousand yuan

Number of geological disaster prevention and control projects Ea

Investments on geological disaster prevention and control 10 thousand yuan

Disaster control 

Total afforestation area One thousand hectares

Artificial afforestation area in the year One thousand hectares

Hillsides closed to facilitate afforestation on nonforest land and open-forest land One thousand hectares

Land use area in forestry 10 thousand hectares

Forest area 10 thousand hectares

Man-made forest area 10 thousand hectares

Forest coverage rate %

Total standing forest stock One hundred million cubic meters

Forest growing stock One hundred million cubic meters

Investments completed for industrial pollution control 10 thousand yuan

Investments completed for wastewater management projects 10 thousand yuan

Investments completed for waste gas management projects 10 thousand yuan

Investments completed for solid waste management projects 10 thousand yuan

Investments completed for noise control projects 10 thousand yuan

Investments completed for other governance projects 10 thousand yuan

environmental protection started late in Henan Province with 
inefficient measures, insufficient funds, dispersive manage-
ment, and low consciousness, which were the primary causes 
for the weak foundation. Moreover, many departments are 
involved in geological environmental protection problems, 
along with common problems of barriers between high and 

low levels; each department attends to its own duties and 
disunity. With insufficient funds, implementing exploration 
and governance of geological disasters is difficult. Villages 
cannot realize required relocation, and consequently, some 
people are stricken in the threats imposed by geological 
disasters. The geological disaster information system in 
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the entire Henan Province has not been established. Thus, 
sharing of geological disaster information resources between 
relevant departments to provide information services for 
government decision and the public is difficult to realize. 
Geological disasters in Henan Province have a wide range 

and high strength. Various hidden dangers, such as the easy 
and extensive occurrence of geological disasters, exist in its 
economic pattern and geological environment. Prevention 
and control measures are far from containing the deteriorated 
spreading situation of geological disasters, and the preven-

Table 3: Standard deviation, mean value, and variation coefficient of indexes.

Index Unit
Standard
Deviation

Mean
value

Variat ion 
Coefficient

Crop damage area One thousand hectares 519.77 1119.85 0.46

Crop failure area One thousand hectares 60.49 78.07 0.77

Drought-stricken area One thousand hectares 636.13 640.28 0.99

Drought-induced crop failure area One thousand hectares 72.08 53.36 1.35

Flood, landslide, debris flow, and typhoon-stricken area One thousand hectares 418.51 433.52 0.97

Flood, landslide, debris flow, and typhoon-induced crop failure area One thousand hectares 29.96 30.41 0.99

Hailstorm-stricken area One thousand hectares 56.58 104.43 0.54

Hailstorm-induced crop failure area One thousand hectares 6.22 6.71 0.93

Natural disaster-hit population 10 thousand people 770.06 1549.23 0.50

Natural disaster-induced death population People 43.41 37.14 1.17

Direct economic loss of natural disaster One hundred million yuan 52.53 85.51 0.61

Number of geological disasters Number of times 182.79 106.18 1.72

Number of landslide disasters Number of times 168.95 77.89 2.17

Number of collapse disasters Number of times 9.84 8.65 1.14

Number of debris flow disasters Number of times 5.62 3.36 1.67

Number of surface subsidence disasters Number of times 7.94 17.59 0.45

Geological disaster-induced direct economic loss 10 thousand yuan 5315.15 3550.01 1.50

Number of geological disaster prevention and control projects Ea 20.04 15.40 1.30

Investments on geological disaster prevention and control 10 thousand yuan 3996.30 4858.23 0.82

Total afforestation area One thousand hectares 38.32 197.03 0.19

Artificial afforestation area in the year One thousand hectares 39.05 153.58 0.25

Hillsides closed to facilitate afforestation on non-forest land and 
open-forest land

One thousand hectares 14.33 32.49 0.44

Land use area in forestry 10 thousand hectares 5.25 456.58 0.01

Forest area 10 thousand hectares 14.70 329.04 0.04

Man-made forest area 10 thousand hectares 6.22 206.90 0.03

Forest coverage rate % 0.87 19.70 0.04

Total standing forest stock One hundred million cubic meters 0.12 2.11 0.06

Forest growing stock One hundred million cubic meters 0.12 1.59 0.08

Investments completed for industrial pollution control 10 thousand yuan 197849.23 331983.82 0.60

Investments completed for wastewater management projects 10 thousand yuan 17432.72 40201.27 0.43

Investments completed for waste gas management projects 10 thousand yuan 178454.04 242109.90 0.74

Investments completed for solid waste management projects 10 thousand yuan 6813.72 5471.57 1.25

Investments completed for noise control projects 10 thousand yuan 347.17 395.22 0.88

Investments completed for other governance projects 10 thousand yuan 64781.49 50803.85 1.28
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tion and governance works still catch interests of multiple 
aspects. Therefore, a number of complicated works remain 
to be completed, namely, construction of guarantee system, 
elimination of threats from numerous points with hidden 
hazards, and implementation of prevention scheme.

POLICY RECOMMENDATIONS

Construction of Legal Rules and Laws for Reinforcing Ge-
ological Environmental Protection 

Henan Regulations on Geological Environmental Protec-
tion have played an important role in protecting the Henan ge-
ological environment since it was enacted and implemented 
in 2012. During the implementation process, relevant depart-
ments bear clear responsibilities and duties, exert concerted 
efforts, strictly enforce laws, and strengthen supervision, 
effectively promoting the comprehensive and in-depth imple-
mentation of geological environmental protection. However, 
concrete scale in the implementation process is limited. To 
further conduct geological environmental protection work, 
Henan Province should launch related legislation and inves-
tigation works, further define and standardize administration 
authority and law enforcement status of the Ministry of Land 
and Resources in the aspect of geological environmental 
protection, and clarify responsibilities and obligations of 
different departments. Geological environmental protection 
should have laws to abide by and standards to quote with 
clear rights and liabilities and concrete scale. 

Carry Out Investigation Work on Geological 
Environmental Bearing Capacity 

In accordance with relevant research results on land bear-
ing capacity, environmental bearing capacity, and resource 
bearing capacity during the urbanization progress, Henan 
Province should formulate unified technical standard and 
establish a scientific and effective research system for ge-
ological environmental bearing capacity. The investigation, 
appraisal, and zoning works should be implemented for 
geological environmental bearing capacity under different 
measuring scales within the entire Henan Province. A clear 
picture of the current status of geological environmental 
bearing capacity in Henan Province should be obtained, and 
the main factors influencing and restricting geological envi-
ronmental bearing capacity should be determined. Key areas 
to carry out monitoring and early warning demonstration 
work for geological environmental bearing capacity should 
be selected, and technical support should be provided to the 
government to reasonably guide industrial distribution and 
population mobility. Research work on restoration technol-
ogy of geological environmental bearing capacity should be 

reinforced, restoration studies on all types of impacted and 
destructed geological environments should be conducted, 
destructed or saturated bearing capacity should be restored 
as much as possible, and local socioeconomic development 
and ecological civilization construction should be performed. 

Construction of Geological Environmental Monitoring 
and Early Warning System 

At present, the basic means of geological environmental 
investigation is the traditional field geological investigation. 
This approach lacks remote and real-time early modernized 
and automated warning and monitoring networks with 
small monitoring scope and backward means and technol-
ogies. It fails to provide dynamic real-time early warning 
information for the prevention and control of geological 
environmental problems, and it cannot easily prevent the 
occurrence of geological environmental problems. An ideal 
approach is suggested to launch geological environmental 
monitoring and early warning system construction as soon as 
possible, conduct long-term monitoring of main geological 
environmental problems of mines, hidden danger points of 
geological disasters, groundwater level, and groundwater 
pollution, master change process, and predict future devel-
opment direction to provide a scientific basis for sustainable 
socioeconomic development. 

Implement Geological Environmental Feasibility 
Demonstration for Major Construction Projects 

With the view of long-term efficiency of geological envi-
ronmental protection, Henan Province should conduct ge-
ological environmental feasibility demonstration for major 
construction projects and limit human engineering activities 
within bearable scope. It should focus on supervision and 
monitoring of construction projects exerting major influences 
on the geological environment. It should comb and analyze 
major projects to protect the geological environment, list the 
directories, perform irregular supervision and inspection, and 
urge responsible units to practice geological environmental 
protection. It should synchronously carry out suitability re-
search on geological environmental bearing capacity during 
the urbanization progress. Henan Province should carry out 
urban geological environmental quality evaluation and stud-
ies on urban geological environmental bearing capacity in full 
consideration of natural and social properties of cities and 
towns. Regions suitable for urban development, their devel-
opment scale, and their development level should be analyzed 
from the aspect of the geological environment. Also, coun-
termeasures for improving urban geological environmental 
bearing capacity should be proposed to provide a scientific 
basis for urban territorial planning and management. 
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CONCLUSION 

With continuous enhancement of human activities and 
elevation of the scale, strength, and speed of geological 
environmental development, utilization, and transformation, 
geological environments in many provinces in China face un-
precedented pressure. To effectively control or adjust human 
activities to adapt to geological environmental conditions and 
reasonably develop and utilize the geological environment, 
we must determine current geological environmental bearing 
capacities in different provinces. In Henan Province, China, 
for example, the evaluation index system of geological en-
vironmental bearing capacity was established, the variation 
coefficient method was used to calculate the weight of each 
evaluation index, and the geological environmental bearing 
capacities of Henan Province during 2010-2018 were cal-
culated through the comprehensive evaluation method. The 
results showed that during 2010-2018, the geological envi-
ronmental bearing capacity of Henan Province was superior 
or excellent. The proposed measures to improve geological 
environmental bearing capacity include strengthening the 
implementation of legal rules and laws for geological en-
vironmental protection, carrying out investigation works of 
geological environmental bearing capacity, launching geo-
logical environmental monitoring and early warning system 
construction, and implementing geological environmental 
feasibility demonstration for major construction projects. An 
in-depth study is suggested to form systematic and scientif-
ic theories and evaluation technology system for resource 
environmental bearing capacity, establish bearing capacity 
evaluation model by combining practical situations of dif-
ferent regions, and probe into diversity of territorial resource 
diversity and fragility of ecological geological environment. 
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ABSTRACT

The status quo that the shortage of water resources in North China and the arbitrary discharge of 
sewage in rural areas have led to the deterioration of water environment, which not only aggravates 
the contradiction between supply and demand of regional water resources but also brings harm to 
people’s life and health. How to properly discharge sewage according to the actual situation in rural 
areas is a question that needs to be answered urgently. The method adopted in this paper is to build a 
constructed wetland with low cost and simple operation and maintenance in the study area, and purify 
the water quality through parallel + multi-stage cascade surface flow constructed wetland system. The 
results show that the purification effect of the wetland system is acceptable, and the removal rate of 
each index shows a decreasing trend with time. The larger the area is, and the more plant species 
there are, the better the removal effect will be. The trend of concentration change along the water flow 
path of each index is also gradually decreasing, and the decline in the early stage is larger. The method 
of standard index evaluation is adopted to evaluate water quality purification effect of the wetland 
system, and all indexes reach the standard. In accordance with the Surface Water Environment Quality 
Standard (GB3838-2002), after wetland purification, the water quality indexes of COD, TP, NH3-N and 
DO all reach Class IV water quality standard, and BOD5 reaches Class II water quality standard. The 
wetland system effectively reduces the impact of arbitrary sewage discharge on the water environment 
in rural areas and achieved water quality purification and ecological restoration. The quality of the 
living environment of local residents is improved. The beautiful environment also promotes people’s 
awareness of protecting wetland ecological environment.

INTRODUCTION

With the development of economy and the improvement of 
people’s living standard, the demands for water resources 
is increasing, and accordingly, the amount of wastewater 
and sewage generated is also increasing. Particularly in 
the economically underdeveloped rural areas, there is no 
sewage treatment plant, and the domestic sewage generated 
is discharged directly in the environment. The problem that 
the water environment is polluted and destroyed by the dis-
charged wastewater and sewage is becoming more and more 
serious (Zhong et al. 2012, Wan et al. 2016). The pollution 
of the water environment not only aggravates the crisis of 
water source shortage but also damages the water ecological 
environment seriously, which brings challenges to economic 
development, people’s living environment and health. The 
problem of how to govern the polluted water environment, 
alleviate the shortage of water resources and return a good 
living environment to people shall be solved urgently (Zhong 
et al. 2012). The factors causing water environment damage 
are more, and governance difficulty is large. To solve those 
problems, this paper focuses on how to purify polluted water 
resources, protect and improve the environment, improve 

people’s health level and build an environment-friendly so-
ciety by constructing constructed wetland system with low 
cost and simple operation and maintenance. 

Constructed wetland is a kind of process to purify sewage 
through the triple synergy of physical, chemical and biolog-
ical effects of substrate, plants and microorganisms. When 
sewage enters into the constructed wetland, its pollutants are 
adsorbed, filtered and decomposed by beds to purify water 
quality (Haberl et al. 2003, Vymazal 2007, Zhang 2011). The 
constructed wetland combines sewage treatment with the 
ecological environment, which not only purifies water quality 
effectively but also beautifies the ecological environment and 
enhances the appreciation of regional ecological landscape 
(Wu et al. 2010, Zhang et al. 2012, Shi et al. 2017). The 
constructed wetland has gained more attention and concern 
of people by its unique multiple-advantages and now is 
extensively applied to river sewage treatment. The types of 
constructed wetlands are divided into surface flow, horizontal 
subsurface flow, vertical subsurface flow and combined flow 
(Zhang 2011, Chen et al. 2008).

In the surface flow constructed wetland, the sewage flows 
horizontally from the inlet end of the pool to the outlet end 
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without fillers and is purified by wetland plant absorption, 
rhizome interception and microbial degradation (Tong et al. 
2014, Zhao et al. 2018). Surface-flow constructed wetlands 
have relatively low construction and operational costs but 
occupy a larger area. In the horizontal subsurface flow con-
structed wetland, the sewage flows from below the surface of 
the packing layer and horizontally from the inlet end of the 
pool to the outlet end. The water quality can be purified by 
the adsorption and interception of the packing, plant absorp-
tion and microbial degradation, which can withstand greater 
hydraulic load and pollution load (Kato et al. 2010, Czudar 
2011). In the vertical subsurface flow constructed wetland, 
the sewage flows vertically through the filter material layer 
in the pool. The direction of flow can be from top to bottom 
or from bottom to top of the packing. It can withstand high 
pollution load and improve the removal rate of pollutants. The 
combined flow constructed wetland is generally composed 
of two or more constructed wetland pools of the same or 
different types through cascade or parallel mode, etc. The 
combination mode is usually confirmed according to the 
actual situation.

The study area is located in the countryside, and the 
sewage produced by farmers is usually discharged directly 
and not concentrated. In combination with local actual sit-
uation, the surface flow constructed wetland was selected 
and then constructed to purify the sewage according to the 
topography, landform and vegetation of the study area. In 
the long run, surface flow constructed wetland has relatively 
simple operation and maintenance, long service life, and 
can create a beautiful natural landscape, providing a good 
place for people’s leisure. In this study, parallel + multi-stage 
cascade surface flow constructed wetland was selected to 
treat rural sewage.

MATERIALS AND METHODS 

Overview of the study area: The experimental site of this 
study is located in the south of Yongnian Wa Flood Storage 
and Detention Area, Handan City, Hebei Province. The 
constructed surface flow wetland has an area of 5.33ha. 
The study area belongs to the warm temperate continental 
monsoon climate, with four distinct seasons during the year. 
The annual average temperature is 12.9°C, the precipitation 
is about 550 mm, the water surface evaporation is 1240 mm, 
and the relative humidity is 67%. The spatial and temporal 
distribution of annual precipitation is extremely uneven. The 
precipitation from June to September accounts for about 
80% of the annual precipitation, and the characteristics of 
rainfall are characterized by large and concentrated rainfall. 
There are many villages and towns in the region. The rural 
daily domestic sewage, wastewater and sewage from small 

food enterprises, farmland irrigation recession water and 
rainwater are all directly discharged to local rivers, forming 
the sewage source of constructed wetland.

Trial design: The polluted river water was introduced into 
constructed wetland through diversion canals, and the wet-
lands are divided into two parts, i.e. No. I and No. II, with 
diversion canals as the dividing line. The wetland system 
is comprised of retention wall, guide wall and drop weir. 
(1) Wetland is separated from the surrounding environment 
by using water retaining wall to avoid the influence of the 
surrounding environment on water purification in the test 
area. (2) The guide wall is built in the wetland to change 
water flow direction, make full use of wetland area, increase 
hydraulic retention time, make sewage react fully with wet-
land, and improve pollutant removal rate. The guide wall 
guides the water flow to flow forward along the S-shaped 
way. Respectively, 15-grade and 13-grade (pool) wetland 
in series connection are arranged in Wetland I and Wetland 
II. (3) The drop weir is used to add the content of dissolved 
oxygen in water, and speed up pollutant decomposition by 
aerobic microorganisms. Totally 9 drop weirs are set in the 
wetland, respectively four in Wetland I and 5 in Wetland 
II. (4) Since sewage entering the wetland is mixed with 
a large amount of household waste, to avoid long-term 
pollution caused by the waste entered and retained in the 
test area, the trash rack shall be built on upstream of the 
diversion canal. (5) According to plant communities of the 
wetland, the local advantageous plants with the developed 
root system, favourable purification effect and good stain, 
freezing and pesticide prevention ability, which are of high 
economic value and easy to manage shall be selected: reed 
and lotus flower.

Lotus flowers were planted in 1-4 and 11-12 (Fig.1) in 
Wetland I, and reeds were planted in the other area; reeds 
were planted in all areas of Wetland II.

Testing indexes and method: Water quality sampling in the 
wetlands was conducted from May to November 2018. To 
reduce errors, the water samples were collected at the same 
place in the process of sample collection, and collection cy-
cle was as consistent as possible. Moreover, several groups 
of data were acquired and calculated to get the mean value. 
One sampling point was set each on inlet and outlet of the 
wetland, and outlet of Wetland I and Wetland II, and three in 
Wetland I and Wetland II respectively, totally nine sampling 
points (Fig. 1). The sampling frequency was twice averagely 
every month, and totally 14 times were done.

Indicators for testing water samples include COD, BOD5, 
TP, TN, NH3-N and DO. The water quality testing methods 
can be seen in Table 1.
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RESULTS AND ANALYSIS

Continuous monitoring is applied to the purification system 
of the constructed wetland in nearly 7 months from May 10 
to November 5, 2018. During this period, samples are taken 
twice from the same place every month averagely, and various 
indexes are detected.

Hydraulic load analysis: The intelligent flow meter was 
used to monitor daily average flow rate and daily total water 
flow in the wetland. To guarantee accurate data, the portable 
flow rate meter is used for verification. The water flow change 
scope was 10500m3/d~13100m3/d, and average water inlet 
volume was 11844m3/d in the wetland during the study 
period from May to November 2018.

The calculation formula for the hydraulic load is:

 qhs = Q/A …(1)

In the formula: qhs - Surface hydraulic load, m3/(m2·d); 

Q - Wetland water flow, m3/d; A - Wetland area, m2

According to calculation formula (1), the wetland hy-
draulic load change range was 0.15~0.19m3/(m2·d), and the 
average hydraulic load was 0.17m3/(m2·d).

Removal rate analysis: During the study period from May 
to November 2018, water samples were taken approximately 
twice a month at a fixed location; totally 14 samples were 
taken, and each index was tested separately. In accordance 
with pollutant concentration at the inlet and outlet, the 
removal rate of each index was calculated. The calculation 
formula of the removal rate is as follows:
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Fig. 2: Inlet and outlet pollutant concentration, and average removal rate of COD on different dates. 
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In the formula, h: pollutant removal rate; C0: inlet pol-
lutant concentration, mg/L; 

Ce: outlet pollutant concentration, mg/L; The pollutant 
concentration at the inlet and outlet, and the removal rate of 
each index can be seen in the Figs. 2-6.

According to Figs. 2-6:

 (1) The effluent concentration in Wetland I is lower than 
that of Wetland II when influent concentrations of var-
ious indexes are the same. Thus, the purification effect 
in Wetland I was superior to that in Wetland II. This is 
because the water area of Wetland I is larger than that 
of Wetland II; the plants planted in wetland I are lotus 

Table 1: Water quality testing items and methods.

Testing item Testing method

Chemical oxygen demand (COD) Dichromate method

Five-day biochemical oxygen demand (BOD5) Dilution and inoculation test

Total phosphorus (TP) Ammonium molybdate spectrophotometric method

Total nitrogen (TN) Alkaline potassium persulfate digestion-UV spectrophotometric method

Ammonia-nitrogen (NH3-N) Nessler’s reagent spectrophotometry

Dissolved oxygen (DO) Iodometry
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Fig. 1: Layout plan of surface flow constructed wetland.
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In the formula: qhs - Surface hydraulic load, m3/(m2·d);  

Q - Wetland water flow, m3/d; A - Wetland area, m2 

According to calculation formula (1), the wetland hydraulic load change range was 
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Removal rate analysis: During the study period from May to November 2018, water samples 

were taken approximately twice a month at a fixed location; totally 14 samples were taken, and each 

index was tested separately. In accordance with pollutant concentration at the inlet and outlet, the 

removal rate of each index was calculated. The calculation formula of the removal rate is as follows: 

%100
0

0 



C

CC e
                      …(2) 

In the formula, : pollutant removal rate; C0: inlet pollutant concentration, mg/L;  

Ce: outlet pollutant concentration, mg/L; The pollutant concentration at the inlet and outlet, and the 

removal rate of each index can be seen in the Figs. 2-6. 

 

Fig. 2: Inlet and outlet pollutant concentration, and average removal rate of COD on different dates. 

 

0

20

40

60

80

100

0

10

20

30

40

50

60

R
em

ov
al

 ra
te

 %
 

C
O

D
 c

on
ce

nt
ra

tio
n(

m
g/

L)
 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

Fig. 2: Inlet and outlet pollutant concentration, and average removal rate of COD on different dates.

7 
 

 
Fig. 3: Inlet and outlet pollutant concentration, and average removal rate of BOD5 on different 

dates. 

 

Fig. 4: Inlet and outlet pollutant concentration, and average removal rate of TP on different dates. 

 
Fig. 5: Inlet and outlet pollutant concentration, and average removal rate of TN on different dates. 

0

20

40

60

80

100

0

2

4

6

8

10

12

R
em

ov
al

 ra
te

 %
 

B
O

D
5 c

on
ce

nt
ra

tio
n(

m
g/

l) 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

0
10
20
30
40
50
60
70
80
90
100

0

0.1

0.2

0.3

0.4

0.5

R
em

ov
al

 ra
te

%
  

TP
 c

on
ce

nt
ra

tio
n(

m
g/

L)
 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

0

10

20

30

40

50

60

-1

1

3

5

7

R
em

ov
al

 ra
te

 %
 

TN
 c

on
ce

nt
ra

tio
n 

(m
g/

L)
 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

Fig. 4: Inlet and outlet pollutant concentration, and average removal rate of TP on different dates.



1013SEWAGE PURIFICATION EFFECT IN SURFACE FLOW CONSTRUCTED WETLAND

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

7 
 

 
Fig. 3: Inlet and outlet pollutant concentration, and average removal rate of BOD5 on different 

dates. 

 

Fig. 4: Inlet and outlet pollutant concentration, and average removal rate of TP on different dates. 

 
Fig. 5: Inlet and outlet pollutant concentration, and average removal rate of TN on different dates. 

0

20

40

60

80

100

0

2

4

6

8

10

12

R
em

ov
al

 ra
te

 %
 

B
O

D
5 c

on
ce

nt
ra

tio
n(

m
g/

l) 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

0
10
20
30
40
50
60
70
80
90
100

0

0.1

0.2

0.3

0.4

0.5

R
em

ov
al

 ra
te

%
  

TP
 c

on
ce

nt
ra

tio
n(

m
g/

L)
 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

0

10

20

30

40

50

60

-1

1

3

5

7

R
em

ov
al

 ra
te

 %
 

TN
 c

on
ce

nt
ra

tio
n 

(m
g/

L)
 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

Fig. 5: Inlet and outlet pollutant concentration, and average removal rate of TN on different dates.

8 
 

 
Fig. 6: Inlet and outlet pollutant concentration, and average removal rate of NH3-N on different 

dates. 

According to Figs. 2-6: 

(1) The effluent concentration in Wetland I is lower than that of Wetland II when influent 

concentrations of various indexes are the same. Thus, the purification effect in Wetland I was 

superior to that in Wetland II. This is because the water area of Wetland I is larger than that of 

Wetland II; the plants planted in wetland I are lotus flower and reeds, and the plants planted in 

wetland II are reeds. It can be concluded that the size of water area affects the purification effect, and 

in large area, the sewage stays a longer time and the purification effect is better; different plants have 

different purification effects on sewage; the mixed plantation of lotus and reeds has better than 

plantation of reeds. 

(2) Due to different areas and different aquatic plants in Wetland I and Wetland II, the removal 

rates of various testing indexes in the two areas are different. The mean removal rates of COD, BOD5, 

TP, TN and NH3-N are respectively 22.5%, 48.7%, 19.8%, 41.5% and 40.8% in Wetland I, and 

19.4%, 46%, 12.9%, 35.3% and 36% in Wetland II. In general, the relationship between influent 

concentration and removal rate is consistent; when the influent concentration is high, the removal 

rate is higher accordingly. 

(3) TP is removed through plant absorption in surface flow constructed wetland. Results show 

although the removal rate in Wetland I is slightly higher than that in Wetland II, the removal rate of 

TP in both Wetland I and Wetland II is not favourable. The higher removal rate in Wetland I is 

because Wetland I plants lotus flowers while Wetland II does not. The plants may absorb a certain 

amount of TP during growth and metabolic process, and absorb small molecular phosphate-contained 

substances in sewage through roots and synthesize to plant structure. However, the phosphate 

0

20

40

60

80

100

0
0.5

1
1.5

2
2.5

3

R
em

ov
al

 ra
te

 %
 

N
H

3-N
 c

on
ce

nt
ra

tio
n(

m
g/

L)
 

Date 

Influent concentration Ⅰ Polts effluent concentration 
Ⅱ Polts effluent concentration Ⅰ Polts removal rate 
Ⅱ Polts removal rate 

Fig. 6: Inlet and outlet pollutant concentration, and average removal rate of NH3-N on different dates.

flower and reeds, and the plants planted in wetland II 
are reeds. It can be concluded that the size of water 
area affects the purification effect, and in large area, the 
sewage stays a longer time and the purification effect is 
better; different plants have different purification effects 
on sewage; the mixed plantation of lotus and reeds has 
better than plantation of reeds.

 (2) Due to different areas and different aquatic plants in 
Wetland I and Wetland II, the removal rates of various 
testing indexes in the two areas are different. The mean 
removal rates of COD, BOD5, TP, TN and NH3-N are 
respectively 22.5%, 48.7%, 19.8%, 41.5% and 40.8% in 
Wetland I, and 19.4%, 46%, 12.9%, 35.3% and 36% in 
Wetland II. In general, the relationship between influent 
concentration and removal rate is consistent; when the 
influent concentration is high, the removal rate is higher 
accordingly.

 (3) TP is removed through plant absorption in surface flow 
constructed wetland. Results show although the removal 

rate in Wetland I is slightly higher than that in Wetland 
II, the removal rate of TP in both Wetland I and Wetland 
II is not favourable. The higher removal rate in Wetland 
I is because Wetland I plants lotus flowers while Wetland 
II does not. The plants may absorb a certain amount of 
TP during growth and metabolic process, and absorb 
small molecular phosphate-contained substances in 
sewage through roots and synthesize to plant structure. 
However, the phosphate absorption function of plants 
does not contribute much to TP removal in constructed 
wetland, and the main approach is substrate’s absorption 
of TP in the wetland. It is not effective for surface low 
constructed wetland to remove TP relying on plants.

 (4) The removal rate of TN reaches the highest in August, 
and the removal rate is higher in Wetland I than Wetland 
II. It probably relates to DO concentration in the wet-
land system. The constructed wetland mainly removes 
nitrogen in the water body through nitrification and 
denitrification of microorganism, and the anabolism of 
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plants (Zhu et al. 2010, Yu et al. 2013). The main content 
in TN is NO3-N. When DO concentration is reduced, 
it will help the denitrification of nitrate nitrogen. The 
area of Wetland I is large, and higher biomass requires 
more DO than that of Wetland II, leading to possible 
internal oxygen deficiency in the system; more NO3-N 
is converted and TN removal rate is rising.

 (5) The removal trends of NH3-N in Wetland I and Wetland 
II are largely consistent. Before August, the removal rate 
of NH3-N is increasing; in September, due to impact 
of water conditions and microorganism activities, the 
removal rate is reduced; the removal rate of NH3-N 
in October and November is increased continuously, 
probably because of smaller NH3-N concentration in 
the water flowing in.

 (6) The COD removal situations in Wetland I and Wetland 
II can be seen in the figure. From May to November, 
COD is removed to certain degree, and the removal rate 
in September and October is higher. It is related to COD 
concentration of water flowing in. When in-flow water 
COD concentration is high, the removal rate is rising 
accordingly.

 (7) The purification effect of BOD5 in Wetland I and Wet-
land II is better, and BOD5 removal rate is higher from 
May to October, and in November is low. The removal 
rate of BOD5 is related to in-flow water concentration 
and wetland temperature. According to BOD5 removal 
rate changes, in the study stage, there are no obvious 
rules for BOD5 removal rate.

Analysis of the change of water quality indicators along 
the water flow path: In order to analyse the variation of 
indexes along the water flow path in the wetland, sampling 
points were set respectively along Wetland I and II. The 
sampling points in Wetland I are the inlet point, 1#, 2#, 3#, 
and outlet point; sampling points in Wetland II are the inlet 
point, 1#, 2#, 3#, and outlet point; the inlet sampling point 
of Wetland I and Wetland II is the same. Samples were 
made totally 7 times on the sampling points set along the 
two wetlands in the beginning of every month from May 
to November. After water sample testing and analysis, the 
changes in various indexes along the water flow path were 
basically consistent in Wetland I and II. Thus, due to space 
limitation, this paper only analyses rules of indexes changes 
along Wetland I. The index changes along the water flow path 
can be seen in the Figs. 7-11.

According to Figs. 7-11.

 (1) The change of COD along the water flow path: Since 
the in-flow water quality in the wetland is affected by 
agricultural or domestic pollution, the change in in-flow 

water concentration every month is large. COD concen-
tration turns smaller along the water flow path. When 
in-flow water concentration is high, the corresponding 
concentration downtrend will be more obvious.

 (2) The change of BOD
5
 along the water flow path: The 

concentration of BOD5 decrease gradually except in 
September and November. Since the in-flow water 
BOD5 concentration is smaller in September, there is no 
removal effect in the wetland; while BOD5 concentration 
in November is increased other than decreased probably 
due to impact of temperature.

 (3) The change of TP along the water flow path: The con-
centration of TP show a downward trend along the water 
flow path, indicating that wetland has a good removal 
effect on TP. Particularly in August and September, the 
prosperous plants in the wetland have more obvious 
absorption effect for phosphate, so that TP concentration 
along the water flow path is more obvious in August and 
September than that in other months.

 (4) The change of TN along the water flow path: The con-
centration of TP is decreasing along the water flowing 
direction in the wetland, particularly obvious in the 
front end of the wetland. Probably due to larger organic 
content in the front end, and suitable C/N proportion is 
good for the growth of denitrifying bacteria to improve 
TN removal effect.

 (5) The change of NH3-N along the water flow path: 
NH3-N concentration shows a downtrend along the 
water flowing direction of the wetland. Moreover, 
when the NH3-N concentration in in-flow water is high, 
the decreasing trend is more obvious. The decrease 
of NH3-N concentration is caused by microorganism 
ammonization, and also absorption effect of wetland 
plants. Higher NH3-N concentration makes their effects 
more remarkable.

Evaluation and analysis: According to monitoring data in 
the study area, the standard index evaluation method was 
adopted to evaluate water quality purification effect in the 
wetland system. The results could distinctly and visually 
show purification situations along the water flow path and 
main pollution factors.

The calculation formula for standard index Sij of water 
quality parameter i on j point is:
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The calculation formula for standard index Sij of water quality parameter i on j point is: 

                    si

ij
ij C

C
S 

                      …(3) 

In the formula, Sij - Standard index of water quality parameter i on j point 

Cij - Concentration of water quality parameter i on j point, mg/L 

Csi - Standard value of water quality parameter i point, mg/L 

The single factor evaluation index of each index along the water flow path can be acquired, 

referring to Table 2. The calculation results of single factor evaluation indexes in the table were 

analysed. If the result is smaller than 1, the water quality reaches the standard, while if the result is 

larger than 1, the water quality is out of limit. 

Table 2: Single factor evaluation index of each index along the water flow path. 

Evaluation index Water inlet Water outlet in Wetland I Water outlet in Wetland II 

DO 0.78 0.77 0.86 

TP 0.9 0.73 0.8 
TN 3.32 2.04 2.11 

NH3-N 1.18 0.72 0.81 

COD 1.13 0.87 0.93 

BOD5 0.78 0.4 0.35 

The table shows the single factor index of DO, TP, NH3-N, COD and BOD5 in out-flow water of 

 …(3)

In the formula, Sij - Standard index of water quality 
parameter i on j point
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November. After water sample testing and analysis, the changes in various indexes along the water 

flow path were basically consistent in Wetland I and II. Thus, due to space limitation, this paper only 

analyses rules of indexes changes along Wetland I. The index changes along the water flow path can 

be seen in the Figs. 7-11. 
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Cij - Concentration of water quality parameter i on j 
point, mg/L

Csi - Standard value of water quality parameter i point, 
mg/L

The single factor evaluation index of each index along 
the water flow path can be acquired, referring to Table 2. The 
calculation results of single factor evaluation indexes in the 
table were analysed. If the result is smaller than 1, the water 
quality reaches the standard, while if the result is larger than 
1, the water quality is out of limit.

The table shows the single factor index of DO, TP, 
NH3-N, COD and BOD5 in out-flow water of Wetland I and 
Wetland II is largely smaller than 1, reaching the water qual-
ity standard; single factory index of TN is larger than 1, and 
water quality is out of limit. As a whole, each single factor 
evaluation index shows a downtrend with the movement of 
purified water flow during wetland purification. It means 
pollutants are effectively removed along the water flow path, 
and water quality becomes better gradually.

In line with Surface Water Environment Quality Standard 

Table 2: Single factor evaluation index of each index along the water flow path.

Evaluation index Water inlet Water outlet in Wetland I Water outlet in Wetland II

DO 0.78 0.77 0.86

TP 0.9 0.73 0.8

TN 3.32 2.04 2.11

NH3-N 1.18 0.72 0.81

COD 1.13 0.87 0.93

BOD5 0.78 0.4 0.35
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Table 3: Water quality classification of inlet and outlet water of main indexes from May to Nov 2018.

Water quality
Index

Inlet Wetland I Wetland II

Mean value
(mg/L)

Water quality
Class

Outlet mean value
(mg/L)

Water quality
Class

Outlet mean value
(mg/L)

Water quality
Class

COD 33.8 V 26 IV 27.8 IV

BOD5 4.7 IV 2.4 II 2.4 II

TP 0.27 IV 0.22 IV 0.24 IV

NH3-N 1.77 V 1.08 IV 1.22 IV

DO 5 III 5.1 III 4.3 IV

(GB3838-2002), the water quality class of DO, TP, NH3-N, 
COD and BOD5 at inlet and outlet can be seen in Table 3. 
According to the table, after wetland purification, the outlet 
water quality index COD, TP, NH3-N and DO all reach Class 
IV water quality standard, and BOD5 reaches Class II water 
quality standard.

CONCLUSION

In accordance with the observation data of the wetland in 
nearly one year, the purification effect, concentration changes 
along the constructed wetland and purification indexes were 
evaluated and analysed. Results show that the sewage purifica-
tion effect in parallel + multi-stage cascade surface constructed 
wetland is favourable. According to aforesaid results:

 (1) The mean removal rates of COD, BOD5, TP, TN and 
NH3-N in the wetland are respectively 22.5%, 48.7%, 
19.8%, 41.5% and 40.8% in Wetland I, and 19.4%, 
46%, 12.9%, 35.3% and 36% in Wetland II, effectively 
reducing and eliminating hazards of domestic sewage 
discharge to the external water body. The size of wetland 
area and plants varieties affect sewage purification to 
a certain degree because different types of plants have 
different absorption functions for various pollutants; 
the area sizes cause different courses of sewage along 
the water flow path. Therefore, to improve wetland 
purification effect, further tests shall try to add sewage 
course area along the wetland when the wetland area is 
fixed, and select plants with strong absorption effect to 
improve the removal rate.

 (2) The factors affecting concentration changes of indexes 
along the water flow path are more; for instance, the 
in-flow water concentration, temperature and plants 
and microorganisms in the wetland affect concentration 
along the water flow path to a certain degree. The con-
centration of all indexes is decreasing along the water 
flow path, and the decrease is fast in the front end of 
the wetland system.

 (3) The analysis on water quality after purification accord-
ing to standard index evaluation method shows that DO, 
TP, NH3-N, COD and BOD5 all reach the water quality 
standards; single factory index of TN is larger than 1, 
and water quality is out of limit.

Wetland treatment effect: NH3-N>TN>BOD5 >COD>TP. 
In line with Surface Water Environment Quality Standard 
(GB3838-2002), the outlet water quality index of COD, TP, 
NH3-N and DO, all reach Class IV water quality standard, and 
BOD5 reaches Class II water quality standard. Although TN 
outflow water does not reach Class IV class quality standard 
for lakes and reservoirs, the average removal rate is high, and 
the removal effect is obvious.

Surface flow constructed wetland has relatively simple 
operation and maintenance and long service life. Moreover, 
the plants such as lotus flowers and reeds planted in the 
wetland not only have ornamental value but also have certain 
economic value. They could improve the water environment 
while creating a beautiful natural landscape. Therefore, the 
surface flow constructed wetland built in rural area with a 
relatively backward economy can not only achieve water 
quality purification and ecological restoration but also im-
prove the quality of local residents’ living environment. The 
beautiful environment also promotes people’s awareness of 
wetland ecological environment protection.
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ABSTRACT

In this project, the study of soil characteristics due to the municipal solid waste was carried out in a 
selected location around the recently closed Municipal Solid Waste (MSW) dumpsite located opposite 
to Periya Eri in Chromepet, Chennai. Soil samples were collected from the selected location, i.e. 2 
sites within 1500m from the dumpsite and another 2 sites beyond 1500m from the dump yard. Total 12 
soil samples from 4 sites were collected from a ground depth of 0-30cm, 30-60cm and 60-90cm below 
the surface. The collected soil samples have been analyzed for pH, moisture, total organic matter, 
ash content, total organic carbon, specific gravity, conductivity and bulk density and the result were 
compared with the standards. The study suggested, providing Permeable Reactive Barriers (PRBs) 
around the solid waste dump site/landfill for reducing the leachate concentration before entering to 
the soil and thus soil contamination can be minimized to some extent and this technology is cost-
effective and eco-friendly since the materials used in the barriers are locally available and low-cost 
which is sustainable and protect human health, nature and the environment. This study indicated that 
soil properties did not reach high pollution levels, and therefore posed a low eco-risk potential in surface 
soil near the landfill. 

INTRODUCTION

Soil plays a central role in food safety as it determines the 
possible composition of food and feed at the root of the 
food chain. Maintenance or enhancement of soil quality is 
a more important criterion for analysis and sustainability of 
soil ecosystems (Schoenholtz 2000)

The soil quality analysis includes an analysis of param-
eters and processes which affect soil to operate efficiently 
as a component of a sound ecosystem (Tale & Ingole 2015). 
Soil is one of the important natural resources which provides 
the main mineral elements for plant growth and crop pro-
duction. Formation of 1 cm topsoil layer requires 100-400 
years (Deshmukh 2012). Systematic depletion of public 
health and general living conditions of a given populace is 
largely traceable to the adaptation of man to his less than 
the wholesome environment. In the past, waste disposal 
was not taken too seriously in the developing countries, but 
in recent years with increasing awareness of the environ-
mental hazards caused by wastes, much concern has been 
directed to its management (Igwe et al. 2002). The increase 
in population coupled with rural-urban drift has increased 
the quantity of wastes generated in the urban areas and the 
developing countries are faced with not only the challenges 
of collecting the wastes but how and where to dispose of it 
without causing further environmental hazards (Oguneleka 
2009, Oguche 2013). When pollutants or contaminants find 

their way into the soil, they interact with the soil and thereby 
change the chemical and physical properties of the soil.

Study Area

The study area is located around the existing MSW dumpsite 
(latitude: 12°57¢21.1134¢¢ N and longitude: 80°09’0.9678” 
E) at an altitude of 55 feet above the mean sea level (Fig. 
1). The area is having low humidity and high temperature. 
During winter, the temperature is around 20°C which in-
creases up to a maximum of 44°C in summer. The average 
annual rainfall of this region is about 1200 mm and forty per 
cent of the annual rainfall is contributed by the southwest 
monsoon from June to September. More than 60% of the 
annual rainfall from October to December is due to northeast 
monsoon (Vijayalakshmi & Marykutty Abraham 2017). The 
topography of this region gently slopes towards west and east. 

Sample Collection and Analysis

Two sites within 1500m around the dumpsite (namely site L1 
and site L2) and another 2 sites between 1500m and 3000m 
away from the dumpsite (namely site L3 and site L4) have 
been selected (Fig. 2A). From each site, the soil samples were 
collected from 0-30cm, 30-60cm and 60-90cm depth below 
the ground surface (Fig. 2B). Fig. 3 shows photographs of 
the collected soil samples. The soil samples were analyzed 
for physical properties by the methods given in Table 1.
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A stainless steel trowel was used to collect samples and 
the soil samples were preserved in polythene bags for fur-
ther analysis. Soil samples were air-dried for 72 h, crushed, 
passed through a 2-mm-mesh sieve, and stored at ambient 
temperature before the soil properties were analyzed (Sharma 
et al. 2007).

RESULTS AND DISCUSSION

pH

The most significant property of soil is its pH level, which 
affects all other parameters of soil. If the pH is less than 6 
then it is said to be acidic soil, when the pH range from 6-8.5 
it is a normal soil and when it is greater than 8.5 the soil is 
said to be alkaline. pH has been reported as a simple and 
direct measure of the overall chemical condition of the soil 
and at pH 6.5, nutrient availability to plants from the soil is 
at its highest (Praveena & Rao 2016).

The pH of the collected soil sample at site 2 (L2) is 
higher than site 1 (L1), which has been collected within 
1500m from the dumpsite (Table 2). The value of pH of 
collected soil samples reduces with increase in distance from 
the dumping site. The values of pH in the soil samples are 
within the Indian standards.

Fig. 4 clearly shows the variation in pH at all the site 
locations and for each layer. The pH at L2 is higher than 
other site locations. From Fig. 4(b), the level of pH at L1 is 
lower than the L2, and then the level of pH decreases at L3 
and L4 as the distance from the dumpsite increases.

Moisture

Water content or moisture content is the quantity of water 
contained in a material, such as soil called soil moisture. 
Absorption of the nutrients by soil largely depends on the 
moisture content of the soil, which also shows its effect on 
the texture of the soil.
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Fig. 1: Location map of the study area. 
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Fig. 1: Location map of the study area.

Table 1:  Methods used for the testing of the collected soil sample.

Parameters Testing Methods

pH EPA Method-9045 D rev 4,2004

Moisture, % FAO Method(Pg: NO:23) 2007 (AIR OVEN METHOD)

Total Organic Matter, % IS 10158-1968 (RA 2003)

Ash Content, % IS 1155:1968 (RA 2005)

Total Organic Carbon % FAO Method (PG NO. 61) 2007 (Walkley Black Wet Combustion Method)

Specific Gravity TNTH/SOP/SOIL/021

Conductivity (μS/cm) IS  14767:2000

Bulk Density (g/cm3) FAO Method (PG NO: 35) 2007

Chloride as Cl (mg/kg) FAO Method (PG NO: 48) 2007 (Titrimetric Method)
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The maximum allowable concentration of moisture in 
the soil sample should be in a range between 11% to 17% 
and the moisture content in the collected soil samples are 
within the Indian standards.

Fig. 5 and Table 3 show the variation in moisture at all 
the site locations and for each layer. The moisture at L1 and 
L2 is higher than other site locations (L3 and L4). From Fig. 
5(a), the value of moisture at L1 is lower than L2 for 1st and 
3rd layer and higher in 2nd layer, then the level of moisture 

lowers at L3 and L4 the value decrease for 1st layer and 
increases for 2nd and 3rd layer.

Total Organic Matter

The high rate of organic matter decomposition under high 
temperature leads to extremely high oxidizing condition 
(Uma et al. 2016). Total organic matter (TOM) or soil or-
ganic matter (SOM) is the organic matter component of soil, 
consisting of plant and animal residues at various stages of 
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decomposition, cells and tissues of soil organisms, and sub-
stances synthesized by soil organisms. SOM exerts numerous 
positive effects on soil physical and chemical properties, as 
well as the soil’s capacity to provide regulatory ecosystem 
services. Particularly, the presence of SOM is regarded as 
being critical for soil function and soil quality. 

Fig. 6 and Table 4 show the variation in total organic 
matter at all the site locations and for each layer. The total 
organic matter at L1 and L2 is higher than other site locations. 

From Fig. 6(a), 1st layer total organic matter at L1 is higher 
than L2, the level of total organic matter increases for L3 
and then decreases for L4. From Fig. 6(b) and 6(c), 2nd and 
3rd layer total organic matter at L1 is equal to L2, then the 
level of total organic matter decrease at L3 and increases L4 
for the 2nd layer.

Ash Content

The substance remaining after ignition is the ash. The ash 

Table 2: Value of pH at various depths of soil below the ground surface.

Soil Sample Location Ist layer 0-30 cm IInd layer 30-60 cm IIIrd layer 60-90 cm Maximum  Allowable value

L1 7.84 7.93 7.97

L2 8.08 8.09 8.2 5.5-8.5*

L3 7.72 7.57 7.57

L4 7.12 7.13 6.96

*Source: MSW Management and Handling Rules, 2000, Compost - Consulting development, 2004 and Soil quality standard from England.
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       Table 3: Moisture content at various depths in the soil. 

 
Soil Sample 

Location 
Ist layer 

0-30 cm (%) 
IInd layer 

30-60 cm (%) 
IIIrd layer 

60-90 cm (%) 
Maximum Allowable 

Concentration (%) 
L1 1.18 1.51 1.45 

 L2 1.52 1.47 1.52 
 L3 1.23 1.19 1.23 11-17 

L4 1.21 1.24 1.25 
  

The maximum allowable concentration of moisture in the soil sample should be in a range 

between 11% to 17% and the moisture content in the collected soil samples are within the Indian 

standards. 

 
Fig. 5: Variations of moisture content of the collected soil samples. 
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Fig. 7: Variations of ash content of the collected soil samples. 

 
Fig. 7 and Table 5 show the variation in ash content at all the site locations and for each 

layer. The total organic matter at the 1st layer of the L1 is higher than that at other site locations. 

From Fig. 7, ash content in 1st, 2nd and 3rd layers at L1 is higher than L2. The level of ash content 

increases for L3 and then increases for L4 but 2nd layer L4 value decreases. 

Total Organic Carbon 

The organic carbon content of a soil is the net result of the rates of carbon input (the rate of net 

photosynthesis) and organic decay (Isirimah & Dickson 2008). And it contributes significantly to 

acidity through contributions from organic acids and biological activities (Yun 2003). Flooded soils, 

due to their low mineralization rate under reduced conditions tend to accumulate fairly substantial 

organic carbon contents and these have some influence on soil structural behaviour (Toboada 2004). 

The total organic carbon content is suggestive of microbial activity leading to the release of organic 

carbon and acidic substances (Morgan et al. 1989).   

 
Table 6: Total organic carbon at various depths in the soil.  

Soil Sample 
Location 

Ist layer 0-30 cm 
(%) 

IInd layer 30-60 cm 
(%) 

IIIrd layer 60-90 cm 
(%) 

L1 0.19 0.18 0.19 
L2 0.18 0.18 0.19 
L3 0.18 0.18 0.18 
L4 0.18 0.19 0.18 
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capacity to provide regulatory ecosystem services. Particularly, the presence of SOM is regarded as 

being critical for soil function and soil quality.  

                       Table 4: Concentration of total organic matters at various depths in the soil. 
  

Soil Sample 
Location 

Ist layer 
0-30 cm (%) 

IInd layer 
30-60 cm (%) 

IIIrd layer 
60-90 cm (%) 

L1 0.32 0.32 0.33 
L2 0.31 0.32 0.33 
L3 0.32 0.31 0.31 
L4 0.31 0.32 0.31 
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Ash Content 

The substance remaining after ignition is the ash. The ash content is expressed as a percentage of the 

mass of the oven-dried sample. 

                                     Table 5: Variation of ash content at various depths in the soil. 
  

Soil Sample 
Location 

Ist layer 
0-30 cm (%) 

IInd layer 
30-60 cm (%) 

IIIrd layer 
60-90 cm (%) 

L1 95.78 95.53 95.49 
L2 95.44 95.39 95.37 
L3 95.61 95.8 95.75 
L4 95.71 95.77 95.79 
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content is expressed as a percentage of the mass of the oven-
dried sample.

Fig. 7 and Table 5 show the variation in ash content at all 
the site locations and for each layer. The total organic matter 
at the 1st layer of the L1 is higher than that at other site loca-
tions. From Fig. 7, ash content in 1st, 2nd and 3rd layers at L1 
is higher than L2. The level of ash content increases for L3 
and then increases for L4 but 2nd layer L4 value decreases.

Total Organic Carbon

The organic carbon content of a soil is the net result of the 
rates of carbon input (the rate of net photosynthesis) and 
organic decay (Isirimah & Dickson 2008). And it contributes 
significantly to acidity through contributions from organic 
acids and biological activities (Yun 2003). Flooded soils, due 
to their low mineralization rate under reduced conditions tend 
to accumulate fairly substantial organic carbon contents and 

Table 3: Moisture content at various depths in the soil.

Soil Sample Location
Ist layer
0-30 cm (%)

IInd layer
30-60 cm (%)

IIIrd layer
60-90 cm (%)

Maximum Allowable Concentra-
tion (%)

L1 1.18 1.51 1.45

L2 1.52 1.47 1.52

L3 1.23 1.19 1.23 11-17

L4 1.21 1.24 1.25
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these have some influence on soil structural behaviour (To-
boada 2004). The total organic carbon content is suggestive 
of microbial activity leading to the release of organic carbon 
and acidic substances (Morgan et al. 1989).  

Fig. 8 and Table 6 clearly show the variation in total 
organic carbon at all the site locations and for each layer. 
The total organic carbon at L1 and L2 is higher than the 
other site locations. The value of total organic carbon is in 
the range of 0.18 to 0.19 for all the layers of the collected 
soil samples (Table 8).

Specific Gravity

Specific gravity (G) is defined as the ratio of mass per volume 
or ratio of the weight of an equal volume of distilled water at 

that temperature; both weights are taken in air. The knowl-
edge of specific gravity is needed in the calculation of soil 
properties like void ratio; the degree of saturation, etc. Soil 
specific gravity varies with the depth of the ground whereby 
we can know the conditions of soil structures below the crust. 

Fig. 9 and Table 7 show the variation in specific gravity at 
all the site locations and for each layer. The specific gravity 
at L2 is higher than other site locations. From Fig. 9, the 
value of specific gravity at L1 is lower than L2, and then the 
value of specific gravity is equal for L3 and L4 and for 3rd 
layer L4 value decreases.

Conductivity

Electrical conductivity is also a very important property of 

 

Fig. 8: Variations of total organic carbon of collected soil samples. 

Fig. 8 and Table 6 clearly show the variation in total organic carbon at all the site locations 

and for each layer. The total organic carbon at L1 and L2 is higher than the other site locations. The 

value of total organic carbon is in the range of 0.18 to 0.19 for all the layers of the collected soil 

samples (Table 8). 

Specific Gravity 
Table 7: Specific gravity at various depths in the soil. 

  
Soil Sample 

Location Ist layer 0-30 cm IInd layer 30-60 cm IIIrd layer 60-90 cm 

L1 1.39 1.38 1.39 
L2 1.43 1.47 1.45 
L3 1.36 1.4 1.39 
L4 1.36 1.4 1.37 
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Fig. 8: Variations of total organic carbon of collected soil samples.

Table 4: Concentration of total organic matters at various depths in the soil.

Soil Sample 
Location

Ist layer
0-30 cm (%)

IInd layer
30-60 cm (%)

IIIrd layer
60-90 cm (%)

L1 0.32 0.32 0.33

L2 0.31 0.32 0.33

L3 0.32 0.31 0.31

L4 0.31 0.32 0.31

Table 5: Variation of ash content at various depths in the soil.

Soil Sample 
Location

Ist layer
0-30 cm (%)

IInd layer
30-60 cm (%)

IIIrd layer
60-90 cm (%)

L1 95.78 95.53 95.49

L2 95.44 95.39 95.37

L3 95.61 95.8 95.75

L4 95.71 95.77 95.79

Table 6: Total organic carbon at various depths in the soil. 

Soil Sample Location Ist layer 0-30 cm (%) IInd layer 30-60 cm (%) IIIrd layer 60-90 cm (%)

L1 0.19 0.18 0.19

L2 0.18 0.18 0.19

L3 0.18 0.18 0.18

L4 0.18 0.19 0.18
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Table 7: Specific gravity at various depths in the soil. 

Soil Sample Location Ist layer 0-30 cm IInd layer 30-60 cm IIIrd layer 60-90 cm

L1 1.39 1.38 1.39

L2 1.43 1.47 1.45

L3 1.36 1.4 1.39

L4 1.36 1.4 1.37

Table 8: Conductivity at various depths in the soil.

Soil Sample  
Location

Ist layer–0-30 cm 
(μS/cm)

IInd layer–30-60 cm 
(μS/cm)

IIIrd layer–60-90 cm 
(μS/cm)

Maximum Allowable Concentration 
(μS/cm)

L1 304 256 219

200 μS/cm and 1200 μS/cm (General 
guidelines for good soil)

L2 323 274 336

L3 255 192 211

L4 148 155 200

the soil, which is used to check the quality of the soil. It is 
a measure of ions present in the solution (Tale & Ingole 
2015). When the soil is more acidic, it shows very high 
electric conductivity value (Chik 2011). The electrical 
conductivity of a soil solution increases with the increased 
concentration of ions. Electrical conductivity is a very quick, 
simple and inexpensive method to check the health of soils. 
It is a measure of ions present in the solution. The electrical 
conductivity of a soil solution increases with the increased 
concentration of salts.

Fig. 10 and Table 8 show the variation in conductivity 
at all the site locations for each layer. The conductivity at 
L2 is higher than other site locations. From the Fig.10, the 
value of conductivity at L1 is lower than L2, and the value 
of conductivity decreases for L3 and L4.

If the soil EC is too high, it can be an indica tion of a high 
level of exchangeable sodium. Soils with an accumulation 
of exchangeable sodium are often charac terized as low 
permeability. The soil EC is also related to the specific soil 
properties that affect the pH, salt con centrations and water 
holding capacity. It is difficult to say the ideal EC levels, as 
there are so many variables affecting the EC level.

Bulk Density

Bulk density is defined as the mass of many particles of 
the material divided by the total volume they occupy. Bulk 
density is a property of powders, granules, and other masses 
of particulate matter. Bulk density can change depending on 
how the material is handled. Bulk density of soil samples is 
within the Indian standards. It is noted that the bulk density 
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Fig. 9: Variations of specific gravity of the collected soil samples.
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of soil sample collected from L2 of the Ist layer is the highest 
among all the collected soil samples, which is 1.6 (g/cm3).

Fig.11 and Table 9 show the variation in bulk density at 
all the site locations for each layer. The bulk density at L2 
of the 1st layer is higher than other site locations. From the 
Fig.11, the value of bulk density at L1 is lower than L2, the 

 
Fig. 11: Variations of bulk density of collected soil samples. 
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Fig. 11: Variations of bulk density of collected soil samples.

 
Fig. 10: Variations of conductivity of the collected soil samples. 

 
Fig. 10 and Table 8 show the variation in conductivity at all the site locations for each layer. 

The conductivity at L2 is higher than other site locations. From the Fig.10, the value of conductivity 

at L1 is lower than L2, and the value of conductivity decreases for L3 and L4. 

If the soil EC is too high, it can be an indication of a high level of exchangeable sodium. 

Soils with an accumulation of exchangeable sodium are often characterized as low permeability. The 

soil EC is also related to the specific soil properties that affect the pH, salt concentrations and water 

holding capacity. It is difficult to say the ideal EC levels, as there are so many variables affecting the 

EC level. 

Bulk Density 
Table 9: Bulk density at various depths in the soil. 
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Ist layer– 
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IInd layer– 

30-60 cm (g/cm3) 
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60-90 cm (g/cm^3) 
Maximum Allowable 
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L3 1.46 1.42 1.36 
 L4 1.52 1.41 1.43 
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Fig. 10: Variations of conductivity of the collected soil samples.

Table 9: Bulk density at various depths in the soil.

Soil Sample 
Location

Ist layer–0-30 cm 
(g/cm3)

IInd layer–30-60 cm 
(g/cm3)

IIIrd layer–60-90 cm 
(g/cm3)

Maximum Allowable Concentration 
(g/cm3)

L1 1.53 1.39 1.34

L2 1.6 1.46 1.35 1-1.6

L3 1.46 1.42 1.36

L4 1.52 1.41 1.43

value of bulk density decreases for L3 (1st and 2nd layer) and 
increases for L3 of the 3rd layer and L4 of the 1st layer and 
3rd layer increases and then decreases for L4 of the 2nd layer.

CONCLUSION

The pH of the study area, i.e., near the dumpsite within 1.5 
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km varies from 7.84 to 8.2, and away from the dumpsite, i.e. 
beyond 1.5 km, varies from 6.9 to 7.72, the values are below 
the standard value specified by the MoEF. It indi cates that the 
pH of the soil varies from slightly neutral to highly alkaline. 
The percentage of moisture content in the soil samples varies 
from 1.18 % to 1.52% and 1.19% to 1.25% near and away 
from the dumpsite respectively, which are below the standard 
value range of 11 to 17%. EC level of the sampling locations 
ranges from 219 μS/cm to 336 μS/cm and 148 μS/cm to 255 
μS/cm near and away from the dumpsite respectively, which 
are between 200 μS/cm and 1200 μS/cm (general guideline 
level). Soils having EC levels below 200 μS/cm are sterile 
soil with little microbial activity. And EC above 1200 μS/
cm may indicate a salinity problem due to lack of drainage. 
The bulk density of the soil samples varies from 1.34 g/cm3 
to 1.60 g/cm3 and 1.36 g/cm3 to 1.52 g/cm3 at near and away 
from the dumpsite respectively, which are with the standard 
value range of 1 .0 g/cm3 to 1.6 g/cm3. The TOC of the soil 
samples varies from 0.18% to 0.19% both near and away 
from the dumpsite which is with the value range of 0.1% to 
0.62%. As the organic content is low it allows the contam-
inant from the solid waste to enter the groundwater. If the 
organic matter content of the subsoil is high it prevents the 
pollut ants from reaching the groundwater sources as it plays 
an important role in the adsorption in the soil.

Therefore proper solid waste management practice should 
be implemented to minimize the adverse impact on the soil. 
Further in situ bioaccumulation studies can also be performed 
to avoid soil contamination due to open dumping of solid 
waste. Since the study area is near the non engineered recent-
ly closed dumpsite/landfill implementing the new technology 
providing permeable reactive barriers (PRBs) using low-cost 
materials available locally will enhance the prevention of soil 
pollution, otherwise, these pollutants constantly migrate and 
permeate into soil strata and after a certain period, the entire 
groundwater system is polluted.
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ABSTRACT

The anammox granular sludge was enriched by shortening the hydraulic retention time (HRT) (from 27 
h to 6.67 h) in the UASB reactor, which was fed with ammonium chloride and nitrite as the substrates, 
and the effect of different HRTs on the nitrogen removal performance of anammox granule sludge was 
studied. After 159 d of operation, the total nitrogen loading rate (NLRTN) reached 1.72 Kg/(m3·d), the 
total nitrogen removal rate (NRRTN) reached 1.33 Kg/(m3·d), and the removal efficiencies of NH+

4-N 
(NRENH+ 4-N) and NO-

2-N (NRENO
-
2-N) were over 95%. The ratio of DNO-

2-N/DNH+
4-N was 1.31 and DNO-

3-N/DNH+ 4-N was 0.24, which complied with the chemical reaction stoichiometry of anammox. The 
colour of anammox granular sludge changed from light red to deep red; the percentage of granular 
sludge larger than 1.5 mm was the highest, which proportionately accounted for 62.32%; and the 
surface of the granular sludge was found, via Fourier transform infrared spectroscopy (FTIR), to contain 
abundant functional groups. The inhibitory effect of substrates (NH+

4-N and NO-
2-N) on anammox was 

studied via an inhibition kinetics batch test using anammox granular sludge (Day 159) in the UASB 
reactor, and the test results were fitted in the Haldane inhibition model with correlation coefficients (R2) 
of 0.9912 and 0.9949.

INTRODUCTION

The development of petrochemical, food and pharmaceutical 
industries, as well as the improvement of people’s living 
standards, has sharply driven up the nitrogen content in ur-
ban sewage, industrial sewage, and landfill leachate, which 
has caused the severe nitrogen pollution problem in China’s 
bodies of water. Anammox is a novel biological nitrogen 
removal technology. In the anaerobic condition, NO-

2 -N is 
used as an electron acceptor, NH+

4-N is used as an electron 
donor, and the reaction product is N2 (Van de Graaf et al. 
1996). The reaction formula is shown as Eq. (1), in which 
NH+

4-N:NO-
2:NO-

3 is 1:1.32:0.26. When compared with the 
traditional biological nitrogen removal technology, the anam-
mox process has the advantages of low energy consumption, 
high efficiency, no addition of organic carbon sources, and 
low operating costs (Mulder et al. 1995).

NH+
4 + 1.32NO–

2 + 0.066HCO–
3 + 0.13H+ Æ 1.02N2 + 

0.26NO–
3 + 0.066CH2O2.5N0.15 + 2.03H2O …(1)

Currently, more than 200 full-scale anammox reactors 
have been applied in wastewater treatment plants around 
the world, and anammox has broad application prospects as 
a new biological nitrogen removal technology (Kang et al. 
2019, Cao et al. 2017). The granulation of anammox bacteria 

have excellent sedimentation, can retain high biomass, and 
can improve the impact load resistance and the exchange 
of substances and information between anammox bacteria. 
However, anammox growth is slow, the doubling time is 11 
d (Strous et al. 1998), and anammox bacteria are extremely 
sensitive to environmental conditions, including the envi-
ronmental temperature (30-40°C), pH (7.5-8.0), and loading 
(Tang et al. 2017). Investigating how anammox granular 
sludge can be enriched has become a research hotspot (Lin 
& Wang 2017).

Although ammonia and nitrite were used as substrates 
for anammox bacteria, more than a certain concentration will 
inhibit the growth of anammox bacteria. Chen et al. (2011) 

used EGSB as a reactor and anammox granular sludge with 
the MLVSS of 31.31 g/L as inoculated sludge. The Haldane 
model was used to describe the degradation kinetics of 
inhibition by the test. When the concentration of ammonia 
reached 707.9 mg/L and nitrite reached 768.1 mg/L, their 
degradation rates were at maximum with ammonia reaching 
381.2 mg/gVSS·d and nitrite reaching 304.7 mg/gVSS·d. 
Therefore, studying the inhibition kinetics of anammox has 
significance for guiding microbial growing.

Consequently, this paper will combine the continuous 
flow and sequencing batch test to study (1) the effects of 
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HRT on the enrichment characteristics of anammox granular 
sludge and its nitrogen removal performance; (2) granular 
sludge morphology and its functional group composition; 
and (3) the inhibition kinetics of substrate concentration on 
anammox granular sludge, to provide a theoretical basis and 
technical support for the practical engineering application of 
the anammox process.

MATERIALS AND METHODS

Anammox UASB reactor: Fig. 1 shows the UASB reactor, 
which was composed of Plexiglass with a diameter of 11 cm 
and a height of 110 cm. The reactor’s upper part was equipped 
with a three-phase separator for the separation of sludge, 
water and gas. The reactor was enwrapped with soft black 
material for heat preservation and protection from light, a 
water bath cycle was arranged outside the main reactor, two 
heating rods were arranged in the water bath’s circulation 
tank for controlling the temperature inside the reactor, and the 
reactor had external reflux for controlling its rising velocity.
Test water and inoculated sludge: In this experiment, a 
continuous culture was carried out, and the anammox gran-
ule sludge was further enriched with anammox flocculating 
sludge and anaerobic granule sludge, both of which were 
cultured for 160 days under inorganic environmental condi-
tions as inoculated sludge.

Synthetic wastewater was used in the test. The concentra-
tion of ammonia nitrogen and nitrite nitrogen was 1:1.32, the 

concentration of KH2PO4 was 27.2 mg/L, the concentration 
of CaCl2·2H2O was 180 mg/L, and the concentration of 
MgSO4·7H2O was 300 mg/L. The concentrations of trace 
elements I and II were both 1 mL/L. Trace element I (g/L) 
consisted of 5 EDTA and 5FeSO4 and trace element II (g/L) 
consisted of 15 EDTA, 0.43 ZnSO4·7H2O, 0.24 CoCl2·6H2O, 
0.99 MnCl2 4H2O, 0.25 CuSO4·5H2O, 0.22 NaMoO4·2H2O, 
0.19 NiCl2·6H2O, 0.21 NaSeO4·10H2O and 0.014 H3BO3.

Analysis methods and calculation formulas: Measure-
ments were made every other day, and the water samples were 
filtered through 0.45 μm filter paper. Test methods were de-
termined via standard methods (APHA 1998), with NH+

4-N, 
NO-

2-N, and NO-
3-N determined by a spectrophotometry 

determination of Nessler’s Reagent, N-(1-naphthyl)-ethylen-
ediamine spectrophotometric determination, and ultraviolet 
spectrophotometry. DO and pH were determined by German 
Multi3630, and MLSS and MLVSS were determined by the 
gravimetric method.

Fourier infrared spectroscopy analysis method: The 
dried anammox granular sludge and KBr were tableted at a 
dose of 1:100, then analysed by Fourier transform infrared 
spectroscopy. The collected data were analysed by origin 8.0.

Granular sludge particle size determination method: The 
particle size distribution of the granular sludge was deter-
mined by wet sieving (Laguna et al. 1999) with stainless 
steel meshes with mesh aperture diameters of 3.0, 2.5, 2.0, 
1.5, 1.0 and 0.5 mm. The sludge mixture was taken out of 

with a diameter of 11 cm and a height of 110 cm. The reactor’s upper part was equipped with a 

three-phase separator for the separation of sludge, water and gas. The reactor was enwrapped with 

soft black material for heat preservation and protection from light, a water bath cycle was arranged 

outside the main reactor, two heating rods were arranged in the water bath’s circulation tank for 

controlling the temperature inside the reactor, and the reactor had external reflux for controlling its 

rising velocity. 

 

 

Fig. 1: Schematic diagram of the anammox granular sludge-based UASB reactor.  

Test water and inoculated sludge: In this experiment, a continuous culture was carried out, and 

the anammox granule sludge was further enriched with anammox flocculating sludge and 

anaerobic granule sludge, both of which were cultured for 160 days under inorganic 

environmental conditions as inoculated sludge. 

Synthetic wastewater was used in the test. The concentration of ammonia nitrogen and nitrite 

nitrogen was 1:1.32, the concentration of KH2PO4 was 27.2 mg/L, the concentration of 

CaCl2·2H2O was 180 mg/L, and the concentration of MgSO4·7H2O was 300 mg/L. The 

concentrations of trace elements I and II were both 1 mL/L. Trace element I (g/L) consisted of 5 

EDTA and 5FeSO4 and trace element II (g/L) consisted of 15 EDTA, 0.43 ZnSO4·7H2O, 0.24 

CoCl2·6H2O, 0.99 MnCl2 4H2O, 0.25 CuSO4·5H2O, 0.22 NaMoO4·2H2O, 0.19 NiCl2·6H2O, 0.21 

NaSeO4·10H2O and 0.014 H3BO3. 

Analysis methods and calculation formulas: Measurements were made every other day, and the 

water samples were filtered through 0.45 μm filter paper. Test methods were determined via 

Fig. 1: Schematic diagram of the anammox granular sludge-based UASB reactor. 
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the reactor, and the steel sieve was positioned vertically 
from top to bottom according to pore size. A container 
was placed under the bottom 0.5 mm sieve to hold the fine 
particles, and the sludge sample was slowly poured into 
the sieve. After screening, the granular sludge of different 
particle size ranges was collected into different containers, 
and the MLSS of each screen that intercepted the granular 
sludge was measured.

Inhibition kinetic sequencing batch test: The anammox 
granular sludge (159 d) was taken from the UASB reactor, 
rinsed three times with clean water to remove the surface 
matrix, and filtered with filter paper. About 12 g of wet sludge 
were weighed with an electronic balance, then placed into 
a 250 mL serum bottle, as shown in Fig. 2. The water bath 
temperature was controlled to about 33°C, the pH value was 
controlled at 7.3-7.6, a 10 mL syringe was used for sampling, 
and the solution was fully mixed with a magnetic stirrer. In 
the single factor inhibition experiment with NH+

4-N, other 
conditions must be controlled. The NH+

4-N gradients were 
about 70, 100, 200, 320, 500, and 600 mg/L. In the single 
factor inhibition experiment with NO-

2-N and other condi-
tions must also be controlled. The NO-

2-N gradients were 
about 80, 110, 210, 270, 300, and 400 mg/L. Five mL was 
taken with a 10 mL syringe every 1 h, and the mixture was 
centrifuged to determine the NH+

4-N, NO-
2-N and NO-

3-N of 

the supernatant, while the degradation rate of NH+
4-N and 

NO-
2-N were calculated.

RESULTS AND DISCUSSION

Effect of different HRTs on the nitrogen removal perfor-
mance of anammox granular sludge: The UASB reactor 
temperature was maintained at 32~34°C, the influent pH 
value was controlled at 7.3~7.8, and the return flow was kept 
constant. The test was run under different HRT conditions, 
and when NRENH+ 4-N and NRENO- 2-N reached 97% or more, 
HRT conditions were adjusted, along with the concentrations 
of ammonia and nitrite as given in Table 1.

Removal efficiency of NH
+

4
-N and NO

-

2
-N by HRTs: The re-

moval efficiency of NH+
4-N and NO-

2-N under different HRT 
conditions are shown in Fig. 3(a) and (b). In phase I (HRT 
was 27 h), the anammox granular sludge was adapted to the 
environment because the inoculated sludge HRT was 27h. 
After 19 d of operation, NRENH+

4-N was 99.03%, and NRE-

NO-
2-N was 99.18%, while the anammox granular sludge was 

not inhibited. The removal loading of NH+
4-N (NRRNH

+
4-N) 

was 0.17 kg/m3·d and NO-
2-N (NRRNO-

2-N) was 0.22 kg/m3·d. 
In stage II, the other conditions were essentially unchanged. 
When HRT was shortened to 20.86 h, the substrate loading 
suddenly increased. The NRENH+

4-N decreased to 93.42% and 

 
 

Fig. 2: Schematic diagram of the batching test. 

RESULTS AND DISCUSSION 
Effect of different HRTs on the nitrogen removal performance of anammox granular sludge: 

The UASB reactor temperature was maintained at 32~34°C, the influent pH value was controlled 

at 7.3~7.8, and the return flow was kept constant. The test was run under different HRT conditions, 

and when NRENH
+ 

4 -N and NRENO
- 

2-N reached 97% or more, HRT conditions were adjusted, along 

with the concentrations of ammonia and nitrite as given in Table 1. 

Table 1: Operating parameters of anammox granular sludge reactor at different stages. 

Stage Time (d) 
HRT 

(h) 

Velocity 

(m/h) 
Reflux ratio 

NH+ 
4 -N 

concentration 

(mg/L) 

NO- 
2-N 

concentration 

(mg/L) 

NLR 

(kg/m3·d) 

NRR 

(kg/m3·d) 

Ⅰ 1~19 27.00 4.78 121 187.29 242.48 0.40 0.34 

Ⅱ 20~47 20.86 4.79 90 198.24 253.60 0.54 0.45 

Ⅲ 48~81 15.50 4.80 70 177.96 233.70 0.70 0.55 

Ⅳ 82~119 8.63 4.86 40 175.56 234.39 1.16 0.95 

Ⅴ 120~159 6.67 4.89 30 173.19 234.17 1.72 1.33 

Removal efficiency of NH+ 
4 -N and NO- 

2-N by HRTs: The removal efficiency of NH+ 
4 -N and NO- 

2

-N under different HRT conditions are shown in Fig. 3(a) and (b). In phase I (HRT was 27 h), the 

anammox granular sludge was adapted to the environment because the inoculated sludge HRT was 

27h. After 19 d of operation, NRENH
+ 

4 -N was 99.03%, and NRENO
- 

2 -N was 99.18%, while the 

anammox granular sludge was not inhibited. The removal loading of NH+ 
4 -N (NRRNH

+ 

4 -N) was 0.17 

kg/m3·d and NO- 
2 -N (NRRNO

- 

2 -N) was 0.22 kg/m3·d. In stage II, the other conditions were 

essentially unchanged. When HRT was shortened to 20.86 h, the substrate loading suddenly 

increased. The NRENH
+ 

4 -N decreased to 93.42% and NRENO
- 

2-N to 95.31%, while NRRNH
+ 

4 -N rose to 

0.21kg/m3·d and NRRNO
- 

2-N rose to 0.29kg/m3·d. After 27 d, NRENH
+ 

4 -N reached 98.15% and NRENO

- 

2-N reached 98.72%. 

Fig. 2: Schematic diagram of the batching test.

Table 1: Operating parameters of anammox granular sludge reactor at different stages.

Stage Time (d) HRT (h)
Velocity 
(m/h)

Reflux ratio
NH+

4-N concentration
(mg/L)

NO-
2-N concentra-

tion (mg/L)
NLR
(kg/m3·d)

NRR
(kg/m3·d)

I 1~19 27.00 4.78 121 187.29 242.48 0.40 0.34

II 20~47 20.86 4.79 90 198.24 253.60 0.54 0.45

III 48~81 15.50 4.80 70 177.96 233.70 0.70 0.55

IV 82~119 8.63 4.86 40 175.56 234.39 1.16 0.95

V 120~159 6.67 4.89 30 173.19 234.17 1.72 1.33
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NRENO-
2-N to 95.31%, while NRRNH+

4-N rose to 0.21kg/m3·d 
and NRRNO-

2-N rose to 0.29kg/m3·d. After 27 d, NRENH+
4-N 

reached 98.15% and NRENO-
2-N reached 98.72%.

When HRT was shortened to 15.50 h, in Phase III, the 
NRENH+

4-N began to decrease due to the sudden shortening of 
HRT and fluctuated around 90%. However, the decrease of 
NO-

2-N was large, and NRENO-
2-N decreased from 98.72% in 

the previous phase to 87.74%, indicating that the inhibition 
of nitrite nitrogen was more obvious. After 33 d of operation, 
the activity of anammox bacteria was restored, NRENH+

4-N was 
97.54% and NRENO-

2-N was 97.37%, and NRRNH+
4-N reached 

0.27 kg/m3·d and NRRNO-
2-N reached 0.36 kg/m3·d. In phase 

IV (HRT was 8.63 h), the anammox granular sludge activity 
was better, and at the end of phase IV, NRENH+

4-N was 98.27% 
and NRENO-

2-N was 98.68%.

In phase V, the HRT was shortened to 6.67 h, NRENH+
4-N 

was significantly reduced to 86.05%, and NRENO-
2-N was 

decreased to 79.95%. The reasons for analysis are as follows: 
(1) The shorter the HRT, the higher the loading of the ammo-
nia nitrogen and nitrite nitrogen, and the anammox activity 
was inhibited, resulting in a decrease of the treatment effect; 
(2) The HRT was short and part of the ammonia and the ni-
trite were discharged outside of the reactor without reaction, 
increasing the effluent concentration, and a decrease of the 
removal loading of the ammonia and nitrite. After 39 days, 
NRENH+

4-N was 97.05% and NRENO-
2-N was 98.21%, and the 

anammox activity was further improved. 

Removal efficiency of TN by HRT: The removal efficiency 
of TN (NRETN) under different HRT conditions is shown in 
Fig. 3(c) and (d). HRT was 27h in phase I. On the first day and 6 h, NLRTN was increased from 0.28 kg/m3·d to 1.28 kg/m3·d and the anammox activity was 

further improved with the shorting of HRT. 
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Fig. 3. Under different HRTs (a) NH+ 
4 -N, (b) NO- 

2-N, (c) TN nitrogen removal performance, and (d) 

the variation of NLR. 

Changes in stoichiometry under different HRT conditions: Fig. 4 shows the changes of △NO- 
2

-N/NH+ 
4 -N and △NO- 

3-N/NH+ 
4 -N under different HRT conditions. Table 2 shows the average NO- 

2

-N/NH+ 
4 -N values and △NO- 

3-N/NH+ 
4 -N values in different phases. Formula (1) shows the chemical 

reaction equation of anammox, the ratio of △NO- 
2-N/△NH+ 

4 -N is 1.32 and △NO- 
3-N/△NH+ 

4 -N is 

0.26. These ratios can determine the basis of the anammox reaction. Fig. 4 shows that the ratio of 

△NO- 
2-N/△NH+ 

4 -N fluctuated around 1.32 and △NO- 
3-N/△NH+ 

4 -N fluctuated around 0.26, which 

complied with the chemical reaction stoichiometry of anammox. Kang et al. (2019) concluded that 

the ratio of △NO- 
2-N/△NH+ 

4 -N was 1.22 and △NO- 
3-N/△NH+ 

4 -N was 0.22, and the results of this 

experiment were similar to Kang et al. (2019). 

Table 2: Average values of △NO- 2-N/NH+ 
4 N and △NO- 

3-N/NH+ 
4 N under different HRT conditions. 

HRT/h 27.00 20.86 15.50 8.63 6.67 

 

Fig. 3. Under different HRTs (a) NH+
4-N, (b) NO-

2-N, (c) TN nitrogen removal performance, and (d) the variation of NLR.
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of operation, TN concentration was 428.04mg/L, total nitro-
gen output was 70.33 mg/L, NRRTN was 0.32 kg/m3·d, and 
NRETN was 83.57%. After 19 d of operation, NRETN reached 
85.02%, and NRRTN was increased to 0.35 kg/m3·d. Other 
conditions remained unchanged. When HRT was shortened 
to 20.86 h, on the first day of operation NRETN decreased 
to 83.77%, and NRETN continued to drop to 80.47% on the 
second day. The anammox activity was slightly inhibited due 
to the shortening of HRT, however, after 27 d of operation, 
NRETN reached 83.01%, NRRTN reached 0.44 kg/m3·d, and 
NLRTN reached 0.53 kg/m3·d. The anammox activity was also 
improved. Then HRT was shortened to 15.50 h, and NRETN 
was reduced to 75.01%. After 33 d, NRETN was increased to 
84.16%, NRRTN reached 0.58 kg/m3·d, and NLRTN was 0.69 
kg/m3·d. In phase IV, HRT was 8.63 h, anammox activity 
was high, NRRTN was reduced by about 2%, and NRETN was 
maintained at about 80%. When HRT was shortened to 6.67 h, 
NRETN was decreased by 69.27%, and activity was severely 
inhibited, resulting in a significant decrease in the removal 
efficiency. After 39 d, anammox activity was essentially 
restored, NRETN reached 81.53%, NRRTN was 1.33kg/m3·d 
and NLRTN was 1.72 kg/m3·d. This showed that anammox 
activity was further improved and the ability to withstand the 
loading of nitrogen was strengthened. Yu et al. (2014) studied 
the effect of nitrogen performance on different HRTs, with 
HRTs of 72 h, 48 h, 24 h, 12 h and 6 h, NLRTN was increased 
from 0.28 kg/m3·d to 1.28 kg/m3·d and the anammox activity 
was further improved with the shorting of HRT.

Changes in stoichiometry under different HRT condi-
tions: Fig. 4 shows the changes of DNO-

2-N/NH+
4-N and 

DNO-
3-N/NH+

4-N under different HRT conditions. Table 
2 shows the average NO-

2-N/NH+
4-N values and DNO-

3-N/
NH+

4-N values in different phases. Formula (1) shows the 
chemical reaction equation of anammox, the ratio of DNO-

2-N/DNH+
4-N is 1.32 and DNO-

3-N/DNH+
4-N is 0.26. These 

ratios can determine the basis of the anammox reaction. 
Fig. 4 shows that the ratio of DNO-

2-N/DNH+
4-N fluctuated 

around 1.32 and DNO-
3-N/DNH+

4-N fluctuated around 0.26, 
which complied with the chemical reaction stoichiometry 
of anammox. Kang et al. (2019) concluded that the ratio of 
DNO-

2-N/DNH+
4-N was 1.22 and DNO-

3-N/DNH+
4-N was 0.22, 

and the results of this experiment were similar to Kang et 
al. (2019).

The Morphology of Anammox Granular Sludge 

Apparent characteristics: Fig. 5 shows the apparent char-
acteristics of anammox granular sludge at the initial phase of 
inoculation and operation for 159 d. The colour of anammox 
granular sludge was light red, and the average particle size 
was small at the initial phase of inoculation; when the reactor 
was operated for 159 d, the colour of anammox granular 
sludge turned dark red. Tang et al. (2011) concluded that the 
contents of heme C increased with the increase of NRRTN, 
which lead to the deepening of colour in a similar result to 
this experiment. Anammox bacteria exhibit the flocculation 
effect; under the shearing force of a large rising flow rate, the 

Table 2: Average values of DNO-
2-N/NH+

4N and DNO-
3-N/NH+

4N under different HRT conditions.

HRT/h 27.00 20.86 15.50 8.63 6.67

DNO-
2-N/DNH+

4-N 1.30 1.31 1.31 1.33 1.31

DNO-
3-N/DNH+

4-N 0.23 0.24 0.24 0.22 0.24

△NO- 
2-N/△NH+ 

4 -N 1.30 1.31 1.31 1.33 1.31 

△NO- 
3-N/△NH+ 

4 -N 0.23 0.24 0.24 0.22 0.24 
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Fig. 4: △NO- 

2-N/NH+ 
4 N and △NO- 

3-N/NH+ 
4 N under different HRT conditions. 

The Morphology of Anammox Granular Sludge  

Apparent characteristics: Fig. 5 shows the apparent characteristics of anammox granular sludge 

at the initial phase of inoculation and operation for 159 d. The colour of anammox granular sludge 

was light red, and the average particle size was small at the initial phase of inoculation; when the 

reactor was operated for 159 d, the colour of anammox granular sludge turned dark red. Tang et al. 

(2011) concluded that the contents of heme C increased with the increase of NRRTN, which lead to 

the deepening of colour in a similar result to this experiment. Anammox bacteria exhibit the 

flocculation effect; under the shearing force of a large rising flow rate, the cells gather together 

and are tired, and anammox granular sludge continues to increase (Lin et al. 2019). 

  

(a)                     (b) 

Fig. 5: The variation of anammox granular sludge in (a) 0 d and (b) 159 d. 

Change in particle size distribution: Fig. 6 shows the particle size distribution of the granular 

sludge at the bottom of the UASB reactor. The particle size distribution of the granular sludge was 

characterized by the percentage of the total MLSS of the measured sludge in the range of the 

particle size gradient. In the initial inoculation, the particle size was 0.50-1.00 mm of granular 

Fig. 4: DNO-
2-N/NH+

4N and DNO-
3-N/NH+

4N under different HRT conditions.
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cells gather together and are tired, and anammox granular 
sludge continues to increase (Lin et al. 2019).

Change in particle size distribution: Fig. 6 shows the 
particle size distribution of the granular sludge at the bot-
tom of the UASB reactor. The particle size distribution of 
the granular sludge was characterized by the percentage of 
the total MLSS of the measured sludge in the range of the 
particle size gradient. In the initial inoculation, the particle 
size was 0.50-1.00 mm of granular sludge which accounted 
for the highest percentage (specific gravity of 27.42%), fol-
lowed by 1.00-1.50 mm of granular sludge (specific gravity 
of 25.84%), and the percentage of sludge with a particle 
size less than 0.50 mm was as high as 13.89%. However, 
granular sludge with a particle size greater than 3.00 mm 
has the lowest proportion with only 1.09%. Shortening HRTs 
increase the rising flow rate, and granular sludge growth was 
promoted. Cong et al. (2014) showed that the particle diam-

eter was in the range of 0.5-2.0 mm by adjusting the rising 
flow rate to 9.0 m·h-1 in the EGSB reactor, where granular 
sludge accounted for more than 65%. After 159 d operating, 
the particle size of the granular sludge in the reactor showed 
an increasing trend. Granular sludge with a particle size 
larger than 1.5mm accounted for 62.32%, with the particle 
size of 1.50-2.00 mm accounting for the highest proportion 
of the test (27.53%). The specific gravity of 2.00-2.50 mm 
was 18.47%, the proportion of 2.50-3.00 mm was 11.03%, 
particle size greater than 3 mm increased by 4.1 percentage 
points from the initial inoculation, and the specific gravity 
of granular sludge with the particle size of 1.00-1.5 mm 
was 14.04%. The specific gravity of granular sludge with 
particle size less than 0.50 mm was only 8%, which was 
5.89 percentage points lower than the initial inoculation. An 
et al. (2013) obtained the physical properties of anammox 
granules with different sizes. 1.0~1.5 mm granular sludge 
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(2011) concluded that the contents of heme C increased with the increase of NRRTN, which lead to 

the deepening of colour in a similar result to this experiment. Anammox bacteria exhibit the 
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characterized by the percentage of the total MLSS of the measured sludge in the range of the 
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sludge which accounted for the highest percentage (specific gravity of 27.42%), followed by 

1.00-1.50 mm of granular sludge (specific gravity of 25.84%), and the percentage of sludge with a 

particle size less than 0.50 mm was as high as 13.89%. However, granular sludge with a particle 

size greater than 3.00 mm has the lowest proportion with only 1.09%. Shortening HRTs increase 

the rising flow rate, and granular sludge growth was promoted. Cong et al. (2014) showed that the 

particle diameter was in the range of 0.5-2.0 mm by adjusting the rising flow rate to 9.0 m·h-1 in 

the EGSB reactor, where granular sludge accounted for more than 65%. After 159 d operating, the 

particle size of the granular sludge in the reactor showed an increasing trend. Granular sludge with 

a particle size larger than 1.5mm accounted for 62.32%, with the particle size of 1.50-2.00 mm 

accounting for the highest proportion of the test (27.53%). The specific gravity of 2.00-2.50 mm 

was 18.47%, the proportion of 2.50-3.00 mm was 11.03%, particle size greater than 3 mm 

increased by 4.1 percentage points from the initial inoculation, and the specific gravity of granular 

sludge with the particle size of 1.00-1.5 mm was 14.04%. The specific gravity of granular sludge 

with particle size less than 0.50 mm was only 8%, which was 5.89 percentage points lower than 

the initial inoculation. An et al. (2013) obtained the physical properties of anammox granules with 

different sizes. 1.0~1.5 mm granular sludge has the highest activity, and larger granular sludge was 

more resistant to temperature and nitrogen load shock. However, larger particles also showed 

larger gas passages and internal voids, reducing the stability of the granular sludge. It can be seen 

that on the 159 d of the reactor operation, the particle size of the anammox granular sludge 

gradually changed from small to large. In this experiment, the anammox granular sludge was 

mainly concentrated in the range of less than 1.00 mm, and the domesticated granular sludge was 

obtained. The diameter was concentrated in the range of more than 1.50 mm, which was 

essentially in the particle size range with the highest activity of anammox granular sludge. 
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Fig. 6: The changes in the size distribution of anammox granules at different phases. 
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has the highest activity, and larger granular sludge was more 
resistant to temperature and nitrogen load shock. However, 
larger particles also showed larger gas passages and internal 
voids, reducing the stability of the granular sludge. It can be 
seen that on the 159 d of the reactor operation, the particle 
size of the anammox granular sludge gradually changed from 
small to large. In this experiment, the anammox granular 
sludge was mainly concentrated in the range of less than 1.00 
mm, and the domesticated granular sludge was obtained. The 
diameter was concentrated in the range of more than 1.50 
mm, which was essentially in the particle size range with the 
highest activity of anammox granular sludge.

FT-IR analysis of granular sludge: Secretions during the 
cell grew, the shedding of the cell surface, cell lysis and the 
adsorption of substances from the external environment can 
carry a large number of functional groups on the surface of 
the sludge. There are currently many studies on the compo-
sitions of EPS and the characteristics of anammox granular 
sludge (Lotti et al. 2019, Feng et al. 2019, Chen et al. 2016, 
Fang et al. 2018), but few scholars have reported on the 
surface functional group properties of anammox granular 
sludge.

Fig. 7 shows that the characteristics of the functional 
groups’ composition of anammox granular sludge by infrared 
spectroscopy. In the beginning, the vibration near 3393 cm-1 
mainly represented O-H stretching vibration and represented 
the alkane organic matter and C-H in the polysaccharide 
molecule near 2930 cm-1. O-H stretching vibration in the car-
boxyl functional group was represented at around 2525 cm-1, 
C=O stretching vibration in protein amide I was represented 
at 1600-1700 cm-1, and the peak near 1040 cm-1 represented 
C-O-C stretching of polysaccharide or similar polysaccharide 
substance vibration. In addition, an obvious absorption peak 
was also found near the wavelengths of 880 cm-1, 710 cm-1, 
and 600-900 cm-1 which were the fingerprint areas (Yan et al. 
2015, Badireddy et al. 2010). Infrared spectroscopy revealed 
sugar and protein in the surface of anammox granular sludge. 
As the reaction progressed, a more obvious peak appeared 
near 3290 cm-1, which was mainly caused by N-H stretching 

vibration in amides. The peak intensities of 2930 cm-1 and 
1788 cm-1 increased, indicating C-H stretching in the alkane 
organic matter and polysaccharide molecules. C=O stretching 
vibration in the vibration and protein amide I were enhanced, 
and the sugar and protein contents were further enhanced.

Substrates Inhibition of Anammox and Its Kinetic 
Analysis

Anammox bacteria used ammonia and nitrite as substrates. 
At low concentrations, anammox bacteria used the substrates 
to react. However, at high concentrations, the activity of 
anammox bacteria is inhibited.

Substrates inhibition kinetics can be described using the 
Haldane model, which was:

 

hK
S

S
K




s1

max
   …(1) 

Where ν is the removal rate of substrates, mg/(mg·d); νmax is the maximum conversion rate, 

mg/(mg·d); S is the substrate concentration, mg/L; kS is a half-saturation constant, mg/L; and Kh is 

the inhibition kinetic constant of Haldane, mg/L. 

Since the Haldane model was a kinetic simulation of a single substrate reaction, for anammox 

reactions under dual substrates conditions, it was first necessary to control a substrate 

concentration to examine the effect of another substrate concentration. Firstly, the NO- 
2 -N 

concentration was controlled to 100 mg/L, and the effect of NH+ 
4 -N concentration on anammox 

activity was studied. Table 3 shows that in the range of experimental concentration with the 

increase of NH+ 
4 -N concentration, the degradation rate increased at first and then decreased. 

Table 3: Effect of NH+ 
4 -N concentrations on Anammox bacterial activity.  

 NO- 
2-N concentration (mg/L)    NH+ 

4 -N concentration (mg/L) 
The degradation rate of NH+ 

4 -N 

[mg/(mg/d)] 

The degradation of NO- 
2-N 

[mg/(mg/d)] 

100 70 0.075 0.130 

100 100 0.105 0.098 

100 200 0.126 0.109 

100 320 0.139 0.113 

100 500 0.127 0.108 

100 600 0.121 0.084 

Fig. 8 shows the kinetic characteristics of ammonium nitrogen inhibition. The correlation 

kinetic data of the measured ammonium was fitted to the Haldane model using Origin 8.0 software. 

The correlation coefficient (R2) of the fitted curve was 0.9912, and the correlation was good. 

When the NH+ 
4 -N concentration reached 303.03 mg/L, the anammox activity was the highest, and 

the NH+ 
4 -N degradation rate was 0.137 [mg/(mg/d)]. When the NH+ 

4 -N concentration was 600 

mg/L, the degradation rate of NH+ 
4 -N decreased to 0.121 [mg/(mg/d)], whereas the maximum 

reaction rate (νmax) was 0.309 [mg/(mg/d)], the half-saturation constant (Ks) was 192.111 mg/L, 

and the inhibition kinetic constant was 485.936 mg/L. 

 …(1)

Where n is the removal rate of substrates, mg/(mg·d); nmax 
is the maximum conversion rate, mg/(mg·d); S is the substrate 
concentration, mg/L; kS is a half-saturation constant, mg/L; 
and Kh is the inhibition kinetic constant of Haldane, mg/L.

Since the Haldane model was a kinetic simulation of 
a single substrate reaction, for anammox reactions under 
dual substrates conditions, it was first necessary to control 
a substrate concentration to examine the effect of another 

substrate concentration. Firstly, the NO-
2-N concentration was 

controlled to 100 mg/L, and the effect of NH+
4-N concentra-

tion on anammox activity was studied. Table 3 shows that 
in the range of experimental concentration with the increase 
of NH+

4-N concentration, the degradation rate increased at 
first and then decreased.

Fig. 8 shows the kinetic characteristics of ammonium 
nitrogen inhibition. The correlation kinetic data of the mea-
sured ammonium was fitted to the Haldane model using 
Origin 8.0 software. The correlation coefficient (R2) of the 
fitted curve was 0.9912, and the correlation was good. When 
the NH+

4-N concentration reached 303.03 mg/L, the anammox 

Table 3: Effect of NH+
4-N concentrations on Anammox bacterial activity. 

 NO-
2-N concentration (mg/L) NH+

4-N concentration (mg/L)
The degradation rate of NH+

4-N 
[mg/(mg.d)]

The degradation of NO-
2-N 

[mg/(mg.d)]

100 70 0.075 0.130

100 100 0.105 0.098

100 200 0.126 0.109

100 320 0.139 0.113

100 500 0.127 0.108

100 600 0.121 0.084
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activity was the highest, and the NH+
4-N degradation rate was 

0.137 mg/(mg.d). When the NH+
4-N concentration was 600 

mg/L, the degradation rate of NH+
4-N decreased to 0.121  

mg/(mg.d), whereas the maximum reaction rate (nmax) 
was 0.309  mg/(mg.d), the half-saturation constant (Ks) 
was 192.111 mg/L, and the inhibition kinetic constant was 
485.936 mg/L.

NH+
4-N concentration was controlled to be 70 mg/L, and 

the effect of NO-
2-N concentration on anammox activity was 

studied. Table 3 shows that in the range of experimental 
concentration with the increase of NO-

2-N concentration, 
the degradation rate increased at first and then decreased.

Fig. 9 shows the kinetic characteristics of nitrite inhibi-
tion. The correlation inhibition kinetic data of the measured 
nitrite was fitted to the Haldane model using Origin 8.0 

software. The correlation curve (R2) of the fitted curve was 
0.9949 and the result was high. When the concentration of 
NO-

2-N reached 169.70 mg/L, anammox activity was highest, 
and the degradation rate of NO-

2-N was 0.115 mg/(mg.d). 
When the concentration of NO-

2-N reached 400 mg/L, the 
degradation rate of NO-

2-N decreased to 0.068 mg/(mg.d). 
The maximum reaction rate (nmax) was 0.737 mg/(mg.d), 
the half-saturation constant (Ks) was 456.739 mg/L, and the 
inhibition kinetic constant was 61.968 mg/L.

Results showed that when the inhibitor was ammonium, 
the maximum inhibitory concentration was 303.03 mg/L, 
the NH+

4-N degradation rate was 0.137 mg/(mg.d), and the 
maximum reaction rate was 0.309 mg/(mg·d). When nitrite 
was an inhibitor, the maximum inhibitory concentration was 

169.70 mg/L, the degradation rate of NO-
2-N was 0.115 mg/
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Fig. 8: Inhibition kinetic characteristics of NH4
+-N concentration on anammox granular sludge. 

 

NH+ 
4 -N concentration was controlled to be 70 mg/L, and the effect of NO- 

2-N concentration on 

anammox activity was studied. Table 3 shows that in the range of experimental concentration with 

the increase of NO- 
2-N concentration, the degradation rate increased at first and then decreased. 

Table 4: Effect of NO- 
2-N concentrations on Anammox bacteria activity. 

NH+ 
4 -N concentration 

(mg/L) 

 NO- 
2-N concentration  

(mg/L) 

The degradation rate of NH+ 
4 -N 

[mg/(mg/d)] 

The degradation of NO- 
2-N 

[mg/(mg/d)] 

70 80 0.086 0.092 

70 110 0.958 0.104 

70 210 0.114 0.111 

70 270 0.097 0.108 

70 300 0.088 0.101 

70 400 0.068 0.083 

 

Fig. 9 shows the kinetic characteristics of nitrite inhibition. The correlation inhibition kinetic 

data of the measured nitrite was fitted to the Haldane model using Origin 8.0 software. The 

correlation curve (R2) of the fitted curve was 0.9949 and the result was high. When the 

concentration of NO- 
2-N reached 169.70 mg/L, anammox activity was highest, and the degradation 

rate of NO- 
2-N was 0.115 [mg/(mg/d)]. When the concentration of NO- 

2-N reached 400 mg/L, the 

degradation rate of NO- 
2-N decreased to 0.068 [mg/(mg/d)]. The maximum reaction rate (νmax) was 

0.737 [mg/(mg/d)], the half-saturation constant (Ks) was 456.739 mg/L, and the inhibition kinetic 

constant was 61.968 mg/L. 

Fig. 8: Inhibition kinetic characteristics of NH4
+-N concentration on anammox granular sludge.

 
  0 d

1641 1043

1670

2864

3290

710
880

1788

25252930

3393

 159 d

 

 

 

Wave numbers/(cm-1)
 4000    3500     3000     2500     2000    1500     1000     500

Fig. 7: The FT-IR spectra of granular sludge.



1037ENHANCED ENRICHMENT AND INHIBITION KINETICS OF ANAMMOX GRANULAR SLUDGE

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

(mg.d), and the maximum reaction rate was 0.737 mg/(mg·d). 
In contrast, the inhibitory effect of nitrate was more signif-
icant in both substrates. Similarly, Li et al. (2016) showed 
that the removal rate of ammonia and nitrite by inhibition 
kinetic sequencing batch tests increased at first and then 
decreased. The ammonia nitrogen concentration was 295.62 
mg/L, anammox activity was the highest, and the ammonia 
nitrogen degradation rate was 0.1540 mg/(mg·d). The nitrite 
degradation rate was 0.1649 mg/(mg·d) at the concentration 
of 151.10 mg/L, and anammox activity was the highest.

CONCLUSIONS

 (1) Anammox granular sludge that was used UASB as 
the reactor by shorting hydraulic retention time (HRT 
shortened from 27 h to 6.67 h) was enriched. After 159 
d of operation, the NRENH+ 4-N and NRENO- 2-N reached 
more than 95%, the NRETN was 81.53%, and the NRRTN 
reached 1.33 kg/(m3.d).

 (2) In the initial phase of inoculation, the percentage of 
granular sludge with the particle size of 0.50-1.00 mm 
was the highest (specific gravity was 27.42%), and the 

proportion of granular sludge with particle size greater 
than 3.00 mm was the lowest, only 1.09%. At 159 d, 
the average particle size of the granular sludge in the 
reactor showed an increasing trend, with the highest 
percentage of 1.50-2.00 mm (specific gravity 27.73%), 
and the particle size larger than 3 mm accounted for 
5.29%, which was 4.1 percentage points higher than 
the initial inoculation.

 (3) Analysing the anammox granular sludge via the Fourier 
transform infrared spectroscopy revealed that mainly 
sugar and protein were on the surface of anammox 
granular sludge. After 159 d of reactor operation, the 
sugar and protein content further increased.

 (4) By inhibition of the kinetic sequencing batch test, 
the maximum reaction rate was 0.309 mg/(mg·d), the 
half-saturation constant (Ks) was 192.111 mg/L, and 
the inhibition kinetic constant was 485.936mg/L. The 
nitrite maximum reaction rate was 0.737 mg/(mg·d), 
the semi-saturation constant (Ks) was 456.739 mg/L, 
and the inhibition kinetic constant was 61.968 mg/L. 
In contrast, the anammox bacteria in the two substrates 
were more significantly inhibited by nitrate.

Table 4: Effect of NO-
2-N concentrations on Anammox bacteria activity.

NH+
4-N concentration (mg/L)  NO-

2-N concentration (mg/L)
The degradation rate of NH+

4-N             
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The degradation of NO-
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[mg/(mg.d)]
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70 300 0.088 0.101

70 400 0.068 0.083
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Fig. 9: Inhibition kinetic characteristics of NO- 
2-N concentration on anammox granular sludge. 
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ABSTRACT

Pressure over the destruction of the ecological environment by the tourism industry from the blind 
development of tourism areas, tourism projects that destroy the ecological environment, tourist 
overloading during holidays, and poor environmental protection awareness among tourists is 
increasing. Seeking a balance point between ecological environmental protection and tourism 
industrial development is key in the sustainable development of the tourism industry. The Complicated 
Adaptation System (CAS) theory is an important theory in the current system, which focuses on the 
interaction of the internal elements of a system. Analyzing the interactive development between the 
tourism industry and the ecological environment based on CAS theory is one way to achieve the 
harmonious coexistence of the tourism industry and the ecological environment. A case study on 
Henan Province, China, is conducted, the literature on the interaction between the tourism industry and 
ecological environment is reviewed, and the environmental pollution status of Henan Province caused 
by the tourism industry is summarized. Moreover, the complex adaptation of the tourism industry and 
ecological environment is analyzed. Research results show that most studies support the belief that 
the tourism industry generates substantial environmental pollution. Environmental pollution from the 
tourism industry in Henan Province is reflected in tourist overloading, the direct effects of pollution from 
tourism consumption, damage to cultural relics in star-level tourism areas, and in dwindling habitats 
for plant and animal survival. Analyzing the interactive relationship between the tourism industry and 
ecological environment has scientific value and is worth promoting. This relationship is established 
based on CAS theory from four characteristics, namely, clustering, nonlinearity, flow, and diversity, and 
three mechanisms, that is, labelling, an internal model, and building blocks. The research conclusions 
can serve as a reference to better facilitate tourism industry development, estimate the relationship 
between the tourism economy and ecological environment, and combine ecological tourism and green 
technological innovation effectively. 

INTRODUCTION

The tourism industry is an important component of the 
modern service industry, which can promote the development 
of new industries, including ecological tourism, rural 
tourism, and leisure agriculture. Moreover, the sustainable 
development of natural ecological environments in tourism 
destinations can be realized by improving tourism ecological 
efficiency and promoting ecological protection, thereby 
achieving interaction between economic development 
and environmental protection in China. As a “smoke-free 
industry,” the tourism industry is an important direction 
for local industrial transformation. However, problems in 
practical development, construction, and tourism activities 
have emerged, such as the blind development of tourism 
areas, tourism projects that destroy ecological environments, 
and tourist overloading during holidays, which can lessen 

the environmental carrying capacity of tourism areas. 
Specifically, the most adverse impact of tourism product 
consumption on local ecology is reflected in ecological 
environmental pollution and ecosystem damage. Tourists 
generate pollution during tourism activities. Faeces and the 
arbitrary disposal of waste, bottles, papers, and tin cans in 
domestic wastewater can cause ecological environmental 
pollution. Driven by economic benefits, numerous tourism 
areas receive tourist volumes beyond their carrying capacity 
or develop tourism measures without permission from 
relevant authorities. Such activities can damage historical 
relics with substantial historical cultural value or unique and 
coordinated natural and human landscapes. Tourism suppliers 
may generate environmental pollution owing to “waste gas, 
wastewater and waste residues” and the improper layout of 
tourism service facilities during development, construction, 
and operation. The surge in population facilitates crowding 
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and chaos, and tourist destructive behaviour can generate 
environmental pollution and cause damage. Soil properties 
deteriorate from being trampled on by numerous people, 
and lingering tourist populations consume products, natural 
resources, and energy reserves. Moreover, population 
concentrations can lead to atmospheric, noise, and visual 
pollution.

Henan Province is an agricultural province in China with 
a relatively small population. The province expands its tour-
ism industrial scale continuously by taking advantage of its 
agricultural industry and tourism resources. After continuous 
development for nearly 30 years, the tourism industry in 
Henan Province, especially the rural industry, has formed a 
preliminary scale. Moreover, Henan Province is an important 
tourism area owing to its 5,000-year history, cultural arte-
facts, and unique resources. Nevertheless, the development 
of the tourism industry in Henan Province has experienced 
serious challenges in recent years. The development of 
cultural tourism, which is a subject of tourism products, has 
slowed down significantly and even halted. Tourism products 
generate serious environmental pollution and lack the integra-
tion of tourism resources. Moreover, the public demonstrates 
low enthusiasm and environmental protection awareness 
and lack of responsibility toward tourism environmental 
resources, thereby influencing environmental pollution in 
the tourism process. Tourists are direct contributors to envi-
ronmental pollution in tourism areas during holidays owing 
to experienced difficulties in parking, eating, defecting, and 
resting. Selecting a balance point between tourism industry 
development and environmental protection involves the entire 
tourism industry development process. Thus, how to address 
the conflict between industry development and environmental 
protection in tourism development and realize the sustainable 
development of the tourism industry and effective protection 
of the ecological environment should be investigated further.

PAST STUDIES

The tourism industry is an important component of the 
modern service industry. Tourism ecological efficiency can 
be improved by new industries, including ecological tourism, 
rural tourism, and leisure agriculture. However, problems 
exist in tourism industry development, such as the blind 
development of tourism areas, tourism projects that destroy 
ecological environments, and the reduction of ecological 
environmental capacity owing to tourist overloading during 
holidays. As a result, studies focus mainly on the interactive 
relationship between tourism and the environment. With 
respect to the interactive relationship between the tourism 
industry and ecological environment, Butler (1991) believed 
that the tourism industry and relevant developments impact 

the environment of “tourism destinations.” Owing to a gen-
eral lack of knowledge, responsibility, and long-term envi-
ronmental protection planning, the development of numerous 
tourism areas conforms neither to the environment nor 
culture of host countries and communities. He et al. (2003) 
investigated wetland resources in south Dongting Lake and 
its tourism value and established an evaluation system for 
the ecological landscape. Moreover, the authors conducted 
qualitative and quantitative assessments on the value of the 
wetland landscape to ecological tourism and proposed a 
principle and framework for the sustainable development 
of the wetland landscape. Mclennan et al. (2012) discussed 
the relationship between the economy, society, and environ-
mental indices from three major transformation stages of the 
tourism industry. Based on a survey of 303 residents in three 
regions, the authors found that the residents are in different 
stages of economic development and tourism dependence and 
thus formulated different tourism, economic, social, and en-
vironmental indices. Jinhe et al. (2012) believed that tourism 
wastes are by-products of resource consumption and envi-
ronmental digestion and exert environmental and ecological 
impacts. For example, for the Huangshan National Park in 
China, the environmental Kuznets curve fit of tourism wastes 
was tested based on time series data from 1979 to 2010. The 
results showed that solid-liquid waste emissions from tourists 
have an environmental Kuznets inverted U-shaped relation 
with tourism industrial development. Tang et al. (2014) dis-
cussed the influence of tourism traffic, accommodations, and 
activities on total CO2 emissions from the tourism industry 
in China from 1990 to 2012 using the top-down method. Cao 
et al. (2016) investigated large invertebrate communities in 
nine lakes at the Jiuzhaigou Natural Reserve and found that 
with the increase of populations and acceleration of urban-
ization, tourism activities in natural protection zones and 
other natural reserves exert serious impacts on the ecological 
environment of animals. Based on the statistical data of 11 
provinces (cities) in China’s Yangtze River, Zhou. Cheng et 
al. (2016) established an assessment system for the regional 
economy, ecological environment, and tourism industry and 
evaluated the development levels of the three systems using 
the weighted TOPSIS method. The authors concluded that 
the regional economy is highly associated with the tourism 
industry of provinces (cities), but no evident contradiction 
exists between environmental protection and economic de-
velopment. Fan et al. (2017) pointed out inadequate tourism 
resources or poor tourism resource development in different 
regions, which fail to promote the development of the tourism 
industry and cause serious damage to local natural ecolog-
ical environments, thereby resulting in blind and excessive 
development. Moreover, based on the environmental bearing 
capacity of tourism landscapes, the authors analyzed the 
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impact of tourism resource development on the ecological 
environment and proposed a strategy for sustainable devel-
opment. Chenyu et al. (2018) constructed a measurement 
model to assess coordinated development levels and analyze 
the relevant spatiotemporal evolution model for the period 
of 2000-2016 based on 14 cities in Gansu Province, China. 
The authors concluded that ecological environmental devel-
opment generally lagged behind the tourism industry and 
economic growth from 2000 to 2016, and the three systems 
failed to realize synchronous coordinated development. 
Lopez (2018) believed that the tourism industry is one of 
the biggest contributors to the gross domestic product of 
Thailand and suggested the design of a sustainable tourism 
policy framework with considerations on the sustainable 
ecological environment. Coordination between public and 
private sectors may also facilitate the sustainable develop-
ment of the tourism industry. Schmitz et al. (2018) analyzed 
the interaction between the environment and coastal tourism 
industry from the perspective of social-ecological networks 
and found that social ecosystems in coastal regions are weak-
ened substantially owing to tourism industry development. 
Liu et al. (2019) analyzed spatiotemporal coupling features 
between the tourism industry, urbanization, and ecological 
environment of cities in Shanxi Province for the period of 
2000-2017. The research results showed that before 2010, 
ecological environmental factors dominated the coupling 
of the urban tourism industry, urbanization, and ecological 
environment in Shaanxi Province. However, urbanization 
and the tourism industry became the dominant factors in the 
coupling development of the three systems after 2010. Zhao 
et al. (2019) designed an index system for tourism environ-
mental capacity for Pingdingshan City and calculated and 
examined the tourism environmental capacity of the city. 
According to the research results, the ecological tourism 
resource development in Pingdingshan City has advantages 
of natural conditions, convenient traffic, and perfect infra-
structures. However, several problems, such as inadequate 
resource protection, an unscientific management system, and 
so on, remain. Yuxi et al. (2020) proposed an international 
conflict trend predictor (ICTP) between nature-based tourism 
development and ecological protection and analyzed the 
spatial distribution features of the ICTP in the study area in 
China. The results showed that the ICTP level is relatively 
low or moderate in most regions in China, thereby indicating 
that most regions suffer from ecological problems caused 
by natural tourism activities. Based on the above literature 
review, though the tourism industry drives economic develop-
ment, it also generates heavy environmental pollution owing 
to excessive tourism resource development, tourism product 
consumption relative to environmental carrying capacity, and 
the coarse commercialization of tourism products. Existing 

studies on the interaction between tourism industry develop-
ment and ecological environment protection mainly discuss 
the linear relationship between tourism industry development 
and ecological environmental changes by designing a single 
index system. Besides, such studies do not assess the integral 
relationship between tourism and the environment from the 
perspective of comprehensive system theory. Moreover, 
studies on the interactive development of tourism and the 
environment as well as evolution mechanisms are inadequate. 
Hence, an analytical framework for the interactive develop-
ment of the tourism industry and ecological environment 
is constructed based on the complicated adaptation system 
(CAS) theory. Furthermore, a case study on Henan Province, 
China, is conducted to interpret the evolutionary path of 
the interactive development of the tourism industry and the 
ecological environment from a new research perspective.

ENVIRONMENTAL POLLUTION STATUS OF 
HENAN PROVINCE FROM THE TOURISM 
INDUSTRY

Tourist Overloading

A good environment is a basis for the creation and devel-
opment of the tourism industry. Moreover, such an environ-
ment is the most fundamental condition for the existence 
and development of the tourism industry in a country or 
region. However, tourism environments are vulnerable, and 
tourism development causes environmental damage and 
impact. Tourism development is viewed as an economic 
activity, and the pursuit of economic benefits is emphasized, 
whereas the universal impact of tourism on the environment 
is neglect. Tourism areas in Henan Province are operating 
under overloaded capacities, which can destroy the natural 
ecosystem equilibrium in tourism regions significantly. Fig. 
1 shows that from 2010 to 2017, the total number of tourists 
in tourism areas in Henan Province increased continuously 
and reached 235 million in 2017. Overcrowding in tourism 
areas in Henan Province also increased local infrastructure 
burden, causing water and electricity supply shortages and 
traffic owing to the sudden rise in demand. Also, high con-
centrations of tourists in tourism areas in Henan Province 
during the peak tourist seasons destroyed local habitats and 
environments for wild animals and plants owing to poor 
control. Such overloading operations caused serious damage 
to vegetation and generated heavy environmental pollution 
in tourism areas, thereby lowering tourism area attraction 
and shortening service life significantly.

Tourism Consumption Leading to Direct 
Environmental Pollution

Tourism activities are consumption-based dynamic behav-
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iours. The number of foreign tourists staying overnight at 
Henan Province has increased continuously in recent years. 
Figure 2 shows the per capita daily cost for foreign tourists 
and that the number of received foreign tourist staying over-
night increased rapidly every year. Tourism activities directly 
generate environmental pollution. Although administrative 
departments install garbage bins in tourism areas, many 
tourists with low personal qualities dispose of their garbage, 
such as drink bottles and food packages, arbitrarily, which 
can destroy natural landscapes and pollute scenic spots. As 
the number of tourists increases, the number of restaurants 
and hotels near scenic spots likewise increases. This de-
velopment increases pressure on the tourism environment 
because tourists’ daily activities intensify water pollution. 
Heavy traffic is a fundamental consequence of tourism. In 
addition, abundant wastes from traffic, excessive use of air 
conditioners, and emissions from heating sources can cause 
air pollution. Moreover, noise generated by vehicles and 
tourist activities is also a type of environmental pollution. 

Damage to Cultural Relics in Star-Level Tourism 
Areas

Henan Province has a long history, valuable cultural artefacts, 
and rich tourism resources. According to Table 1, the number 
of star-level tourism areas and operating revenue of tourism 
areas in Henan Province increased continuously from 2011 
to 2017. However, some tourists with low cultural qualities 
fail to recognize the value and uniqueness of cultural relics 
in star-level scenic areas and engage in various uncivilized 
behaviours, such as carving characters and pictures on cul-
tural relics, sitting or lying on cultural relics to take pictures, 
removing cultural relics, and so on. Such actions can incur 
losses and damage cultural relics to a certain extent. While 
sightseeing, tourists trample on cultural relics, thereby 

destroying them, and increased CO2 emissions may erode 
cultural relics owing to the abundant water content of CO2. 

Dwindling Habitats for Animal and Plant Survival

Certain regions in Henan Province adopt scale development 
in constructing artificial scenic spots to develop tourism 
resources, thereby causing excessive deforestation. Such 
activities cause serious damage to natural landscapes and 
plant vegetation. Many tourists walk through planted areas or 
sit on lawns to rest, thereby influencing the normal growth of 
plants. Thus, the development of tourism areas may destroy 
the habitats or shelters of wild animals. Tourism activities 
and noise made by tourists in tourism areas can disturb the 
life and reproduction of wild animals. In some wildlife parks, 
tourists often throw their food wastes to animals directly, 
which can threaten animal survival. 

CAS ANALYSIS OF TOURISM INDUSTRY AND 
ECOLOGICAL ENVIRONMENT

CAS theory is one of the most important theories in the 
current system. This theory argues that system evolution is a 
complex phenomenon, in which the microscopic subjects of 
a system interact and gradually form macroscopic layers. The 
concept of CAS theory differs from that of traditional sys-
tem theory because it emphasizes the interaction of internal 
factors in a system. According to the relevant concept, CAS 
theory has seven basic features, including four characteristics 
(i.e., clustering, nonlinearity, flow, and diversity) and three 
mechanisms (i.e., labelling, an internal model, and building 
blocks). In the following section, the interactive relationship 
between the tourism industry and the ecological environment 
is analyzed based on the aforementioned seven basic features.

Clustering: In the interaction between the tourism industry 
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and the ecological environment, clustering has two layers of 
meaning. The first layer is at the primary stage of interaction, 
in which relevant subjects in different systems cluster and 
interact actively to realize their development. For example, 
subjects related to tourism industry development, such as 
tourism resources, tourism management, tourism hardware 
facilities, and tourism services, gather in the tourism industry 
system and coordinate mutually to promote the development 
of the tourism industry. The influence of ecological tourism 
subjects on green technological innovation and their benefit 
pursuits vary to a certain extent. The government mainly 
influences green technological innovation through policies, 
and its benefit concerns cover economic benefits, social 
benefits, and ecological benefits. Meanwhile, the attitude 
of tourism developers toward green technologies is affected 
mostly by economic levels, and tourism developers focus 
on maximizing their economic benefits. Tourism employ-
ees focus on their remunerations and social status, whereas 
communities focus on the improvement of living standards 
and living environments.

Nonlinearity: A good ecological environment is the foun-
dation of tourism activities and an important impetus that 
drives the development and progress of the tourism industry. 
A coupling interactive effect exists between the tourism in-
dustry and the ecological environment; however, the internal 
mechanism of such an effect does not obey a simple linear 
relationship. According to CAS theory, mutual influences 
among individuals are complex relations of mutual influences 
and positive adaption among different interacting systems. In 
an interaction system, the interactive relationship between the 
tourism industry system and ecological environment system 
is formed spontaneously when they seek optimal develop-
ment. Such an interactive relationship is particularly close 
in regions with natural resource shortages and vulnerable 
ecological environments. Diversified subjects are involved 
in environmental pollution control. The characteristics of 
the government, social organizations, and ecological tour-
ists are differentiated continuously, and the government has 
become a subject that provides high-quality public services 
innovatively. The supervisory function of social organizations 
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Table 1: Number of Star-level tourism areas and operation revenues in Henan Province for 2011-2017.

2011 2012 2013 2014 2015 2016 2017

Total number of tourism areas (areas) 235 251 257 243 362 385 412

Number of AAAAA tourism areas (areas) 8 8 9 10 11 12 13

Number of AAAA tourism areas (areas) 81 89 84 74 124 134 146

Number of AAA tourism areas (areas) 103 109 110 101 133 141 163

Number of AA tourism areas (areas) 43 45 54 58 94 97 89

Number of A tourism areas (areas) 0 0 0 0 0 1 1

Operation revenue of tourism areas (100 million yuan) 38.4 91.1 104.31 98 82.91 101.06 110.09

(Data source: EPS database: http://olap.epsnet.com.cn/)
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is strengthened, and the awareness of ecological tourists of 
their ecological responsibility is further solidified.

Flow: In the interaction system, resource flows between the 
tourist industry and ecological environment mainly include 
population flow, material flow, cultural flow, information 
flow, and capital flow. These resource flows follow a circular 
pattern in the tourism industry system and ecological environ-
ment system and between the two systems. Without external 
disturbances and increased resource input, resource flows 
may first go to subjects and systems with high utilization. As 
a result, resource flows that cannot adapt to system interac-
tion and development will weaken and disappear gradually. 
Owing to continuous material flows, such as energy and 
information flows, realizing resource sharing and competence 
augmentation among subjects in an innovation system, the 
spillover effect of knowledge, the cumulative effect of in-
novation, and the “crossing priming effect” of technological 
innovation is possible. In an innovative network comprising 
the government, communities, and tourism developers, the 
subjects are nodes, and resource flows, including techno-
logical human resources, capital, and information, generate 
accumulated experiences and adaptation behaviours.

Diversity: The complexity of adaptation generation is the 
basic principle of CAS theory. Diversity in the CAS is a type 
of dynamic reflection showing adaptation and apparent com-
plexity. The tourism industry and ecological environment sys-
tems possess the characteristic of diversity. Tourism industry 
development can be promoted by various factors, including 
macroscopic factors, resource factors, supply-demand fac-
tors, enterprise factors, and so on. Moreover, tourism industry 
development does not involve a mode and pathway owing 
to such factors. Tourism industry development observes the 
decisive role of the market in resource allocation and the 
supervision and guidance of the government. 

Labelling: Labelling refers to the mechanism formed to 
promote clustering. Under the labelling mechanism, sub-
jects with a common value orientation and objective gather 
spontaneously and gradually form the unique characteristics 
and boundaries of a system. Labelling is key in forming 
subsystem categories and layer divisions in the CAS. In the 
interaction between the tourism industry and ecological en-
vironment, the different characteristics, development objects, 
interest demands, resource use modes, and management 
mechanisms of subjects are direct sources for labels. Specific 
subjects involved in tourism pollution control have different 
objectives, demands, professional advantages, and resources, 
which are direct sources for labels. For example, the institu-
tion and policy labels of the government, the product label 
of tourism developers, and the knowledge label of tourism 
employees are guidelines for selecting innovative allies, 

sharing knowledge, and reaching innovative consensus and 
lay a reasonable foundation for specialization and coopera-
tion. Interaction and connection based on the key labels of 
subjects form the innovative community label.

Internal model: An internal model is a functional model that 
solidifies gradually when a complex system responds to ex-
ternal input. With the input of abundant resource flows, such 
as human resources, capital, and information, the inherent 
form of high-efficiency resource utilization is formed grad-
ually in the tourism industry and ecological environmental 
systems and between the two systems. The internal model 
subjects of a system composed of tourism pollution and en-
vironmental control are an entire set of rules and programs 
for adjusting behaviours to adapt to the environment. Based 
on previous experiences and knowledge, subjects of tour-
ism environmental governance reflect on their conditions, 
innovative benefits, the strategies of relevant parties, and 
national ecological regulations and conduct comprehensive 
evaluations on the innovation of environmental pollution 
control, thereby making decisions and performing actions. 
Similarly, the interaction between the tourism industry and 
ecological environmental systems has a gradually solidified 
internal model. For example, guided by tourism industry 
development, the internal model improves ecological en-
vironmental quality, increases environmental governance 
levels, and enhances the environmental education function 
through tourism development and activities.

Building blocks: Building blocks comprise the CAS. The 
complexity of a system is determined by the combination 
mode of building rocks but is unrelated to the number of 
building blocks. Diversified combinations exist in and among 
subjects in the tourism industry system. For example, build-
ing blocks participate in coordination between enterprises, 
community residents, and tourists in the subject system; 
protection in the ecological environmental system; and 
coordination between environmental pollution control, de-
velopment, and utilization. In the process of tourism-induced 
environmental pollution control, the government, communi-
ties, tourism developers, tourism employees, social organi-
zations, and ecological tourists are the basic building blocks, 
and their combination modes in the innovation framework, 
as well as derived interaction function, play an important 
role in coordinating economic benefits, social benefits, and 
ecological benefits and maximizing overall benefits.

CONCLUSIONS

Owing to unscientific tourism resource development, ex-
tensive tourism operations, large-scale waste disposal in 
the tourism process, and abundant exhaust emissions from 
tourism vehicles, the tourism industry exerts serious pressure 
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on the ecological environment. With reference to CAS theory, 
investigating the overall interactive relationship between the 
tourism industry and the ecological environment from the 
perspective of comprehensive system theory is beneficial to 
realize the coordinated development of the two systems. A 
case study on Henan Province, China, is conducted, which 
summarizes the province’s environmental pollution status 
caused by the tourism industry and analyzes the CAS of 
the tourism industry and the ecological environment. The 
research results demonstrate that currently, the tourism in-
dustry in Henan Province generates various problems, such as 
tourist overloading, direct environmental pollution caused by 
tourism consumption, damage to cultural relics in star-level 
tourism areas, and dwindling habitats for animal and plant 
survival. Constructing the interactive relationship between 
the tourism industry and ecological environment based on 
CAS theory from four characteristics, namely, clustering, 
nonlinearity, flows, and diversity, and three mechanisms, 
that is, labelling, an internal model, and building blocks, has 
scientific value and is worth promoting. In-depth research on 
the development of conceptual models for tourism products 
optimizing the development mode of tourism products, es-
timating the comprehensive features of the tourism industry 
and ecological environment, innovating tourism development 
and environmental control modes, and strengthening tourist 
participation in tourism-induced environmental protection 
is necessary. 
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ABSTRACT

The present study investigated the pathological effects of trace metals in organs of Wistar rats fed 
with extracts of grasses collected from areas surrounding mining industries. The rats were examined 
for clinical signs during the experimental period and the concentration of trace metals in organs was 
examined using ICP-MS. The kidneys were analysed for pathological changes under Transmission 
Electron Microscopy (TEM). Generally, trace metal concentration in the organs of the rats followed the 
order Zn > Cu > Mn > As. These trace metals were bio-accumulated more in the spleen than kidneys 
and livers. Clinical signs such as hair loss, reduced fluid intake, pale ears and feet and skin irritation 
were observed. TEM investigation of kidney glomeruli showed pathology such as the presence of 
mesangial deposits, as well as the villous formation and effaced foot processes of the podocytes. Trace 
metals were bioaccumulated in the organs of the rats and spleen had a higher concentration, which 
might have negative effects on the organs. It was concluded from the study that plants harvested from 
polluted sites might be harmful when consumed as they have the potential to induce organ dysfunction.

INTRODUCTION

Developing countries are facing serious issues concerning 
pollution due to economic growth and various developmental 
projects, leading to increased concentrations of trace metals 
in the environment (Jan et al. 2015).  The increased level of 
trace metals in the environment through vehicle exhausts, 
solid waste disposal, application of sludge, irrigation of 
wastewater and atmospheric deposition from industries has 
been experienced by many countries (Qu et al. 2012). China 
has also shown rapid development, resulting in serious trace 
metal pollution in their environment (Hu et al. 2014). In 
South Africa, the studies by Olowoyo et al. (2013) identified 
different mining activities as a potential source of trace metals 
in the environment, whereas, Okonkwo et al. (2009) have 
reported on vehicular activities as a source of trace metals in 
the urban soils of Pretoria, South Africa. Tshwane (Pretoria) 
has also been reported as a region in South Africa that has 
poor air quality due to the trace metal contaminants released 
by mining industries around the area (Writer 2016). Pollution 
of the environment by trace metal concentrations is of great 
concern due to their non-degradable nature and persistent 
characteristics as this can place risk on the ecosystem (Jan et 

al. 2015). These trace metals find their way into human and 
other mammalian systems through plant uptake from either 
soil or water, which are then consumed and integrated into 
their bodies (Durkalec et al. 2014). 

Various studies have shown that the human body can 
become exposed to a significantly elevated concentration 
of trace metals through different pathways (Stankovic et al. 
2014). The most important route into mammalian systems 
is through inhalation of particulate matters, dermal contact 
with substances which are likely to cross the skin barrier, as 
well as ingestion of plants grown in soil contaminated by 
trace metals or irrigation by water containing trace metals 
(Moreira et al. 2005, Soewu et al. 2014). The exposure of 
animals and humans to trace metals can cause progressive and 
irreversible accumulation in the organs (Baby et al. 2010). 
Besides, the intake and uptake of trace metals by the body 
produce numerous interactions because of metabolism and its 
regulation (Wang et al. 2012). Manganese (Mn) is an essential 
element that is involved in various metabolic processes such 
as blood clotting, mineralization of the bones and production 
of adenosine phosphate (Markiewicz-Gorka et al. 2015). 
However, in excess Mn affects the optimal functioning of 
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arteries, heart, nervous system and liver of mammals (WHO 
2011, Markiewicz-Gorka et al. 2015). Similarly, zinc (Zn) is 
known to be responsible for an increase in oxidative stress 
produced by exposure to lead (Pd) and cadmium (Cd), but 
in excess, it may cause many side effects in humans such as 
inadequate diet, irritability, sickle cell disease, tiredness and 
diarrhoea (Zhai et al. 2015).

The impact of trace metals on mammalian organs has 
been studied (Mohapatra et al. 2009). Histological exami-
nation of albino rats from a busy road site exhibited damage 
to internal organs such as kidney, liver, heart, and lungs due 
to the exhaust fumes of cars having a great impact on their 
physiology (Ajayi et al. 2011). Li et al. (2015) also studied 
the impact of trace metal bioaccumulation in kidneys and 
livers of rats and reported that trace metal bioaccumulation 
causes inflammation in these organs and the occurrence of 
melanomacrophage centres (aggregates of highly pigmented 
phagocytes) in the spleen (Arantes et al. 2015). Notably, 
effects from trace metals in these studies are however ex-
aggerated as they were established by acute or sub-chronic 
exposures that do not reproduce the actual risk to the gen-
eral population (Markiewicz et al. 2015). Most of the study 
carried out on the impact of trace metals on the organs of 
mammals were carried out using the plants that might seem 
difficult to consume by the mammals used in the study, as 
they were not in their natural habitat. The present study used 
an extract from these polluted grasses to feed the rats used 
in this study as against the use of the whole grass. Our study 
therefore in an attempt to duplicate the natural state seeks 
to establish and examine the levels of toxic trace metals and 
their pathology in organs of rats fed with an extract of grass 
collected from areas adjacent to mining sites. The present 
study also uses TEM (Transmission Electron Microscope) 
to determine the actual impact on the organs of the rats used 
in this study.

MATERIALS AND METHODS

Study Design 

Approval to conduct the research and experimentation on 
animals was sought from the Research Ethics Committee 
and the Animal Ethics Committee of the Sefako Makgatho 
Health Sciences University before the commencement of the 
study. The study was conducted during February 2017-Jan-
uary 2018 at Sefako Makgatho Health Sciences University, 
Pretoria, South Africa. All the procedures performed in this 
study were following the Institutional Animal Care and Use 
Committee (IACUC) ethical guidelines. A total of thirty 
three-month old rats (15 adult males and 15 adult females) 
were obtained from the South African Vaccine Producers, 
Kempton Park, Gauteng and acclimatized for two weeks, 

whereafter they were randomly divided into three groups of 
10 (five each males and females). Rats in the experimental 
group were fed with commercial cubes (mice/rat cubes, 
Epol™) and 40 mL of water supplemented with 200 mg/
kg of the extract obtained from different grasses (Cynodon 
dactylon, Hyparrhenia hirta and Urochloa mosambicensis) 
collected from two mining sites. In addition, the third group 
(control) was fed with only water and commercial rat cubes. 
This study was conducted for 28 days and clinical signs were 
observed throughout the experimental period. The rats were 
kept individually in polycarbonate cages (50 cm × 32 cm) 
in a well-ventilated animal room (22°C-25°C) kept at a 12 
h light/12 h dark cycle. Their beddings were lined with ver-
miculite that was regularly replaced, and PVC pipe provided 
for enrichment purposes. 

After the experimental period, the rats were restrained 
by using the scruff method and euthanized with 0.2 mL of 
Euthapent solution (pentobarbitone sodium), and thereafter 
the ventral side of the rat was exposed.  A solution of 70% 
ethanol was used to prepare an area on the ventral side 
followed by the insertion of a 23G needle at 30°C from the 
horizontal axis of the sternum to the heart where after 4.5 
mL blood was collected. Blood was collected into pre-cooled 
serum-separating tubes (SST) and yellow-topped containing 
acid citrate dextrose (ACD). Thereafter, the chests of rats 
were exposed and organs (kidneys, liver and spleen) were 
dissected and rinsed with saline to remove excess blood 
and clots. 

Preparation of the Grass Extract

The aerial parts of the grasses were dried in an oven at 40°C 
for 72 hours and equivalent quantities of the grasses C. dac-
tylon, H. hirta and U. mosambicensis (5g: 5g: 5g) was then 
mixed with 150 mL distilled water. The solution was ultra-
sonicated for 60 minutes under ice, followed by the addition 
of 150 mL warm distilled water (50°C). Stirring commenced 
for 60 minutes using a magnetic stirrer; left for 24 hours to 
sediment where after the supernatant was filtered, dried at 
40°C and stored at 4°C until further use.

Trace Metal Analysis of Grasses, Grass Extracts and 
Organs

The grass samples were oven-dried for 48 hrs at 70°C and 
ground using pestle and mortar. The ground grass samples 
and extracts were then digested using 2 mL of nitric acid and 
3 mL of perchloric acid (Lion et al. 2016), followed by trace 
metal analysis using ULTIMA Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) (Olowoyo et al. 2011).

The organs (liver, spleen and kidneys) were cut into small 
pieces, and oven-dried at 50°C for five days. The dried organs 
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were ground using a pestle and mortar and sieved to obtain 
homogenized particles; thereafter 0.5 g of each of the organs 
was placed in a pre-washed Erlenmeyer flask. The same 
volume of extract was transferred to separate conical flasks, 
and 3 mL nitric acid (55%) was added to fresh samples and 
left to stand for 10 minutes. The solution was digested at 
70°C for approximately 90 min. During digestion, the sam-
ples were treated with an additional 2 mL nitric acid and 1 
mL distilled water (to prevent the samples from drying out) 
while heating on a hot plate until all samples were dissolved 
and a clear solution was obtained. The digested solution was 
transferred into a 50 mL volumetric flask and filled with dis-
tilled water, filtered and stored at 4°C to be analysed for trace 
metal content ICP-MS. Quality assurance was guaranteed by 
analysing plant and organ samples in triplicate, followed by 
the analysis of CRM042 that contain trace metals.

Liver Enzyme Activity

The blood samples were used to determine liver enzyme 
activity (ALT and AST). Samples were centrifuged at 3000 
rpm for 10 minutes at 4°C, and extracted serum was stored 
at -80°C until required. The frozen serum was left to warm to 
room temperature, poured into cuvettes and analysed (Human 
Diagnostics Worldwide, Germany) using system clinical 
chemical reagents (Indiko™ plus, Thermo Scientific™). 

Kidney Pathology Analysis and Antioxidant Activity

The kidneys were cut (1 mm3), fixed in 2.5% glutaraldehyde, 
routinely prepared for electron microscopy at the Electron 
Microscope Unit (Sefako Makgatho Health Sciences Univer-
sity) and viewed using a JEM 1010 Transmission Electron 
Microscope (JEOL, Japan).

The two antioxidant enzymes, i.e. catalase (CAT) and 
superoxide dismutase (SOD), as well as glutathione (GSH) 

were measured to determine kidney antioxidant activity. 
Tissue samples were prepared by homogenising 300 mg in 
2 mL phosphate buffer followed by centrifugation at 15000 
rpm for 10 min at 4°C. The supernatant was separated by en-
zyme-linked Immunosorbent Assay kit (Cloud-Clone Corp, 
Katy, TX 77494, USA) for CAT, GSH and SOD activity and 
assessed using a microplate reader (BioTek ELx800, USA).  

Statistical Analysis

One way Analysis of Variance (ANOVA) was used to deter-
mine differences in kidney antioxidant level, liver enzymes 
and the concentration of trace metals. Statistical analysis 
was carried out using SPSS 24.0, where p < 0.05 was con-
sidered statistically significant. The results are represented 
as mean± SD. 

RESULTS

Concentration of Trace Metals in Pellets and Extract 
of Grasses Used in the Study

The concentrations of trace metals in rat commercial pel-
lets and grasses harvested from soils around mining areas 
are given in Table 1. The concentration of Zn ranged from 
23.00±0.34 - 67.00±1.08 mg/kg; Cu 4.73±0.16 - 9.50±0.20 
mg/kg; and Mn 24.01±0.15 - 342.00±3.50 mg/kg. The high-
est concentration of trace metals was recorded in Urochloa 
mosambicensis. There was a significant difference (p < 0.05) 
in the concentration of trace metals in the grasses. Further-
more, the concentrations of Zn (152.30±7.54 mg/kg) and Cu 
(25.67±0.83 mg/kg) in pellets used for this study were higher 
than the concentration recorded for all grasses.

The mean concentration of trace metals in the extract of 
grasses from trace metal-polluted areas and tap water are 
given in Table 2. In extracts, the concentration of copper 

Table 1: Trace metals concentration in commercial rat pellets and grasses harvested from the soil around mining areas.

Groups Grasses
                               Trace metals (mg/kg)

Cu* Mn* Zn*

S1

C. dactylon 6.20±0.13 223.00±2.20 23.00±0.34

U. mosambicensis 9.10±0.21 342.00±3.50 67.00±1.08

H. hirta 4.73±0.16 24.73±0.23 43.60±0.53

S2

C. dactylon 7.20±0.11 262.00±3.60 32.00±0.13

U. mosambicensis 9.50±0.20 295.00±6.20 37.00±0.29

H. hirta 6.77±0.05 24.01±0.15 42.76±0.51

Commercial rat pellets 25.67±0.83 197.90±3.61 152.30±7.54

Grass from: Site 1 (S1) and Site 2 (S2)
*Significance of comparison means by ANOVA is indicated by (p<0.05)
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(Cu) ranged from 8.95±0.15 mg/L to 10.68±0.20 mg/L; zinc 
(Zn) 71.29±1.03 mg/L to 73.00±1.06 mg/L and manganese 
(Mn) 93.86±1.18 mg/L to 125.40±1.46 mg/L. The highest 
concentration of Cu and Zn was recorded from the tap water 
while Mn was recorded from site S2. It should also be not-
ed that the concentration of Cu (24.86±0.10 mg/L) and Zn 
(73.00±1.06 mg/L) in tap water was higher than the recorded 
concentrations from extracts.

Daily Intake of Fluid in the Rats Used for the Study

The results of the experiment for the daily fluid (water or 
extracts) intake of rats during the study period (Table 3) 
shows a decrease in the consumption rate when fed with 
grass extracts collected from sites S1 and S2, in compar-
ison to the more stable intake of tap water by rats in the 
control group (C) towards the end of week one and week 
five. During week 1, the intake of grass extracts collected 
from sites S1 and S2 was higher than the control group. 
However, intake of the grass extracts collected from S1 
and S2 decreased in week five when compared to tap water 

(control group).

Clinical Manifestation in Rats During the Study Period 

During the second week of the experiment, clinical signs such 
as pale ears were visible. However, in the third week, wounds 
around the eyes were also noticeable due to skin irritation. 
By the fourth week, the rats experienced skin irritation that 
resulted in wounds around the neck (Fig. 1).

Concentration of Trace Metals in the Organs of Rats

The concentration of toxic trace metals such as Pb, Hg, Cu, 
Mn, Zn and As in the spleen of the rats is given in Table 
4. Concentration for Lead (Pb) ranged from 0.41±0.01 - 
0.53±0.02 mg/kg; with Hg 0.18±0.02 - 1.33±0.33 mg/kg 
and As ranging from 0.69±0.02 - 1.11±0.11 mg/kg. The 
concentration of trace metals obtained in spleen samples of 
rats from sites S1 and S2 were significant (p < 0.05). The 
concentration of trace metals in the spleen of the rats from 
sites S1 and S2 was lower in comparison to the control (C) 
group.

26 
 

 

 

 
Fig. 1A: Clinical signs observed in rats during the experiment with wounds above the eye. 

Fig. 1B: Clinical signs observed in rats during the experiment with pale ears. 

Fig. 1C: Clinical signs observed in rats during the experiment with wounds on the neck. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1A: Clinical signs observed in rats during the experiment with wounds above the eye. Fig. 1B: Clinical signs observed in rats during the experi-
ment with pale ears. Fig. 1C: Clinical signs observed in rats during the experiment with wounds on the neck.

Table 2: Mean concentration of trace metals in grass extracts and tap water.

Extracts
                       Trace metals concentrations (mg/L)

Cu* Mn* Zn*

Extracts of grass from S1 8.95 ±0.15 93.86±1.18 71.29±1.03

Extracts of grass from S2 10.68±0.20 125.40±1.46 71.70±0.94

Plain tap water 24.86±0.10 5.78±0.05 73.00±1.06

Grass extracts from Site 1 (S1) and Site 2 (S2)
*Significance of comparison means by ANOVA is indicated by (p< 0.05)
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The results of trace metal concentrations present in livers 
and kidneys are indicated in Table 5. The kidney concentra-
tions of As ranged from 0.02-9.59 mg/kg; Cu 0.08-12.05 mg/
kg; Mn 0.04-0.14 mg/kg and Zn 0.20-0.28 mg/kg. In addition, 
the concentration of As and Cu in kidneys collected from site 
S2 was higher compared to rats fed with extracts of grasses 
collected from site S1 and tap water (C). 

Trace metal concentration in kidneys and livers generally 
followed the order Cu> Zn >Mn> As. The liver concentration 
of Cu ranged from 3.63-3.86 mg/kg; Mn 0.16-0.29 mg/kg 
and Zn 1.19-1.33 mg/kg, but the concentration of As in livers 
of rats’ groups were all below the detection limit. The trace 
metal in the liver was higher than in the kidneys of these rats.

Enzyme Activities in the Organs

 Liver enzyme activity is presented in Table 6.  The differ-
ences in liver enzyme activity from the blood serum of the 

rats were not significant (p > 0.05) as an indicator of liver 
cell injury. The level of alanine transaminase (ALT) in the 
blood serum of the rats fed with extracts of grasses from sites 
S1 and S2 were higher when compared to the control group. 
The activity of aspartate transaminase (AST) in the blood 
serum of the rats fed with grass extracts from the mining 
areas (S1 and S2) were extremely high when compared to 
the control group.

The antioxidant activity (CAT, SOD and GSH) are pre-
sented in Table 7. The superoxide (SOD), catalase (CAT) 
and glutathione (GSH) activity in kidneys of the rats fed with 
extracts of grasses collected from sites S1 and S2 was higher 
compared to the control (C) group. The kidney antioxidant 
activities between the groups were significant (p < 0.05). 
The values of GSH, SOD and CAT for rats fed with extracts 
of grasses collected from site S2 and control, followed the 
sequence GSH> SOD> CAT.

Table 4: Mean concentration of trace metals in the spleen of the rats fed with grasses extract and tap water.

 Groups
                                                                           Trace metals (mg/kg)

As* Cu* Hg* Pb* Mn* Zn*

S1 0.86±0.11 8.18±0.03 0.41±0.02 0.50±0.0 1.28±0.03 79.43±4.10

S2 1.11±0.11 7.03±0.13 1.33±0.33 0.53±0.02 1.31±0.44 86.37±3.21

C 0.69±0.02 5.93±0.14 0.18±0.02 0.41±0.01 0.68±0.01 63.22±2.11

Grass extracts from Site 1 (S1); Site 2 (S2); and control (C) 
  *Significance of comparison means by ANOVA is indicated by (p<0.05)

Table 3: Daily intake volumes of rats during the study period

Groups        Volume of grass extract (mL) per day over one week

Week 1* Week 2* Week 3* Week 4* Week 5*

S1 38.13±0.52 37.93±0.51 33.55±1.39 34.09±1.46 31.75±1.46

S2 37.46± 0.85 37.60±1.02 34.86±2.69 34.94±1.59 32.91±3.31

C 36.59 ± 2.00 35.95±2.81 36.06±2.75 36.80±1.07 35.92±1.59

Grass extracts from  Site 1 (S1); Site 2 (S2); and control (C) 
*Significance of comparison means by ANOVA is indicated by (p< 0.05) 

Table 5: Mean concentration of trace metals in the kidney and liver of rats. 

Trace metals
(mg/kg)

Groups

S1 S2 Control

Kidney Liver Kidney Liver Kidney Liver

As* 0.04 <DL 9.59 <DL 0.02 <DL

Cu** 0.12 3.71 12.05 3.86 0.08 3.63 

Mn** 0.14 0.29 <DL 0.17 0.04 0.16

Zn** 0.28 1.32 <DL 1.33 0.20 1.19

Grass extracts from Site 1 (S1); Site 2 (S2); and tap water (C)
*Significance of comparison means by ANOVA is indicated by (p< 0.05)
** No significance of comparison means by ANOVA is indicated by (p> 0.05)
<DL: Detection limit
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Transmission electron microscopy (TEM) provided valu-
able ultrastructural information on the pathological changes 
observed in the kidney glomerulus (Fig. 2).

DISCUSSION

The concentrations of trace metals such as Zn, Mn and Cu 
were high in both the grasses and pellets used in this study. 
Previous studies showed that plants can bioaccumulate trace 
metals from the soil and may have a high concentration of 
toxic trace metals (Olowoyo et al. 2013, Lion et al. 2016). 
The concentration of Zn in Urochloa mosambicensis (S1) 
and rat pellets in this study was higher than the permissible 
limit set by FAO/WHO (2011) which is 60 mg/kg (Bvenura 
& Afolayan 2012). However, the high concentration of Zn 
and Mn in U. mosambicensis from site S1 may be due to the 
translocation factor and bioaccumulation factor of this grass 
from a polluted area (Lion et al. 2016). The ingestion of food 
containing a high concentration of Zn and Mn have been 
reported to cause anaemia, reduced bone formation, kidney 
stones and pneumonia (USDHH 2012, Yogesh et al. 2013). 

The concentration of trace metals such as Mn and Cu in 
tap water was higher than the acceptable limit set by WHO 
(2011). The presence of high trace metal concentration in 
the extracts may thus be due to combining grasses and tap 
water when preparing the extracts. Moreover, Mn, Zn and 
Cu affect the blood, kidneys, lungs, urinary tract, stomach 
and skin (Jarup 2003, USDHHS 2012, Yogesh et al. 2013).

Clinical signs such as fur loss and itching, which are 
clear indicators of acute pain in the rats, were observed in 

the experimental groups during the study. Similar results 
were obtained in the study conducted by Alimba et al. (2012) 
where rats treated with municipal leachates suffered loss of 
appetite, hair loss, diarrhoea and signs of ungroomed hair as 
symptoms of immune dysfunction. The study by Jarup (2003) 
noted that the changes in skin lesions and presentation of 
gastrointestinal indicators could be due to high trace metal 
consumption from the grass extracts thus leading to changes 
in the immune responses of the rats.  

In an earlier study, Rubio et al. (2008) reported on sig-
nificantly higher concentrations of toxic metals that were 
bio-accumulated in spleen rather than other organs, although 
some toxic metals were only detected in the spleen. A related 
study by Naven et al. (2017) investigated the trace metal 
content of spleen from rats exposed to chronic fasciolosis 
and basic zinc-copper,  which showed an increase in the 
concentration of trace metals when the immune system of 
the animal was compromised similarly to those infected with 
chronic fascioli, and other infections (Tarantino et al. 2013).

The recorded concentrations of toxic trace metals in the 
spleen of treated rats during our study were significantly 
higher than the recommended limit set by National Health 
and Research Medical Council (NHRMC) and the World 
Health Organization (WHO). The recommended limit of lead 
(Pb), mercury (Hg) and arsenic (As) in organs of a healthy 
body is reported as 0.05 mg/kg, 0.2 mg/kg and 0.5 mg/kg 
respectively (Norouzi et al. 2017). The studies conducted 
by Arantes et al. (2015) and Kuang et al. (2016) proposed 
that the changes observed in the spleen may be due to the 
toxic level of Pb and Hg accumulation in the visceral organs.

Table 7: Kidney antioxidant enzyme activities in rats fed with grass extracts and tap water.

Groups
                                                   Anti-oxidant Enzymes 

SOD* (pg/mL) CAT*(ng/mL) GSH*(µg/mL)

S1 3.46±0.06 3.46±0.09 3.24±0.16

S2 3.13±0.59 3.06±0.65 3.22±0.17

Control 2.68±1.64 2.60±0.43 3.08±0.15

Grass extracts from Site 1 (S1); Site 2 (S2); and tap water (C)
*Significant difference in the values obtained for kidneys antioxidant activities from different groups (p< 0.05).

Table 6: Liver enzyme activity 

Groups
                                          Liver Enzymes (IU/L)

ALT** AST**

S1 65.67±23.83 166.11±35.83

S2 67.90±18.74 254.40±99.23

Control 64.90±15.50 142.00±26.09

Grass extracts from Site 1 (S1); Site 2 (S2); and tap water (C)
**No significant difference in the values obtained for liver enzymes test in blood serum (p> 0.05)
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This study supported the findings of Barbier et al. (2005) 
which identified kidneys as a secondary bioaccumulator of 
trace metals, possibly due to their re-absorption potential. 
The accumulation of As and Cu in kidney tissues of rats 
fed with grass extracts collected from site S2, is associated 
with an increase in the level of ALT and AST activities. The 
recorded trace metal concentrations in the kidneys during 
this study may affect the metabolic process and transporta-
tion of enzymes to the kidney tubules (Pereira et al. 2006) 
and possibly damage the internal organs (Ajayi et al. 2011). 
The increased activity of AST in all the groups may be an 
indication of hepatocellular damage as corroborated by 
Markiewicz-Gorka et al. (2015) when exposing rats to toxic 
concentrations of lead, cadmium and manganese. The normal 

activity of ALT in all the groups may result from elevated 
AST since ALT allows the AST level to initially peak due 
to oxygen starvation (Hall & Cash 2012).

Our study indicates decreased enzymatic activity of CAT 
and SOD in all the groups, which may be due to apoptosis, 
proliferation of cells, cell differentiation or maintenance of 
redox-sensitive signal transduction pathways (Weydert & 
Cullen 2009). The Markiewicz-Gorka et al. (2015) similarly 
reports low SOD and CAT activities in rats exposed to trace 
metals such as lead and manganese. The observed study by 
the increase of GSH from our study may be due to kidney 
necrosis as corroborated by Purucker et al. (1995) where 
an increase of GSH was attributed to renal dysfunction and 
liver cirrhosis. Our results obtained for GSH corroborate 
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Fig. 2A and B: Electron micrographs of kidney glomeruli control with red blood cells (RBC), capillary lumen 
(CL) with endothelial cells (E) and podocytes (P)  with well-developed fenestrae (arrows);   

Fig. 2C and D: Rats fed with grass extracts from mining area S1 showing mesangial deposits (Md), villous 
hypertrophy (V), sub-endothelial deposit (Sd), effaced foot process of podocytes (Efp) and tactoids (*);  

Fig. 2E and F: The glomerular basement membrane (GBM), tactoids (*), effaced foot process (Efp) and sub-
endothelial deposits (Sd). 

 

 

Fig. 2A and B: Electron micrographs of kidney glomeruli control with red blood cells (RBC), capillary lumen (CL) with endothelial cells (E) and 
podocytes (P)  with well-developed fenestrae (arrows);   Fig. 2C and D: Rats fed with grass extracts from mining area S1 showing mesangial deposits 
(Md), villous hypertrophy (V), sub-endothelial deposit (Sd), effaced foot process of podocytes (Efp) and tactoids (*);  Fig. 2E and F: The glomerular 

basement membrane (GBM), tactoids (*), effaced foot process (Efp) and sub-endothelial deposits (Sd).
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the work of Scaduto et al. (1988) where increased GSH 
caused ischemia-induced renal dysfunction and renal failure 
(Sindhu et al. 2005) resulting in various complications such 
as anaemia, impaired immunity and abnormalities in hae-
mostasis. It has further been shown that long-term exposure 
of trace metals in rats can also cause chronic or acute renal 
dysfunction (Soewu et al. 2014).

Pathology changes in the kidney glomerulus during our 
investigation may be due to the concentration of trace metals 
absorbed during experimental exposure. Epithelial cells of 
the glomerulus also showed the increased villous formation 
of the podocytes, which caused hypertrophy within the lumen 
ultimately leading to malfunctioning of these cells (Tobar 
et al. 2013). The tactoids observed in the capillary lumen 
signify immunotactoid glomerulopathy also known as a 
rare glomerular disease (Nasr et al. 2012). This disease is a 
condition whereby antibodies are deposited abnormally in 
the kidneys during filtration of blood to produce urine with 
waste products (UNC Kidney Center 2015). 

Acute kidney injury can decrease the rate of glomerular 
filtration, which fails to eliminate environmental toxins 
and metabolic waste from the body (Orr & Bridges 2017).  
Affaced foot processes of podocytes and sub-endothelial 
deposits (Fig. 2E & 2F) have been reported to be the char-
acteristic of proteinuric renal disease (Degeens et al. 2008), 
where damaged renal tubular cells present as a sign of acute 
kidney injury (Lee et al. 2012).  Histopathology and electron 
microscopical examination of tissues can identify the end 
stages of organ toxicity and lesions caused by xenobiotics 
such as trace elements (Orr & Bridges 2017).

CONCLUSION

From the present study, the toxicity impact of the trace metals 
was linked to accelerated weakening of the immune system, 
causing allergies that negatively affected the normal function-
ing of the organs of the test animals. It was also noted that 
the kidney antioxidant activity of the experimental animals 
was largely impaired as a result of the high level of trace 
metals found in the kidney. Besides, the mesangial deposits 
in the kidney of the rats fed with polluted grass resulted in 
proliferative glomerulonephritis with the visible formation 
of lesions. High absorption of trace metals in the liver ad-
versely affected the blood serum ALT and AST activities by 
increasing the serum activity, an indicator of liver damage. 
Some trace metals found in organs such as the liver, kidney, 
and spleen of control rats was possibly from the pellets and 
tap water as recorded in this study. Consumption of polluted 
grasses as a whole as demonstrated in previous studies or as 
extracts as demonstrated in the present study have a signifi-
cant effect on the organs of mammals hence consumption or 

usage of plant materials harvested from polluted sites should 
be discouraged as this may pose a serious health risk.
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ABSTRACT

This study was conducted on the oldest water treatment plant in the city of Basra, which is the Al-
Buradieiah Water Treatment Plant (BWTP) during the period from December 2017 to March 2018. 
The study aimed to evaluate the efficiency of the plant by calculating the efficiency of sedimentation, 
filtration and sterilization basins, as well as to examine the water quality by examining the physical and 
chemical characteristics of raw water and treated water in this plant and then compare it with the World 
Health Organization (WHO) and Iraqi standards. The results of this study showed that the efficiency of 
sedimentation basins is 54%, while the efficiency of filtration basins is 24% and sterilization efficiency 
ranging from 37 to 65%. As well as, laboratory results of treated water quality have also shown that the 
turbidity equal to (7.24 NTU), electrical conductivity (EC) equal to 5040 µS/cm, the total dissolved solids 
(TDS) equal to 3380 mg/L and the total suspended solids (TSS) equal to 190 mg/L of the water outside 
from the BWTP. All these water quality results are higher than the WHO and Iraqi standard limitations 
except the value of pH, which is 6.9 and within the permissible limits.

INTRODUCTION

Water is the single most important substance for the suste-
nance of life known in the world. It is the elixir of life and 
without it, life is not possible. It represents a fundamental 
requirement for all life activities and is essential to humans, 
animals and plants (Fetter 1988). Its supply is endless as 
it covers over 80% of the earth’s surface; however, only a 
small fraction of the water in the world is available for the 
human use (Sundstrom & K1ei 1979). Water is a vital liquid 
for maintaining life on earth. About 97% of the water that 
exists in oceans is not suitable for drinking and only 3% is 
freshwater, whereas 2.97% is comprised of glaciers and ice 
caps. The remaining 0.3% is available as surface and ground-
water for human use (Miller 1997). Safe drinking water is a 
basic need for good health. Freshwater is already a limited 
resource in many parts of the world. During the next century, 
it will become even more limited due to increasing popula-
tion, urbanisation, and climate change (Jackson et al. 2001).

Basra is the third largest city of the Republic of Iraq and 
is the administrative and political centre of the province of 
Basra, located in the far south of Iraq on the West Bank of 
Shatt al-Arab. It was the first water crossing in Iraq, and 
Basra is the economic capital with a population of about 2.5 
million people, according to estimates in 2014. The Shatt 
al-Arab river consists of the confluence of the Tigris and 

Euphrates rivers in the region of Kerma Ali, at the northern 
entrance to the city of Basra, 375 km south of Baghdad. It 
is about 190 km long and is located in the Arabian Gulf at 
the edge of Al Faw city, which is the most extreme point in 
southern Iraq; in some areas, the width of the Shatt al-Arab 
river reaches two kilometres.

According to recent estimates, the quantity of available 
water in the developing regions of South Asia, the Middle 
East and Africa is decreasing sharply, while the quality of 
water is deteriorating rapidly due to fast urbanization, de-
forestation and land degradation. Therefore, many cities in 
Asia are facing an increase in organic and nutrient materials 
in drinking water due to the discharge of untreated domestic 
and industrial wastewater into these resources (Annachhatre 
2006). The quality of water is affected by an increase in 
anthropogenic activities and any pollution, either physical 
or chemical, causes changes to the quality of the receiving 
water body (Aremu et al. 2011). The water quality and quan-
tity audit include an analysis of historical water quality and 
quantity data, an evaluation of treatment system effective-
ness, an investigation of customer satisfaction, an evaluation 
of monitoring and reporting practices, and an assessment of 
the water supply’s future sustainability.

Similarly, during a study conducted in Iraq to evaluate 
the drinking water quality of the large treatment plant in the 
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Ramadi city at the Al-Anbar Province, the results indicated 
that the sedimentation unit has about 36% removal efficiency, 
which must be 70%-90%, the filtration unit has about 23.4% 
removal efficiency and the disinfection stage has about 97%-
100% disinfection efficiency (Ramel 2010). Another study, 
conducted in Al-Fallujah, found that Al-Fallujah water treat-
ment plant had an efficiency of 57% in the deposition, and 
an efficiency of 50% in the nomination phase and efficiency 
of 40%-90% in the sterilisation stage (Abdul Rahman et al. 
2009). Another study conducted to evaluate the efficiency 
of Gas Al-Shamal water treatment plant showed that the 
plant was efficient for turbidity and total suspended solids 
removal. The results indicated that the characteristics of the 
total dissolved solids (TDS), total hardness (TH), electrical 
conductivity (EC), chloride (Cl), and sulphate were within 
the characteristic limits of Iraqi drinking water standards 
for raw and treated water. The results also showed that the 
(pH) values were beyond the suitable values of flocculation 
materials. The fluoride values of raw and treated water 
were low within the standards (Saleh et al. 2015). Another 
study assessed physical-chemical drinking water quality 
in the Logone valley (Chad-Cameroon); the samples were 
analysed for their physical-chemical and microbiological 

quality to identify contamination problems and suggest ap-
propriate solutions. Results of the assessment confirmed that 
in the studied area there were several parameters of health 
and aesthetic concerns (Sorlini et al. 2013). Another study 
evaluated the quality of drinking water in urban areas of 
Pakistan (a case study of Gulshan-e-Iqbal Karachi, Pakistan). 
The results of the study demonstrated that the physical and 
chemical quality of water was satisfactory. Some samples 
(three) were possibly contaminated by leaking water mains 
and cross-connections between water mains and sewers due 
to proximity (Syed et al. 2016).

Study Area 

The study area is located between Latitude (30°30’9.15”N) 
and Longitude (47°51’19.95”E), as shown in Fig. 1. Al-Bu-
radieiah city is located in the province of Basra in the city 
centre, overlooking Shatt al-Arab through a small corniche. 
The Shatt al-Arab river limits Al-Buradieiah city from the 
east and Khurha River from the north. The Basra Water Pro-
ject is big in the region for the distribution of drinking water 
to the population of the city. The water source of this plant 
is the Shatt al-Arab river. This station is equipped with all of 
the Aljaza’ar, Albradheah, Abbaseya, Mishraq, and Amtiha 

 
Fig. 1: Map of the study area (BWTP). 

Basic Operational Phases in the Station 

The station consists of several stages, as in Fig. 2. 

1. Drag system: Consists of different capacity pumps; three pumps operate with a capacity of 
2000 m3/h and two pumps of 500 m3/h capacity with a dive capacity of 1000 m3/h. 

2. Adding alum: Alum is added according to the value of turbidity, where alum is not added 
unless the turbidity value of 25 or above. In addition, there is a special lab with determines 
ratios added, according to the supervisor’s instructions of the project in terms of the pumping 
power and the value of turbidity. The process continues for 24 hours. 

3. Sedimentation basins: The station consists of four sedimentation basins; two basins for 
each of the first and the second project, in which they are circular and large in size (see Fig. 
2), with a diameter of one basin at 24m and a height of 9m. 

4. Filters: Each project consists of 14 candidates as the third project filters operate as a 
pressure filter, while filters of the first and the second project acts as a streamline filter. 

5. Placed chlorine system: Liquid chlorine is added to water by chlorine placed device. The 
process of adding chlorine continues for 24 hours. 

6. Payment system: The project consists of many payment pumps. These pump water through 
the pipes; the first and second projects contain four pumps, while the third project contains 
three. 

7. Ground reservoir: Water enters the ground reservoir with a discharge of 2000 m3/h only in 
the modern project. 

Fig. 1: Map of the study area (BWTP).
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regions; it has a design of 1500 m3/h and its total capacity is 
5000 m3/hour. This station contains three projects:

 1. The first project was in 1957 and had a capacity of 1500 
m3/h.

 2. The second project was in 1964 and had a capacity of 
1500 m3/h.

 3. The third project, which is called Al-Buradieiah station, 
was in 2012 and had a capacity of 2000 m3/h.

The old project is considered better than the modern pro-
ject due to the highly efficient English Company, while the 
modern project was conducted by the Turkish Company; its 
efficiency is lower but its design is better than the old project. 

Basic Operational Phases in the Station

The station consists of several stages, as in Fig. 2.

 1. Drag system: Consists of different capacity pumps; 
three pumps operate with a capacity of 2000 m3/h and 
two pumps of 500 m3/h capacity with a dive capacity 
of 1000 m3/h.

 2. Adding alum: Alum is added according to the value of 
turbidity, where alum is not added unless the turbidity 
value of 25 or above. In addition, there is a special lab 

with determines ratios added, according to the supervi-
sor’s instructions of the project in terms of the pumping 
power and the value of turbidity. The process continues 
for 24 hours.

 3. Sedimentation basins: The station consists of four 
sedimentation basins; two basins for each of the first 
and the second project, in which they are circular and 
large in size (see Fig. 2), with a diameter of one basin 
at 24m and a height of 9m.

 4. Filters: Each project consists of 14 candidates as the third 
project filters operate as a pressure filter, while filters of 
the first and the second project acts as a streamline filter.

 5. Placed chlorine system: Liquid chlorine is added to 
water by chlorine placed device. The process of adding 
chlorine continues for 24 hours.

 6. Payment system: The project consists of many payment 
pumps. These pump water through the pipes; the first 
and second projects contain four pumps, while the third 
project contains three.

 7. Ground reservoir: Water enters the ground reservoir 
with a discharge of 2000 m3/h only in the modern 
project.

 
Fig. 2: The diagram showing the parts of BWTP. 

MATERIAL AND METHODS 

Sample Collection 

Water samples were collected in plastic bottles with a capacity of 500 mL from each stage of 
purification at the station starting from the raw water (river water) to the outside of the station water 
(tap water). The samples of the sedimentation basin were taken at different depths (1.5, 3, 4.5, 6 and 
7.5 metres away from the aquarium) and at a certain time (at 8:00 am). This was assumed to be the 
zero hour. Then the samples were taken on the same previous depths at different times, i.e. 1, 2 and 
3 hours from the virtual zero hour, while the bio-screening water samples were collected in sterile 
plastic bottles over a period of four months (December, January, February, March) with three 
samples each month. 

The standard methods (APHA 1998) were used for the analysis. The samples were analysed for 
different characteristic parameters such as pH, turbidity, electric conductivity (EC), total dissolved 
solids (TDS), total suspended solids (TSS), magnesium, sulphates, and nitrates. Table 1 summarises 
the water quality parameters, the analytical methods, and the instruments used for the analyses 
(APHA 1998). 
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MATERIAL AND METHODS

Sample Collection

Water samples were collected in plastic bottles with a capac-
ity of 500 mL from each stage of purification at the station 
starting from the raw water (river water) to the outside of the 
station water (tap water). The samples of the sedimentation 
basin were taken at different depths (1.5, 3, 4.5, 6 and 7.5 
metres away from the aquarium) and at a certain time (at 
8:00 am). This was assumed to be the zero hour. Then the 
samples were taken on the same previous depths at different 
times, i.e. 1, 2 and 3 hours from the virtual zero hour, while 
the bio-screening water samples were collected in sterile 
plastic bottles over a period of four months (December, 
January, February, March) with three samples each month.

The standard methods (APHA 1998) were used for the 
analysis. The samples were analysed for different character-
istic parameters such as pH, turbidity, electric conductivity 
(EC), total dissolved solids (TDS), total suspended solids 
(TSS), magnesium, sulphates, and nitrates. Table 1 summa-
rises the water quality parameters, the analytical methods, 
and the instruments used for the analyses (APHA 1998).

Efficiency of Sedimentation Basins 

The ideal sedimentation basin design is based on the fact that 
when they put grain in a liquid, it is lower than its density, 
which is accelerated to that of regular speed and then equal to 
the weight of the submerged body with the power disability 
friction leading to deposition. When the stuck particles of 
different density are left to be deposited, there is different 
deposition speed of each particle from other particles; there-
fore, the speed of the particles is less dense and inflicted 
by the particles with faster speed (size or larger weight). 
This situation is generated by many collisions that lead to 
the union of the particle and composition of flocculants, 
especially when adding the adjuvant to form flocculants, 

such as alum. Alum is added to the solution at a rate of  
4g/m3 in the basin with rapid mixing. The calculation and 
estimation of the efficiency of a sedimentation basin require 
either the size distribution of the particles suspended or using 
sedimentation column, in which they draw equal removal 
curves (isoremoval curves). Samples are taken at different 
depths and different times for each depth, after knowing the 
concentration of suspended solids to raw water (C0) and 
by taking samples (using a sedimentation column device) 
during a given time and then calculating the concentration 
of suspended material (C1, C2, ......, Cn) to different depths 
of the sedimentation basin (H1, H2, ..., Hn), which can be 
seen in Fig. 3. From the results of the sedimentation column 
experience the proportion of suspended particles can be 
calculated from equation (1) (Ahmed 1995):

 

pH 
Instrumental, analyse on 
site EC500 - EXTECH (pH meter) 

Turbidity 
Instrumental, analyse on 
site Turbi Direct - Lovibond  

EC  
Instrumental, analyse on 
site Cond 3110 – WTW  

TDS 
Instrumental, analyse on 
site EC500 - EXTECH (pH meter)  

TSS Gravimetric method Gravimetric method SMEWW5520D 

Magnesium Photometric method 
UV-2601-BIOTECH-Spectrophotometer, Ascorbic 
Acid Method 

Sulphates Photometric method 
UV-2601- BIOTECH-Spectrophotometer, Ascorbic 
Acid Method 

Nitrates Photometric method 
UV-2601-BIOTECH- Spectrophotometer, 
SMEWW 4500-NO3  
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Where,

Sij: represent a percentage of solid particles remaining at 
a certain depth (hij) and a certain time (tij). 

C0: the concentration of total suspended solid particles 
of raw water units (mg/L).

Also, the percentage of particles removed (xij) for each 
depth and a certain weight can be found from equation (2):
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Where, 

Xij: represents the percentage of particles that will be removed at a certain depth (hij) and a certain 
time (tij) and from which total removal can be calculated by the equation (3) (Ahmed 1995, Steel & 
Mcghee 1979):   
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Where, 

   : represents the settling velocity (mm/sec) 

The integration limit in equation (3) represents the shaded area of the chart in Fig. 4, which can be 
calculated using the Simpson theory or the Newton-Raphson theorem or by approximation of the 
graph (Ahmed 1995, Steel & Mcghee 1979). 
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Table 1: Water quality parameters and analytical methods for water source evaluation.

Parameter Analytical method Instrument

pH Instrumental, analyse on site EC500 - EXTECH (pH meter)

Turbidity Instrumental, analyse on site Turbi Direct - Lovibond 

EC Instrumental, analyse on site Cond 3110 – WTW 

TDS Instrumental, analyse on site EC500 - EXTECH (pH meter) 

TSS Gravimetric method Gravimetric method SMEWW5520D

Magnesium Photometric method UV-2601-BIOTECH-Spectrophotometer, Ascorbic Acid Method

Sulphates Photometric method UV-2601- BIOTECH-Spectrophotometer, Ascorbic Acid Method

Nitrates Photometric method UV-2601-BIOTECH- Spectrophotometer, SMEWW 4500-NO3 
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Where,

VS0: represents the settling velocity (mm/sec)

The integration limit in equation (3) represents the 
shaded area of the chart in Fig. 4, which can be calculated 
using the Simpson theory or the Newton-Raphson theorem 
or by approximation of the graph (Ahmed 1995, Steel & 
Mcghee 1979).

Efficiency of Filters
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solids in the water out of the sedimentation basin (Ce) in 
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to the equation (5) for the following:
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The Efficiency of the Sterilization Process (Disinfection) of Water 

It is known that filtration does not work with great efficiency to remove bacteria and viruses, 
because of their small size, which is less than one micron, so quick sand filter does not produce 
potable water in the aspects of bacteriology. Chlorine must be added to remove bacteria and germs 
(Ahmed 1995). It is well known that the filtration does not work efficiently for the removal of 
bacteria. The degree of killed germs depends on the number of germs that are already present. The 
killing of germs depends on many factors that overlap with each other, such as the efficiency of the 
cleanser to penetrate the cell forces. 

CALCULATION AND RESULTS 

Sedimentation Efficiency 

The samples from the sedimentation basin at different depths and at different times and extracting 
the concentration of the solids remaining suspended in each sample are given in Table 2. The 
calculated velocity and percentage of removal suspended materials are presented in Table 3. 
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of Water

It is known that filtration does not work with great efficiency 
to remove bacteria and viruses, because of their small size, 
which is less than one micron, so quick sand filter does not 
produce potable water in the aspects of bacteriology. Chlorine 
must be added to remove bacteria and germs (Ahmed 1995). 
It is well known that the filtration does not work efficiently 

for the removal of bacteria. The degree of killed germs 
depends on the number of germs that are already present. 
The killing of germs depends on many factors that overlap 
with each other, such as the efficiency of the cleanser to 
penetrate the cell forces.

CALCULATION AND RESULTS

Sedimentation Efficiency

The samples from the sedimentation basin at different depths 
and at different times and extracting the concentration of 
the solids remaining suspended in each sample are given in 
Table 2. The calculated velocity and percentage of removal 
suspended materials are presented in Table 3.

Discharge of one basin = Total flow rate / No. of Basins

    Q = 2000/2= 1000 m3/h

 = 0.278 m3/sec

Area of Basin = 

Table 2: Concentration of TSS for sediment basin samples. 

Depth 
(m) 

TSS (mg/L) 
Settling Time (h) 

0 1 2 3 
1.5 325 100 160 170 
3.0 325 60 220 140 
4.5 325 30 200 110 
6.0 325 20 170 100 
7.5 325 10 130 50 

Table 3: Results of velocity and percentage of removal suspended materials. 

 

Depth (mm) Time (sec) Velocity 
(mm/sec) 

Removal 
Solids 

Removal per 
cent (%) 

1500 3600 0.417 0.31 69 
1500 7200 0.208 0.49 51 
1500 10800 0.139 0.52 48 
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4500 10800 0.417 0.33 66 
6000 3600 1.667 0.06 94 
6000 7200 0.833 0.52 48 
6000 10800 0.556 0.3 69 
7500 3600 2.083 0.03 97 
7500 7200 1.042 0.4 60 
7500 10800 0.694 0.153 85 
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 = 0.000614 m/sec

 = 0.614 mm/sec

From Fig. 5, X0 = 58 %

E = (100 - 58) + (1/0.614) ´ 7.21 » 54 % 

Where, 
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Efficiency of Filters

 From Fig. 5, X0 = 58 % 

E = (100 - 58) + (1/0.614)   7.21 ≈ 54 %  

 
Fig. 5: Curved distribution of remaining suspended material. 

Efficiency of Filters 

     (
    
  
)      = 1- (190/250)  100 = 24% 

Efficiency of Sterilisation 

                                                                                                           100 

December→ The efficiency of sterilisation = 1 – (      )              

January→ The efficiency of sterilisation = 1 - (    )              

February→ The efficiency of sterilisation = 1 - (    )       = 48.8% 

March→ The efficiency of sterilisation = 1 - (    )       = 37.78% 

Efficiency of Sterilisation

Efficiency of Sterilization = 

 From Fig. 5, X0 = 58 % 

E = (100 - 58) + (1/0.614)   7.21 ≈ 54 %  

 
Fig. 5: Curved distribution of remaining suspended material. 

Efficiency of Filters 

     (
    
  
)      = 1- (190/250)  100 = 24% 

Efficiency of Sterilisation 

                                                                                                           100 

December→ The efficiency of sterilisation = 1 – (      )              

January→ The efficiency of sterilisation = 1 - (    )              

February→ The efficiency of sterilisation = 1 - (    )       = 48.8% 

March→ The efficiency of sterilisation = 1 - (    )       = 37.78% 

December Æ The efficiency of sterilisation = 

 From Fig. 5, X0 = 58 % 

E = (100 - 58) + (1/0.614)   7.21 ≈ 54 %  

 
Fig. 5: Curved distribution of remaining suspended material. 

Efficiency of Filters 

     (
    
  
)      = 1- (190/250)  100 = 24% 

Efficiency of Sterilisation 

                                                                                                           100 

December→ The efficiency of sterilisation = 1 – (      )              

January→ The efficiency of sterilisation = 1 - (    )              

February→ The efficiency of sterilisation = 1 - (    )       = 48.8% 

March→ The efficiency of sterilisation = 1 - (    )       = 37.78% 

January Æ The efficiency of sterilisation = 

 

 From Fig. 5, X0 = 58 % 

E = (100 - 58) + (1/0.614)   7.21 ≈ 54 %  

 
Fig. 5: Curved distribution of remaining suspended material. 

Efficiency of Filters 

     (
    
  
)      = 1- (190/250)  100 = 24% 

Efficiency of Sterilisation 

                                                                                                           100 

December→ The efficiency of sterilisation = 1 – (      )              

January→ The efficiency of sterilisation = 1 - (    )              

February→ The efficiency of sterilisation = 1 - (    )       = 48.8% 

March→ The efficiency of sterilisation = 1 - (    )       = 37.78% 

February Æ The efficiency of sterilisation = 

 From Fig. 5, X0 = 58 % 

E = (100 - 58) + (1/0.614)   7.21 ≈ 54 %  

 
Fig. 5: Curved distribution of remaining suspended material. 

Efficiency of Filters 

     (
    
  
)      = 1- (190/250)  100 = 24% 

Efficiency of Sterilisation 

                                                                                                           100 

December→ The efficiency of sterilisation = 1 – (      )              

January→ The efficiency of sterilisation = 1 - (    )              

February→ The efficiency of sterilisation = 1 - (    )       = 48.8% 

March→ The efficiency of sterilisation = 1 - (    )       = 37.78% March Æ The efficiency of sterilisation =

 From Fig. 5, X0 = 58 % 

E = (100 - 58) + (1/0.614)   7.21 ≈ 54 %  

 
Fig. 5: Curved distribution of remaining suspended material. 

Efficiency of Filters 

     (
    
  
)      = 1- (190/250)  100 = 24% 

Efficiency of Sterilisation 

                                                                                                           100 

December→ The efficiency of sterilisation = 1 – (      )              

January→ The efficiency of sterilisation = 1 - (    )              
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Water Quality

The properties of water, pH, turbidity, total dissolved solids, 
electrical conductivity, total suspended solids were examined. 
During the liquidation phases in the station, from the mo-
ment the water entered into the station and left for citizens, 
we determined from the test results that the pH of the water 
inside the station was 6.95 and outside 6.9 with the degree 
of pH affected by the addition of chlorine and alum to the 
water. Only the pH values were within the allowable limit 
in Iraq and WHO (Fig. 7); the water turbidity entering the 
station was 43.3 NTU but became 7.42 NTU after treatment. 
The turbidity of the water entering the filters was 15.6 (Fig. 

8), which is high as it is supposed to be less than 10 NTU 
turbidity (Steel & Mcghee 1979). The total concentration of 
salt values was 8030 mg/L and 3380 mg/L of water inside 
and outside of the station respectively (Fig. 9), while the 
electrical conductivity was 5040 µS/ms for the water outside 
the station (Fig. 10). While the total suspended solids in the 
water were noted by the results of the tests, the raw water 
from the Shatt al-Arab river contained a high concentration 
of suspended solids valued at 325 mg/L (Fig. 11). The pu-
rification operations at the station experienced a reduction 
in this percentage, which significantly reached 190 mg/L 
of water coming out of the station but remained outside the 
boundaries of drinking water specifications (Table 4). Figs. 
7-11 show these results.

The concentration of magnesium, nitrate and sulphate 
was also measured for the water entering the station and 
the water outside it and the calculation of the removal ratio 
is shown in Fig. 12. It was found that the concentration of 
magnesium inside the plant was 67mg/L, while the external 
concentration was 54mg/L, and the concentration of nitrate 
entering the station was 3.5mg/L and outside was 2.9mg/L. 
It was found that the concentration of sulphate inside the 
station was 433mg/L and the outside was 424mg/L. All these 
values are lower than the limits in Iraq and the WHO, except 
for the sulphate concentration (Table 4).

DISCUSSION 

Through the results of calculations and tests that have been 

Table 2: Concentration of TSS for sediment basin samples.

Depth (m)

TSS (mg/L)

Settling Time (h)

0 1 2 3

1.5 325 100 160 170

3.0 325 60 220 140

4.5 325 30 200 110

6.0 325 20 170 100

7.5 325 10 130 50

Table 3: Results of velocity and percentage of removal suspended materials.

Depth (mm)
Time  
(sec)

Velocity 
(mm/sec)

Removal  
Solids

Removal per 
cent (%)

1500 3600 0.417 0.31 69

1500 7200 0.208 0.49 51

1500 10800 0.139 0.52 48

3000 3600 0.833 0.18 82

3000 7200 0.417 0.67 32

3000 10800 0.278 0.43 57

4500 3600 1.25 0.09 91

4500 7200 0.625 0.61 39

4500 10800 0.417 0.33 66

6000 3600 1.667 0.06 94

6000 7200 0.833 0.52 48

6000 10800 0.556 0.3 69

7500 3600 2.083 0.03 97

7500 7200 1.042 0.4 60

7500 10800 0.694 0.153 85
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carried out in this research, the most important findings and 
their causes have been determined:

 1. The efficiency of the sedimentation basin (54%) is not as 
good as the deposition process, which must rid the water 
of at least 90% of the particulate matter. The reason for 
this is that the station is lacking a device to identify the 
doses of alum, leading to not putting the appropriate 
amount of alum to get rid of the turbidity of the water. 

The alum used in the plant is considered to be outdated 
because of its old production.

 2. The efficiency of the sedimentation tanks leads to the 
entry of water to the filters with high turbidity, as the 
specifications define turbidity as 10 units, preferably 5 
units of water entering the filters (Steel & Mcghee 1979). 
However, it is noted that the value is higher than that (Fig. 
8), which caused a decline in the efficiency of the filters 

Table 4: Drinking water standards, according to the WHO and Iraqi Standard (WHO 2004).

Parameter WHO in (mg/L) Iraqi Standard in (mg/L)

pH (No units) 6.5-8.5 6.5-8.6

Total Hardness 100-250 500

Turbidity 5 NTU 5 NTU

TDS 500-1000 1500

EC 1000 1000 

TSS 0 0

Iron 0.3-1 0.3

Manganese 0.05-0.1 0.1

Chloride 200-250 250

Magnesium 150 150

Sulphate 200-400 400

Fluoride 0.6-1.2 1

Calcium 150 200

Nitrate  50 50
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The concentration of magnesium, nitrate and sulphate was also measured for the water entering the 
station and the water outside it and the calculation of the removal ratio is shown in Fig. 12. It was 
found that the concentration of magnesium inside the plant was 67mg/L, while the external 
concentration was 54mg/L, and the concentration of nitrate entering the station was 3.5mg/L and 
outside was 2.9mg/L. It was found that the concentration of sulphate inside the station was 433mg/L 
and the outside was 424mg/L. All these values are lower than the limits in Iraq and the WHO, 
except for the sulphate concentration (Table 4).

Fig. 11: Change the concentration of TSS in the stages of treatment  
in the BWTP.
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(24%) by a small percentage. Another reason for the low 
efficiency of the filters was the lack of substitution layers 
filters when they were needed. The replacement of filter 
layers was last completed five years ago and the lack of 
washing filters from time to time led to this result. The 
increase in the concentration of the suspended material 
to an allowable limit helps bacteria, viruses, and parasites 
to grow in the water causing pollution.

 3. The results showed the total bacteria decreased in the 
water that the station was pumping to citizens (Fig. 6). 
According to US specifications, this water cannot be 
used for other purposes, e.g. the food industry because 
the bacteria can cause damage to processed food. Al-
though the station added chlorine to improve the quality, 
it was unable to kill all the types of bacteria that were 
abounding in the cold weather. There is a range of fac-
tors that affect the reaction of chlorine to germs, with 
regard to cholera and other germs. Factors are related to 
chlorine (temperature, pH and the presence of organic 
matter) as chlorine reacts with the organic matter first 
and the rest reacts with germs.

CONCLUSIONS

 1. Lack of efficiency of the station in terms of the efficiency 
of sedimentation, filtration and sterilization is desired 
for the removal of suspended solids in the water.

 2. The station’s different units do not perform well, espe-
cially when the plant is dealing with bad quality water.

RECOMMENDATIONS 

 1. Conduct similar studies on water treatment projects in 
the province.

 2. The development of the water treatment process in 
the project by monitoring the quality of raw water per 
day and processed to suit the specifications of drink-
ing water, by selecting the accurate dose of alum and 
coagulants in the laboratory, to control the amount of 
water in the processing units and periodic maintenance 
of processing units.

 3. Perform general technical maintenance of the station 
stages and clean sedimentation basins.
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ABSTRACT

As an important material resource of human being, water resource is of great significance to promote 
sustainable development of economy and society, and it must be managed and utilized reasonably. 
Water resources management in Zhejiang Province has always been at the forefront of China, but 
the lagging development of the local legal system has seriously hindered the construction of water 
ecological civilization. To meet the actual work demand of water resource management in Zhejiang 
Province of China, its social development and water resource management situation in 2019 was 
probed by using comparative analysis. Results show that water resource management and local legal 
system construction has a logic relationship and that their hidden dangers and shortcomings in the 
practice of water resources legal system in Zhejiang Province of China. Legislation standard path and 
countermeasures are put forward for water resources management in Zhejiang Province of China. 

INTRODUCTION

At present, water security in China presents a severe situation, 
in which new and old problems are intertwined, especially 
new problems, including water resources shortage, water 
ecological damage, water environment pollution and so on. 
Water resources have become a serious shortage of products, 
the main factors restricting environmental quality, and the 
serious security problems faced by economic and social 
development in China. Xi Jinping, President of the People’s 
Republic of China, pointed out that the spatial and temporal 
distribution of water resources was extremely uneven, and 
floods and droughts were frequent. To further promote the 
reform of water conservancy and construction of water 
conservancy legal system, Zhejiang Province of China 
carried out the project of basic research on water resource 
management reform and legislation according to the actual 
work demand of water resource management. China’s current 
water resource management system and basin management 
institutions have not been effectively established which is ex-
tremely incompatible with the requirements of the situation.

Zhejiang Province of China is one of the provinces with 
the smallest difference in economic development. According 
to the sample survey of 5‰ population change in 2019, the 
province’s permanent population at the end of the year was 
58.5 million, with an increase of 1.1 million over the end of 
the previous year. According to Water Resources Bulletin of 

Zhejiang Province of China issued by the water resources 
department in 2019, the total amount of water resources is 
86.65 billion cubic meters (including underground water), 
which is 9.3% less than the average annual total amount of 
water resources, ranking the third in China after Guangdong 
Province and Fujian Province. Water resources protection is 
of great political and economic significance to the sustainable 
development of China’s national economy. In view of the 
serious absence of water resources management legisla-
tion, current water resources management system and basin 
management institutions in Zhejiang of China have not been 
effectively established which is extremely incompatible with 
the requirements of the situation. There are problems in the 
legislation of water resources protection. 

According to requirements of the strictest water resource 
management system, by using comparative analysis, this 
study carries out research on social development and water 
resource management situation in Zhejiang Province of 
China, and legislative study on its practice of water admin-
istration and the relevant laws and policies issued at the 
national level in recent years. Finally, the standard path and 
countermeasures are put forward.

STATE OF ART

At present, China still adopts the dual legislation mode of 
resource legislation and pollution prevention legislation, and 

    2020pp. 1067-1073  Vol. 19
p-ISSN: 0972-6268 
(Print copies up to 2016) No. 3  Nature Environment and Pollution Technology 

  An International Quarterly Scientific Journal

Original Research Paper

e-ISSN: 2395-3454

Open Access Journal

Nat. Env. & Poll. Tech.
Website: www.neptjournal.com

Received: 02-05-2020
Revised:    14-06-2020
Accepted: 13-04-2020

Key Words:
Water resources management 
Water conservation 
management
Legislative norms

Original Research Paperhttps://doi.org/10.46488/NEPT.2020.v19i03.017



1068 Chencan Liu

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

the understanding of water resources protection is biased 
and comprehensive legislation is missing (Yuan et al. 2012). 
Moreover, laws and regulations of ecological protection of 
water resources are not perfect, and legislation cannot clarify 
the responsibilities and rights of the administrative subject, 
which will be a major mistake (Nie 2009). In terms of wa-
ter saving management, China had established basic water 
saving system, but it was mainly provided in principle, and 
there was still a lack of special water saving laws and regu-
lations, which was not conducive to changing the extensive 
use of water resources (Zhang et al. 2018). It could be seen 
that China’s water resource management legislation was still 
lagging behind, and a complete set of laws and regulations 
system for basin water resources management had not been 
formed, and the expected objectives of water resources man-
agement could not be achieved (Liang 2014). 

Then, it was the natural identification value of water re-
sources legislation. Water resources management legislation 
should choose non-rights-based legislative model, and apply 
a duty-based legislative model (Smarzynska et al. 2005, Chen 
2006). For the legislation of river basin water resources, the 
objects to be protected should be clearly specified in the 
legislation, and the basin water resources and ecological 
environment should be taken as the purpose of legislative 
protection (Zhou 2008). 

Some scholars also carried out research on legislative 
countermeasures of water resources protection. Water re-
sources legislation was not static, but dynamic, open and 
developing. The reform of water rights and the legal system 
of river basin ecological compensation should actively be 
promoted (Xiong et al. 2020). Comprehensive, coordinated 
and sustainable development as the content should be carried 
out, with the legislation of the scientific development con-

cept, and the coordinated development of social economy and 
environmental protection should be achieved, to maintaining 
a new balance in the development (Wu 2007). A compre-
hensive management system and management organization 
should be established for the water environment and water 
resources basin (Du et al. 2020).

WATER RESOURCE MANAGEMENT OF 
ZHEJIANG

Zhejiang’s GDP in 2019 was 6,235.2 billion RMB, with an 
increase of 6.8% over the previous year (as shown in Figure 
1). Among them, the added value of the primary industry was 
209.7 billion RMB, and the added value of the secondary 
industry is 2,656.7 billion RMB, and the added value of the 
tertiary industry was 3,368.8 billion RMB, increasing by 
2.0%, 5.9% and 7.8% respectively. The contribution rate of 
the tertiary industry to GDP growth was 58.9%, and the added 
value structure of these three industries was 3.4:42.6:54.0 
(as shown in Fig. 2), and the per capita GDP was 107,624 
RMB (converted to 15,601 dollars at the annual average 
exchange rate), increasing by 5.0%. In 2019, the per capita 
disposable income of residents in the province was 49,899 
RMB, with an increase of 8.9% over the previous year, and 
an increase of 5.8% after deducting the price factor. The per 
capita disposable income of urban and rural residents was 
60,182 RMB and 29,876 RMB respectively, with an increase 
of 8.3% and 9.4%, and an increase of 5.4% and 6.0% after 
deducting the price factor. The income ratio of urban and 
rural residents decreased from 2.04 last year to 2.01. The 
per capita disposable income of Zhejiang residents was 1.6 
times the national average level (30,733 RMB), ranking the 
third in China. The per capita disposable income of urban 
residents is 1.4 times the national average level (42,359 
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Fig. 1: GDP and growth rate of Zhejiang Province of China in 2011-2019. 
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RMB), ranking the third in China. The per capita disposable 
income of rural residents is 1.9 times the national average 
level (16,021 RMB), ranking the second in the country. On 
the whole, the economy in Zhejiang is running steadily and 
making progress instability, and the trend of major economic 
indicators is better than that of the whole country.

The average precipitation of the whole province is 
1,640.3 mm, which is 2.3% more than the average annual 
precipitation. The total annual water consumption of the 
whole province is 17.4 billion cubic meters. Domestic wa-
ter consumption of residents is 2.856 billion cubic meters, 
accounting for 16.4%. Water consumption of ecological en-
vironment is 550 million cubic meters, accounting for 3.2% 
(as shown in Fig. 3). There are 194 large and medium-sized 
reservoirs in the province, with a total storage capacity of 
24.3 billion cubic meters at the end of the year, including 34 
large reservoirs, with a total storage capacity of 21.9 billion 
cubic meters. It has an increase of 1.8 billion cubic meters 
compared with the end of the previous year. In addition, 

there are 160 medium-sized reservoirs, with a total storage 
capacity of 2.4 billion cubic meters at the end of the year, 
an increase of 299 million cubic meters compared with the 
end of the previous year. There are 1,112 water function 
areas in the whole province, with 16,923 kilometres of river 
length. There are 717 key water function areas assessed by 
the province during the 13th five-year plan, with a total river 
length of 12,114 kilometres. The annual compliance rate is 
89.1% (as shown in Figure 4).

In the aspect of water resource management system 
construction, Zhejiang Province of China has made remark-
able achievements depending on the long-term economic 
foundation. Water Resources Management Regulations of 
Zhejiang Province was the first local regulation regulating 
water resources management in China since Water Law of the 
People’s Republic of China. The purpose was to reasonably 
develop, utilize, save and protect water resources, and to pro-
vide a legal basis for strengthening the unified management 
of water resources quality and quantity. It tried to explore the 
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initial water right distribution scheme. Zhejiang Province was 
one of the earliest provinces to carry out the administrative 
legislation of water conservation management. Water Con-
servation Measures of Zhejiang Province was implemented. 
In addition, Zhejiang Province had organized and compiled a 
series of water resource management plans, including Master 
plan for water resources protection, development and utili-
zation, water-saving society construction plan, water-saving 
irrigation plan, and water resources protection. It also issued 
a series of normative documents, including opinions on 
promoting the construction of water ecological civilization, 
the implementation plan for accelerating the construction 
of water-saving society in Zhejiang Province of China. For 
further improving water-saving management system and 
water resource protection system of Zhejiang Province of 
China, it provided a strong legal basis and system guarantee 
for the provincial water administration, and also provided a 
“Zhejiang Model” of China for the national water resource 
management.

Although Zhejiang Province is rich in total water 
resources in China, the per capita water volume is only 
about 1800 m3, about 8 percentage points lower than the 
national per capita level, which is less than 1/4 of the world 
per capita level. In recent years, with the rapid growth of 
urban and industrial water consumption, the contradiction 
between water supply and demand in Zhejiang Province is 
very prominent, especially the general shortage of water 
resources in most islands in the province, and the serious 
shortage of production and domestic water supply. In addi-
tion, deterioration of water environment, degradation of water 
ecology and overdraft of groundwater lead to the water crisis 
are imminent. At present, there are new problems in water 
resource management of Zhejiang Province of China. Water 
administration is decentralized, involving multiple manage-
ment departments, and it is difficult to adapt to the complex 

relationship of the water system. What’s worse, economic 
leverage of water resource management is limited, which 
may mains that the water price system is unreasonable, and 
that the market-oriented policy is not mature. It is urgent to 
promote water price reform and to improve the water price 
system. Supporting system of water resource management 
is insufficient, especially the auxiliary information system of 
water resource management, and the illegal disposal is lack 
of force. Official publicity and education of water conserva-
tion and water resource protection are not enough, and the 
public awareness of water conservation and participation is 
not generally formed. It can be seen that the current water 
law and regulation system in Zhejiang Province of China has 
seriously lagged behind economic development and that local 
legislation should be adopted to strengthen the administrative 
management of water resources.

LEGISLATIVE AND FEASIBILITY ANALYSIS

Because of the actual work demand of water resources 
management in Zhejiang Province of China, this study 
puts forward the legislative amendment proposal of organic 
integration of Water Resources Management Regulations 
of Zhejiang Province and Water Conservation Measures 
of Zhejiang Province. Based on the previous legislative 
research, Water Resources Management Regulations of 
Zhejiang Province and Water Conservation Measures of 
Zhejiang Province will be merged, and Regulations on Water 
Conservation and Water Resource Management of Zhejiang 
Province of China with legality, rationality, coordination, 
operability and standardization will be promulgated and im-
plemented through legislative channels (Bravo-Macias et al. 
2019). Raising “water conservation” to the same legal level 
as “water resource management” can effectively regulate 
current water administration behaviour. It also can improve 
public awareness of water conservation and environmental 
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“water conservation” to the same legal level as “water resource management” can effectively 
regulate current water administration behaviour. It also can improve public awareness of water 
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practical feasibility of the times. 
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protection, which has the significance of the rule of law and 
practical feasibility of the times.

Firstly, it should meet the needs of the practice of the new 
concept of water control. Water-saving has been mentioned 
at an unprecedented height, and it can be made a conscious 
action for individuals and social organizations. It is required 
to vigorously publicize the behaviour of water-saving and 
water cleaning. It is necessary for Zhejiang Province of China 
to comprehensively summarize the experience, to find out 
weak links of water-saving work, and to put forward targeted 
system and mechanism guarantee. The effective integration 
of Water Resources Management Regulations of Zhejiang 
Province and Water Conservation Measures of Zhejiang 
Province will also enhance the legal status of water-saving 
management. The new idea of water control in the new era 
should be put into practice. The management system should 
be further improved, and the management ability should be 
improved to better realize the purpose of water resource 
conservation and protection in Zhejiang Province of China.

Secondly, it should adapt to the needs of ecological civ-
ilization system reform. With the national attention to the 
construction of water ecological civilization year by year, a 
series of important water administration measures have been 
announced in succession. Methods include implementing 
the strictest water resource management system, promot-
ing the implementation of water pollution prevention and 
controlling action plan, strongly promoting the river lake 
system and “five water co-governance”, etc., which have a 
profound impact on water resource management reform and 
legal system construction in Zhejiang Province. It has made 
beneficial explorations and accumulated practical experi-
ence in aspects of the strictest assessment of water resource 
management system, construction of water-saving society, 
reform of water licensing, demonstration of planned water 
resources, compensation of basin ecological protection, and 
reform of water right system. In the future, promulgation and 
implementation of Regulations on Water Conservation and 
Water Resources Management of Zhejiang Province will 
consolidate practical experience and reform achievements 
by means of the rule of law and will continue to guide and 
promote reform and development of the water ecological 
civilization system in Zhejiang Province.

Thirdly, it should ensure sustainable development of 
economy and society. Water resources are a basic guarantee 
for sustainable development of economy and society and 
construction of ecological civilization. Rapid economic and 
social development has brought deep structural changes in 
water supply and demand. As an economically developed 
region in China, Zhejiang Province is facing with severe 
challenges in the new era, which needs to further promote 

reform of water resources supply, to adhere to the water 
resources management principle of “Water determines the 
city, the land, the people and the production”, to take actions 
by measuring the number of water resources, and measures 
according to the situation of water resources, and to strength-
en rigid restriction of water resources. Both Water Resources 
Management Regulations of Zhejiang Province and Water 
Conservation Measures of Zhejiang Province are not in line 
with current water resources development situation in Zhe-
jiang Province of China, so it is urgent to comprehensively 
revise and integrate them, and to provide effective legal 
support for water resources management reform through the 
way of national coercive force.

Finally, it should meet the needs of water conservation 
and management according to law. China has promulgated 
a series of basic water laws, including Water Law, Law on 
Prevention and Control of Water Pollution, Law on Soil and 
Water Conservation and Flood Control Law. However, there 
are some problems in judicial practice, such as the weakness 
of water laws and regulations, and the lack of initiative and 
legitimacy of local water administrative departments to 
manage water according to law, which may lead to the phe-
nomenon of weak operation of the local legal system and lax 
law enforcement, and the result of the reduced force of water 
laws. Through the implementation of the new Regulations 
on Water Conservation and Water Resource Management 
of Zhejiang Province of China, a series of basic systems for 
water conservation and water resource management will 
be established from perspective of the rule of law to ensure 
legalization and standardization, to clarify legal obligations 
and responsibilities of water conservation and protection of 
water resources in the whole society, and to form a good 
social water resource environment for the whole people to 
manage and protect water according to law.

PATH OF LOCAL LAWS AND REGULATIONS OF 
WATER RESOURCES MANAGEMENT

The Path of Legislative Norms Based on Water 
Resources Management Regulations of Zhejiang 
Province Perspective

As the first local law of water resource management in Chi-
na, Water Resources Management Regulations of Zhejiang 
Province has played an important role in strengthening water 
resource utilization planning, reducing water pollution, im-
proving water resource utilization efficiency and promoting 
social sustainable development since its implementation in 
2002 (Copeland et al. 2003). Attention should be paid to the 
implementation of local system guarantee in the strictest 
water resource management work in the country, which can 
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be further modified and improved in the following aspects.

Firstly, the rules of the water efficiency control system 
need to be detailed. The efficiency of water use is not high 
and the shortage of water resources has become an important 
restricting factor for the sustainable development of economy 
and society. The provisions set up the basic framework of 
water use efficiency control in the Water Resources Manage-
ment Regulations of Zhejiang Province. From the perspective 
of relationship with Water Law, it stipulates obligations of the 
state and the government, obligations of units and individuals 
to save water, improvement of agricultural water use effi-
ciency, and improvement of industrial water use efficiency, 
water-saving facilities and water-saving instruments. There is 
no problem with their legality. However, compared with the 
lower law, the provisions of Water Resources Management 
Regulations of Zhejiang Province are still rough. Regulations 
on Water Conservation and Water Resource Management of 
Zhejiang Province should be incorporated to some extent.

Secondly, the content of water function zone pollution 
control system needs to be expanded. The core content of 
the system is to strengthen supervision and monitoring and 
to carry out protection and repair. The provisions of Water 
Resources Management Regulations of Zhejiang Province on 
the total emission are relatively simple, only stipulating that 
the government puts forward opinions on the total emission 
to competent environmental authorities and that provisions 
of the upper law should be appropriately absorbed. It is 
necessary to refer to the relevant provisions of “restoration 
of water ecological system” in Environmental protection 
law, and at the same time set up the main responsibility for 
violating the protection of water ecological system.

Thirdly, water resource management assessment sys-
tem needs to be established. Water resource management 
responsibility and assessment system is the fundamental 
guarantee to implement the strictest water resource man-
agement system, which is easy to be ignored in practice.  
The overall system arrangement can be made by referring to 
provisions of opinions on implementing the strictest water 
resource management system of the State Council, and its 
principle, subject, content, method, period, plan and report 
shall be specified.

The Path of Legislative Norms Based on Water 
Conservation Measures of Zhejiang Province 
Perspective

Water Conservation Measures of Zhejiang Province is a 
special government regulation of Zhejiang Province in 
China, which can more comprehensively and systematically 
regulate series of water conservation management systems 
or penalties, further clarify and refine the important systems 

in Water Resources Management Regulations of Zhejiang 
Province, and can make up for the shortcomings of Water 
Resources Management Regulations of Zhejiang Province 
in-depth and breadth. To sum up, the revision of Water Con-
servation Measures of Zhejiang Province can be divided into 
two parts. Firstly, it revises the water conservation clause 
in Water Resources Management Regulations of Zhejiang 
Province. Then, it merges with Water Resources Manage-
ment Regulations of Zhejiang Province to form Regulations 
on Water Conservation and Water Resource Management 
of Zhejiang Province (Draft) of China and improves the 
refinement and overall planning of the system. The specific 
revision suggestions are as follows.

Firstly, it’s what needs to be improved. For the problems 
of unclear and repeated responsibilities in Water Conser-
vation Measures of Zhejiang Province, it is necessary to 
clarify the responsibilities of water-saving management, 
and effectively to connect the water-saving management 
work of each link in combination with the “three definite 
plans” of the water-related management department. The 
provincial water administrative department is responsible for 
formulating water-saving policies, preparing water-saving 
plans, standardizing water-saving standards, guiding the 
construction and management of water-saving irrigation 
projects, and assessing with relevant departments to promote 
the construction of a water-saving society in the province 
(Kolkis 2019). It is necessary to improve the water-saving 
planning system and clarify corresponding formulation, im-
plementation and revision departments. Water Conservation 
Measures of Zhejiang Province shall specify the system to be 
implemented for water fee collection, and shall implement 
the system of over plan and over quota progressive price 
increase. It is stipulated that water users shall use water 
according to the approved plan index or water quota. If 
water consumption exceeds the plan and over quota, water 
fee exceeding the plan shall be increased according to the 
method of the progressive price increase. The provisions 
of Water Conservation Measures of Zhejiang Province 
that lack water-saving reward and punishment is too light 
should be modified. The people’s government at or above 
the county level shall establish a special fund for the reward 
of water-saving technology research, development, promo-
tion of water-saving facilities construction and water-saving 
management. For violations of water-saving regulations, bad 
information shall be included in the credit file following the 
provisions of Zhejiang credit rules.

Secondly, it’s what needs to be added. “Contract wa-
ter-saving” provisions shall be added to encourage the 
development of water-saving service institutions, and to 
support water-saving service institutions to carry out con-
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tract water-saving, water-saving consultation, water balance 
test and other services. It shall recover investment and 
obtain reasonable profits in the way of water conservation 
benefit-sharing, and shall carry out contract water-saving 
management in public institutions, high water consumption 
industry, high water consumption service industry, efficient 
water-saving irrigation and other fields. The quality super-
vision department shall conduct supervision, spot check, 
special inspection and verification management for the 
products listed in the list of water efficiency identification 
products according to law. Products and equipment that 
have obtained water-saving product certification in accord-
ance with relevant regulations should be listed in the list of 
government procurement with priority. In addition, it shall 
implement the “water efficiency leader” system, establish a 
water efficiency leader system, develop indicators for water 
efficiency leaders, and shall carry out leading actions for 
water efficiency leaders in the fields of industry, agriculture, 
public institutions and domestic water use.

Thirdly, in view of the need for a large number of 
technical personnel and complete technical support, the 
administrative cost of the water-saving audit is too high, 
which is not suitable for water resources and environment 
of Zhejiang Province of China, and it should be abolished. 
Due to the lack of sufficient technical force, it is difficult 
for rural water management institutions to undertake the 
responsibility of managing and maintaining agricultural 
irrigation water-saving facilities, which is not suitable to 
name the water management organization established by the 
rural collective economic organization. Since water quotas 
are usually set by industry authorities in practice, the inter-
vention of local governments should be deleted due to the 
lack of operational procedures.

CONCLUSIONS

Water Resources Management Regulations of Zhejiang 
Province belongs to local laws and regulations in the nature 
of law. Local laws and regulations occupy an important 
legal position in the socialist legal system of our country. 
In order to build a legal society, attention should not only 
be paid to the formulation of local laws and regulations but 
also should be paid to actual operation state, together with 
results and existing problems after the formulation of laws 
and regulations. Although Water Resources Management 
Regulations of Zhejiang Province had been revised three 
times in 2009, 2011 and 2017, so far, it was difficult to meet 
new ideas and requirements for water conservancy work 
and was also hard to cope with new problems and situations 
in water administration of Zhejiang Province of China. Its 
legal norms and legal objectives are not compatible with the 

current water-saving management work. Meanwhile, Water 
Conservation Measures of Zhejiang Province has not taken 
the protection and improvement of ecological environment as 
the basic purpose of the legislation, seriously lagging behind 
the water administration work of Zhejiang Province of China, 
with poor timeliness. The revised Water Law in 2016 marked 
a new stage in the construction of the rule of law for water 
control and protection according to law. Zhejiang Province is 
one of the first provinces to make local legislation on water 
resources management, and evaluation of water resources 
has been at the forefront of China.
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ABSTRACT

The Algerian dams are in a more or less silted state. Fergoug dam is the most silted dam since it records 
a rate of siltation of 95%. The siltation of the dam is undoubtedly the most dramatic consequence of 
the problem of erosion in Algeria. The investigations are at two levels: either prevent the solids to arrive 
in the dam (that is to put obstacles to break the forces of the runoff water, but we can only hope partial 
results) or the evacuation of sediments by appropriate management of bottom. But in our opinion, their 
valorisation in the field of construction is the most appropriate solution. This valorisation helps protect 
the environment and natural materials. Many mud treatment methods are often used to improve the 
insufficient geotechnical properties before reuse for a certain function in the structure. Lime treatment 
is one of the most common methods of converting soils to new materials that provide the desired 
performances. The objective of this work is to study the mud behaviour of the Fergoug dam (Algeria) 
for its use in the application of road engineering. The study consists of reconstituting samples of the 
Fergoug dam mud with various proportions of lime in the laboratory and subjecting them to various 
tests (Proctor, VBS, CBR index, DRX, etc.). The results obtained are encouraging and therefore allow 
the valorisation of sediments of the Fergoug dam which are a cumbersome waste for the environment.

INTRODUCTION

The management of the dredged material generated by this 
activity is confronted with legal, financial, environmental, 
technical and scientific difficulties. The solidification/stabi-
lization technique based on hydraulic binders and/or aerial 
is used to valorise and reuse the treated dredging sediments.  
This technique will make it possible to find economic and 
environmental solutions to dredged sediments from dams, 
based on scientific and technical work. The treatment with 
hydraulic binders is preferential for valorisation in road 
techniques (underlayment or embankments).

The results of the sediment recovery study thus treated 
show that the mechanical performances (threshold of 1 MPa 
required for the simple compressive strength at 28 days) 
associated with an environmental and economic approach 
are achieved with several combinations of pre-treatment and 
treatment (Sannier et al. 2009, Levacher et al. 2011). 

The methodology of valorisation of sediments as road 
material (more particularly in the form layer) is based on the 
recommendations of the LCPC-SETRA technical guides for 
road earthworks and soil treatment with lime and hydraulic 
binders (GTR 2000). 

The results analysed here are related to sediment 
treatment of dam Fergoug (Algeria) and they will be studied 
in terms of processability. The dam of Fergoug offers a 

distressing view due to its sedimentation rate, estimated at 
95%. The initial storage capacity of this dam was 17 million 
m3. In 2005, it underwent a dredging operation which 
allowed recovering 10 million cubic meters of sediments. 
Therefore, because of these huge quantities, the valorisation 
of these dredged sediments remains a real challenge (Laoufi 
et al. 2016, Larouci et al. 2018). The dredging operation 
is an important phase in the recovery and preservation of 
useful storage volumes of dams. But the fate of the large 
quantities of sediment recovered is a major environmental 
and economic challenge (Levacher et al. 2006).

The mechanical behaviour will be analysed to identify 
trends and correlations between the geotechnical properties 
of a side and treat the ability of binders and thus enhance 
the value of sediment of another side. 

The tests include measurements of unconfined com-
pressive strengths (UCS). The results obtained show that 
the sediments of Fergoug dam do not reach the mechanical 
performance required by the geotechnical and safety works 
(GTS).

MATERIALS AND METHODS

Sediment Sampling

Sediment samples were collected at the Fergoug dam. This 
dam is located 20 km upstream from Mohamadia on the road 
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to Mascara city (RN17) in the north-west of Algeria Fig.1. 
It was built upon the installation of the first settlers in Oran 
city, during the last century. Fergoug dam is a dam in the 
earth having in 1963 a capacity of 18 million m3. The filling 
rate of the Fergoug dam was 95% in 2019 (ANBT 2014). 
To ensure an acceptable level of service, the dam authorities 
regularly dredged it during the period from 1986 to 1989 
generating very large volumes of material (10 million m3 of 
silt were extracted) (Semcha 2006). 

Deposited downstream in grossly developed areas, the 
dredged mud is again eroded to the mouth of the Macta wadi. 
Sediment samples were collected from three different sites 
downstream of the Fergoug Dam. All sampled sediments 
were transported to the laboratory and homogenized to ob-
tain raw sediments; these were stored in airtight containers. 

Granular Corrector Sampling

In this study, an aerial binder was used to formulate road 
materials containing quantities of dredged sediment. This 
aerial binder was mainly composed of lime. It is a natural 
tuff which was extracted from a quarry located in Douar Sidi 
Ali Cherif (Mascara, Algeria). The characteristics of this Sidi 
Ali Cherif tuff (SCT) are given in Table 1. According to this 
table, we can say that the tuff is loamy soil, weakly plastic 
and rich in fine elements. It is therefore finally a sandy and 
gravelly soil rich in fine elements. 

Organic matter has some undesirable characteristics in 
road construction because of its swelling structure. The Fer-

goug dam sediments (FDS) have a significant organic matter 
content of 3.15% versus a value of 0.31% for Sidi Ali Cherif 
Tuff (SCT). These values can have a significant impact on 
the geotechnical and mechanical behaviour of sediments. 

Organic materials can also have an impact on binder 
hydration. For our study, the rate of silt used was incor-
porated which neglects the risk of the negative effect of 
organic matter.   The organic material test was carried out 
on a fraction by weight of 0/2 mm at 450°C during 3 hours. 
In addition, it will be possible to use these values to classify 
different sediments according to the French Guide to Road 
earthworks (GTR 2000).

RESULTS AND DISCUSSION

The Limits of Atterberg 

The Figs. 2, 3 and 4 show LL, PL, PI as a function of lime 
added (0, 2, 4, 6 and 8%) for 10, 20 and 30% of FDS. As 
we see for these three figures, more the percentage of lime 
increases more LL and PI  decrease. As for PL, it increases 
with the increase in the percentage of lime. 

The addition of lime leads to an improvement in the con-
sistency because of a significant reduction of the plasticity 
index which results in an increase in the limit of plasticity 
accompanied by a decrease of the limit of liquidity. Thus, 
the specific surface is reduced immediately after the incorpo-
ration of the lime at the end of the clays flocculation. These 
results have been confirmed by many researchers. Guney et 
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Table 1:  Geotechnico-physical characteristics of SCT and FDS.

Characteristics                                  Designation                            FDS                                        SCT

Natural water content Wn (%) 58,10 8,34

Liquid limit LL (%)                                62,54 25,19

Plastic Limit PL(%) 29,29 15,87

Plasticity index PI(%) 33,26 9,32

Dry density  gmax (g/cm3) 1,779 1,985

Optimum water content Wopt (%) 19,30 10,97

Methylene blue value MBV (%) 3,42 0,66

Carbonates CaCO3 (%) 27,94 88,70

Organic material OM (%) 3,15 0,31

Fine elements <80 μm FE (%) 17.77 -

 
 

to the plastic limit (PL) large increase was still observed. George et al. (1992) concluded in 

their study that the soil plasticity index decreased with the addition of lime and this decrease 

was related with the increase of the plasticity limit rather than the decrease of the liquidity 

limit. 

 
Fig. 2: 10% FDS treated with 0, 2, 4, 6 and 8% lime. 

 

  

Fig. 3: 20% FDS treated with 0, 2, 4, 6 and 8% lime. 
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Fig. 2: 10% FDS treated with 0, 2, 4, 6 and 8% lime.
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Fig. 4: 30% FDS treated with 0, 2, 4, 6 and 8% lime. 
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Fig. 5: The evolution of the methylene blue value as a function of the lime content.

al. (2007), Manassah & Olufemi (2008) who have worked 
on similar themes demonstrated in their investigations that 
the liquid limit (LL) varies according to the lime mix and 
the nature of the clay soil treated, with respect to the plastic 
limit (PL) large increase was still observed. George et al. 
(1992) concluded in their study that the soil plasticity index 
decreased with the addition of lime and this decrease was 
related with the increase of the plasticity limit rather than 
the decrease of the liquidity limit.

Methylene Blue Value (MBV)

For each sediment and lime content, we measured the 
methylene blue value (Fig. 5). The results of the blends are 
illustrated in the graph of Fig. 5. The increase of the lime 

content caused a decrease of the MBV and consequently the 
specific surface area of the mixture treated (SCT + % FDS) 
decreased.  This decrease was remarkable for an addition of 
2% lime content for all mixtures, then it was less accented 
for the other percentages (4, 6 and 8%). Hydrates resulting 
from the pozzolanic reaction have coated the surface of the 
soil particles and have acted as binders between the particles. 
This has reduced the surface area of the clay particles and 
hence the methylene blue value. 

Compaction Tests (Modified Proctor)

The compaction characteristics depend on three param-
eters, the grain size distribution, the soil specific gravity 
and stabilizing mineral additions. These stabilizers initially 
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Fig. 6: Evolution of the maximum dry density of (SCT + 10% FDS) + 2, 4, 6  and 8% of the lime as a function of the water content.

react with the soil to form large aggregates and so occupy 
a large space. However, soil fine particles tend to decrease 
dry density and the stabilizers (which tend to increase dry 
density) offset larger. 

The lime treatment of the mixtures, as we see in Figs. 6, 
7 and 8, reduces the maximum value of the dry density more 
and more and increases the value of the optimal moisture 
content (GTS 2000). The increase in the optimum water 
content was due to the increase of the total particle surface 
of the mixtures treated by the fine grains of the added lime. 
The reason for the decrease in the maximum dry density 
was the low density of the lime contained in the mixture. 
These results confirm the results of the researchers Kavak & 

Akyarh (2007) and Hossain et al. (2007) who explained that 
the reduction in maximum dry density was due firstly to the 
formation of aggregate particles so that they will occupy a 
large space and therefore to the graduation of soils. Second, 
the specific density of lime was lower than the specific gravity 
of the lateral soil, which has been confirmed by Ola (1977). 
Third, increasing the optimal water content with increasing 
the lime was due to the additional water required for poz-
zolanic reactions, the result confirmed by the researchers 
Manassah & Olufmi (2008). Another remark is the shape of 
compaction curves treated with lime compared to others, they 
take a flattened shape, which explains the insensitivity to the 
water of these mixtures. These results have been confirmed 
by the researchers (Mellal 2010).
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can affect the lift of the mixtures (Larouci et al. 2018). Indeed, the wet sediment has a very 

low punching resistance.  The grains surrounded by sediment easily avoid the pressures 

generated by the cylinder of the punching apparatus moving towards the points of low 

pressures; these displacements are more and more favoured by the addition of sediment. 

 

Fig. 9: Evolution of the CBR index after immersion 
as a function of the sediment content (before treatment). 
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Fig. 9: Evolution of the CBR index after immersion as a function of the sediment content (before treatment).

Lift Tests (CBR After Immersion)

As we see in Fig. 9, the addition of sediment significantly 
reduced the CBR index of the mixture (SCT + FDS), it was 
68.9, 66.6 and 32.9% for road aggregates and the additions 
of 10 and 30 % of sediments respectively. Vat in the wet state 
(immersion) even in small proportion can affect the lift of the 
mixtures (Larouci et al. 2018). Indeed, the wet sediment has 
a very low punching resistance.  The grains surrounded by 

sediment easily avoid the pressures generated by the cylinder 
of the punching apparatus moving towards the points of low 
pressures; these displacements are more and more favoured 
by the addition of sediment.

This action occurs between the lime and the clay minerals 
present in the added sediment when their proportion is signifi-
cant (Larouci et al. 2017). The principle of pozzolanic reaction 
is based on the possibility, in high pH medium (greater than 
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12), of dissolution of silica, alumina, iron oxides present in 
clay minerals under crystallized forms more or less altered. 

These elements in solution then react with lime to form 
insoluble lime ferro-silicoaluminates which precipitate and 
crystallize in the presence of water thus creating bonds of 
the same nature as those produced with hydraulic binders 
according to GTS (2000). 

The manifestation of this action is shown in Fig. 10 by 
the increase of the CBR index after 4 days of immersion. 
In this case, after the lime treatment, we notice a strong 
increase of CBR index for all the mixtures (sediment + 
lime).

The decrease in the CBR index for the proportion of 30% 
of sediment treated with 2% of the lime is due to the proportion 
of clay minerals exaggerated in relation to the lime content.

Unconfined Compressive Strength (UCS)

Fig. 11 shows the results of the mechanical strength of the 
tested samples. The UCS was measured at the age of 28 days. 
The UCS decreased from the first addition of FDS despite the 
addition of 10 % DFS at a higher dry density than the other 
additions. This decreased the low lift of FDS, the grains of 
FDS present between the grains of SCT undergo low friction 
generated by the pressure of the device.
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Fig. 10: Evolution of the CBR index after immersion as a function of the sediment content (after treatment).
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Fig. 12 shows the results of the mechanical strength of 
the test samples. The UCS of lime samples is higher than 
samples containing SCT + % FDS alone. Compression 
resistance increased from 0.48 to 1.11 MPa for a treatment 
of 10% FDS + 2% lime and from 0.48 to 1.67 for a 10% 
addition of FDS + 2% lime. It can be seen that the proportion 
of 20% FDS + 2% lime in a mixture can improve the strength 
to 150% of the mixture.

The immediate reaction of clay soil with mineral ad-
ditions caused modifications in the rheological behaviour 
of the treated soils due to the phenomenon of flocculation 
causing a change in particle size by aggregation (Sakr et al. 
2008, Okagbue & Ochulor 2007, Ansary et al. 2006) and 
inducing an improvement in the properties of treated soils. 
Even if the optimum of compaction is shifted to higher water 
contents and if compacting density is lower, the mechanical 
properties improve with the treatment of mineral additions 
(Osinubi 2006, Guney et al. 2007). According to Bell (1996), 
the mechanical strength of clay soils increases with the lime 
addition which is consistent with the results of Attoh-Okine 
(1995). 

 Bell (1996) noted that compressive resistance depends 
on the presence of pozzolan. When the pozzolan is available, 
it reacts with lime and this improves the compressive resist-
ance. It would prove than the absolute amount of silica and 
alumina required to support the pozzolanic reaction in clay 
soils is relatively low.

CONCLUSION

The study was undertaken to study the physical and 

mechanical behaviour of silt dredged from the Fergoug 
dam treated with lime as a substitute for tuff to use in road 
earthworks. 

The parameters studied are multiple and varied, including 
the percentages of constituents (sediment + lime), the method 
of samples preparation as well as the characteristics of each 
test. At the end of this study, we can draw the following 
main results:

 • The addition of lime leads to an improvement in consist-
ency because of a significant reduction in the plasticity 
index. The specific surface is reduced immediately 
after the incorporation of lime at the end of the clay’s 
flocculation.

 • The value of methylene blue index decreases with the 
addition of lime.

 • The addition of lime to mixtures increases their optimal 
water content and reduces their maximum dry density.

 • The lift of the mixture of (2% lime + (20% FDS + 80% 
SCT)) is more to that (20% FDS + 80% SCT) for about 
68%, which explains the positive effect of the addition 
of lime

 • The combination (2% lime + (20% FDS + 80% SCT)) 
is ideal to significantly improve the geotechnical proper-
ties of the studied silt; always for this same combination 
the compressive strength at 28 days is 3 times more than 
the untreated mixture value;

 • The addition of lime improves compressive and punch-
ing resistance. This improvement is even more signifi-
cant with the cure and it can be attributed to the filler 
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effect due to its specific surface and the formation of 
the C-S-H gels due to the pozzolanic reaction. So, there 
is a creation of cementation of the soil particles which 
allows the increase of the resistance.

 • The effectiveness of natural silt in the stabilization of 
soil/lime is thus acquired and we can use it in the field 
of roads construction.
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ABSTRACT

In this study, the adsorption performance of rice wine lees on reactive brilliant red (X-3B) was studied. 
Five aspects of SEM, FTIR characterization of rice wine lees, initial X-3B pH, rice wine lees dosage 
and initial dye concentration were studied. The characterization of rice wine lees indicated that it was 
a good adsorbent due to its larger specific surface area. And the experiment results showed that 
pH had a great influence on the adsorption effect of rice wine lees, and the adsorption performance 
decreased with the increase of pH. At the same time, the removal rate of reactive brilliant red X-3B 
increased with the increase of the dosage of rice wine lees and decreased with the increase of 
initial concentration of dyes. In the meanwhile, the experimental data were fitted to find that the 
adsorption of Reactive Brilliant Red X-3B by rice wine lees followed the Langmuir isotherm model. 
The adsorption kinetics was consistent with the intraparticle diffusion model and the maximum 
adsorption capacity was 12.376 mg/g.

INTRODUCTION

In the textile industry, various textile chemicals, such as dyes, 
surfactants, fixing agents, softeners and many other additives, 
are used in the production process (Sundrarajan et al. 2007). 
Therefore, the textile wastewater discharged during the pro-
duction process is extremely loaded, in which dye sewage 
is the main component of the wastewater. Reactive Brilliant 
Red (X-3B) is a kind of azo dye which is widely used in 
the textile industry due to its unique colour. However, this 
kind of brilliant red dye wastewater is subject to the change 
of water quality, water quantity and water temperature, and 
its chromaticity and COD value are extremely high (Yong 
et al. 2008). Besides, due to the -N=N- double bond in their 
molecular structure, dye wastewater is very stable in water 
and is not easily biodegraded, toxic degradation is really 
slow, causing damage to aquatic organisms and some ter-
restrial organisms. Therefore, these dyes are classified as 
environmentally harmful materials (Lu et al. 2009). To avoid 
polluting the river channel, it must be treated to discharge 
emission standards before discharging the dye wastewater.

At present, the methods for treating dye wastewater 
mainly include adsorption method (Annadurai et al. 2002), 
biological treatment method (Tantak & Chaudhari 2006), 
chemical oxidation method (Arslan et al. 2000), electrolysis 

method (Bechtold et al. 2010) and photocatalytic degradation 
method (Konstantinou & Albanis 2004). However, these 
methods have some disadvantages such as the high adsorbent 
price, generation of large amounts of sludge, difficulty in the 
regeneration of adsorbents, and membrane fouling. Among 
them, the adsorption method is one of the economical and 
efficient methods for treating dye wastewater. To solve the 
problem of expensive industrial adsorbents, in recent years, 
researchers have used non-living biomass to adsorb dyes 
in wastewater and achieved remarkable results. Wang et al. 
(2008) successfully removed methylene blue from aqueous 
solution by using the nonliving-biomass of seaweed and 
freshwater plants. And another researcher modified the 
peanut shell with citric acid and successfully adsorbed 
methylene blue in aqueous solution (Peng et al. 2015). Some 
researchers have also discovered that orange peel is a good 
adsorbent to adsorb the acid dyes in aqueous solution (such 
as Acid Violet 17) (Sivaraj et al. 2001). In addition to using 
agricultural waste to treat dye wastewater, researchers have 
found that distiller’s grains may also be a good adsorbent.

Rice wine lees are the main by-products of southern 
yellow wine enterprises. The annual output of 10 kt rice 
wine produces about 727 t of rice wine lees every year. As a 
by-product of the rice wine brewing process, the rice wine 
grains are rich in a large amount of protein, amino acid 
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and other nutrients and contain a large number of microor-
ganisms including mould, yeast, etc. (Zheng & He 2007), 
which may be a good adsorbent. It has been reported by 
many researchers about the adsorption of dyes in wastewater 
by rice wine lees. For example, Xiaolian et al. (2016) used 
white distiller’s grains to degrade Congo red and malachite 
green in aqueous solution. However, a large amount of rice 
distiller’s grains is mainly used for feed, and some of them 
are directly discarded, which pollutes the environment. If 
a large amount of rice wine grains can be treated with dye 
wastewater, the effect of ‘disused waste’ can be achieved, 
which not only saves energy but also provides a new idea 
for the degradation of dye wastewater. 

In this study, rice wine lees was used as non-living bi-
osorbent, and X-3B was used as the adsorption target. The 
effects of initial pH, initial concentration and adsorbent 
dosage on the adsorption performance of rice wine lees 
adsorbed X-3B were studied. Through the adsorption of iso-
thermal adsorption equation and the kinetic fitting analysis, 
the adsorption and removal mechanism of rice wine lees on 
X-3B in wastewater was discussed.

MATERIALS AND METHODS

Materials

All the chemicals were of analytical grade including X-3B, 
HCl and NaOH. During the experiment, the corresponding 
dye was dissolved in ultra-pure water produced by the Mil-
li-Q water purification system.

Advanced Treatment by the Adsorbent Rice Wine Lees

The lees used in this experiment was produced during the 
brewing process of rice wine. A certain amount of rice wine 
lees was washed with tap water repeatedly until the water 
flow was excellent and nearly colourless followed by rinsing 
again 3-4 times with distilled water. It was then wrapped with 
gauze and squeezed to flush out the water, and later put on 
a clean tin foil in a tray and spread evenly and loosely. The 
tray was later placed in an oven for drying. The rice wine lees 
was turned over for every 5-6 hours to make it properly drier.

SEM Characterization

The original rice wine lees was characterized by SEM and the 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: SEM characterization of original rice wine lees. 

 

 

 

 

 

 

Fig. 1: SEM characterization of original rice wine lees.
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results are shown in Fig. 1. It could be seen that the surface of 
the rice wine lees has many pores, larger pore size, rougher 
surface and larger specific surface area, which increased the 
contact area between the rice wine lees and the reactive bril-
liant red dye molecules. The increase in active sites provided 
further possibilities for the successful adsorption of reactive 
brilliant red by the rice wine lees.

Adsorption Experiment

0.500 g X-3B was accurately obtained and dissolved into the 
500 mL bottle with deionized water to prepare the standard 
storage solution of 1 g/L, which was diluted to the corre-
sponding concentrations according to the proportion used 
during the experiment. 1.25 g rice wine lees was added to a 
certain concentration of 500 mL containing X-3B solution, 
placed in a constant temperature shock water bath at 25°C, 
and stirred in an agitator with rotating speed of 400 r/min. The 
sample was filtered at a specific time, and the concentration 
of the remaining X-3B in the solution was measured by ultra-
violet-visible spectrophotometry at a wavelength of 536 nm.

Experimental Data Analysis

A standard curve of the absorbance of X-3B concentration 
was plotted based on the measured absorbance of X-3B, 
and the equation obtained was y = 0.0178x-0.0028 with 
R2 = 0.9997. Due to the high correlation coefficient (R2 = 
0.9997), it was seen that there was a good linear relationship 

between concentration and absorbance, which indicated that 
the equilibrium concentration of X-3B was more accurate. 
The adsorption could be calculated by equation 1.
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RESULTS AND DISCUSSION

The FTIR Analysis of Rice Wine Lees

The FTIR spectra of the rice wine lees before and after the 
reaction are shown in Fig. 2. It can be seen from the figure 
that the FTIR spectrum of the rice wine lees ranged from 
500 cm-1 - 4000 cm-1 and had a series of adsorption peaks, 
showing the complex characteristics of the rice wine lees. 
There was a distinct O-H vibration absorption peak near 
3300 cm-1, the characteristic region of the -COOH group 
near at 2500 ± 300cm-1, C-H stretching vibration of saturated 
hydrocarbon at 1450 cm-1, and C-O stretching vibration near 
1720-1715 cm-1, indicating that there were a lot of hydroxyl 
and carboxyl groups in the rice wine lees. The absorption 
peaks of the hydroxyl and carboxyl groups of rice wine lees 
after the reaction were significantly weakened.
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Fig. 2: The FTIR study of rice wine lees. 

 

 

 

 

 

 

Fig. 2: The FTIR study of rice wine lees.
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Effect of Initial pH on Adsorption of X-3B by Rice 
Wine Lees

The influence of initial pH on the removal efficiency of X-3B 
by rice wine lees was investigated and the results are shown 
in Fig. 3. It could be seen that the removal efficiency of X-3B 
decreased with the increase of pH value. When the pH values 
were 3.00, 5.00, 7.00 and 9.00, the removal rates of X-3B 
were 100%, 56.6%, 18.8% and 6.6%, respectively. It could 
be seen obviously that the pH value of the solution affected 
the removal efficiency of Reactive Brilliant Red X-3B by 
the rice wine lees, and the lower the pH value, the higher 
the removal efficiency of Reactive Brilliant Red X-3B. Since 
rice wine lees is a by-product of rice wine fermentation, it 
is rich in protein, amino acids and various amino groups 
(-NH2, -NH, -N) on biological protein molecules, which are 
easily protonated under acidic conditions and existed as the 
forms of -NH3

+, -NH2
+ and -NH+ (Won et al. 2004). These 

positively charged amino groups combined with negatively 
charged dye molecules, allowing the rice wine lees to adsorb 
X-3B successfully. The amount of protonated amine groups 
increased as the pH decreased, which provided more binding 
sites. This was consistent with the experimental results. A 
similar phenomenon was also reported by Wong et al. (2004), 
who considered that the removal of anionic dyes by Chitosan 
was mainly due to the combination with protonated amines.

Effect of Different Initial Concentrations on 
Adsorption of X-3B by Rice Wine Lees 

Under the same pH value and the dosage of rice wine lees  

(5 g/L), the effects of different initial concentrations of dyes 
on dye removal efficiency by rice wine lees were investigated 
and the results are shown in Fig. 4. As the figure depicted, the 
removal efficiency of Reactive Brilliant Red X-3B gradually 
decreased as the initial concentration of X-3B increased. 
When the initial concentration of X-3B was 20 mg/L, the 
removal rate of X-3B was 96.9% after 24 h of reaction. And 
when the initial concentration of X-3B was increased to 40 
mg/L and 60 mg/L, the degradation rate of X-3B was reduced 
to 92.5% and 90.3%. As the initial concentration of Reac-
tive Brilliant Red X-3B continued to increase to 80 mg/L, 
the removal rate of Reactive Brilliant Red X-3B was only 
73.6%. This may be due to the increasing number of anion 
sulfonate groups in reactive brilliant red molecules binding 
to a limited binding site, resulting in the saturation of binding 
sites and then leading to the degradation efficiency of X-3B.

Effect of Rice Wine Lees Dosage on X-3B Adsorption 

Different dosages of rice wine lees were selected to explore 
the effect of dosage of adsorbent on the adsorption efficiency 
and the results are shown in Fig. 5. Obviously, in the con-
dition of the same initial concentration of X-3B (10 mg/L) 
and pH, the removal efficiency of X-3B increased with the 
increase of rice wine lees dosage. When the dosage of rice 
wine lees was 5 g/L, the removal rate of X-3B was 29.9% af-
ter 120 min of reaction. And when it was 10 g/L, the removal 
rate of X-3B was 42.7% after 60 minutes of reaction. After 
90 minutes of reaction, the removal rates of rice wine lees  
were 60.4% and 67.7%, respectively, as the dosage were 14 
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Fig. 3: Effect of different initial pH on the removal of X-3B. 
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g/L and 18 g/L. It could be seen that increasing the dosage of 
rice wine lees could increase the removal efficiency of X-3B, 
and the greater the dosage of rice wine lees, the higher the 
removal rate of Reactive Brilliant Red X-3B. This was due 
to the increase of adsorption dose, which led to the increase 
of adsorption surface area, the increase of functional groups 
and the increase of the number of qualitative amino groups, 
thus improving the adsorption efficiency.

Adsorption Isotherms

The adsorption isotherm results of the rice wine lees on reac-
tive brilliant red X-3B are shown in Fig. 6. When the pH was 
5, the adsorbent dosage was 5 g/L, and the dye concentration 
was 10 mg/L. The adsorption isothermal data were linearly 
fitted by the Langmuir equation, the Freundlich equation and 
the Temkin equation (equations 2-4), respectively, the fitting 
results are shown in Fig. 6 and Table 1.
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Fig. 4: Removal rate of X-3B at different initial concentrations after 24 hours. 

 

 

 

 

 

 

Fig. 4: Removal rate of X-3B at different initial concentrations after 24 hours.

Table 1: Adsorption results of X-3B by rice wine lees.

Langmuir isotherm equation Freundlich isotherm equation Temkin isotherm equation

R2 qm k R2 k n R2 A B

0.9821 12.38 0.716 0.9414 4.951 3.026 0.9570 9.2627 2.3628
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Fig. 5: Effect of different dosage of rice wine lees on the removal of X-3B. 
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the adsorption kinetics of rice wine lees adsorbed X-3B was 
investigated. The pseudo-first-order kinetic equation, the 
pseudo-second-order kinetic equation and the intraparticle 
diffusion models were used to fit the adsorption data, which 
are represented by equations 5, 6 and 7, respectively. 
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the intraparticle diffusion model was more suitable for describing the adsorption of 
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seen from Table 2 that the correlation coefficients (R2) of the intraparticle diffusion 

model were significantly higher than the correlation coefficient between the 

pseudo-first-order kinetics and the pseudo-second-order kinetics, which indicated that 

the intraparticle diffusion model was more suitable for describing the adsorption of 

X-3B by rice wine lees. Otherwise, we could see from Fig. 7 that the correlation line 

between qt and t1/2 did not pass through the origin.  

CONCLUSION 

In this paper, the effect of initial pH, initial concentration of X-3B and the different 

dosage of rice wine lees on the adsorption of X-3B by rice wine lees were 

investigated. The results showed that the effect of solution pH on adsorption 

 …(7)

Where qe and qt (mg/g) are the amounts of X-3B at equi-
librium and at any time t and k1 and k2 are the rate constants 
of pseudo-first-order and pseudo-second-order adsorption. kid 
is the rate constant of the intraparticle diffusion model and C 
is truncation. The specific fitting results are shown in Fig. 7 
and Table 2. It could be seen from Table 2 that the correlation 
coefficients (R2) of the intraparticle diffusion model were 
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Fig. 6: Three adsorption isotherms for adsorption of X-3B by rice wine lees.

Table 2: Adsorption kinetics and intra-particle diffusion model constant and correlation of X-3B by rice wine lees

Rice wine lees (g/L) qe pseudo-first-order kinetic model pseudo-second-order kinetic model  intraparticle diffusion model

R2 K1 R2 K2 R2 Kid

5 1.876 0.9975 -0.0023 0.9409 0.5687 0.9998 0.0832

10 1 0.9471 -0.0052 0.9716 0.9022 0.9930 0.0567

14 0.714 0.9775 -0.0058 0.9529 1.0163 0.9985 0.0504

18 0.556 0.9882 -0.0064 0.9098 1.5193 0.9997 0.0467

20 0.5 0.9785 -0.0073 0.9423 1.8127 0.9992 0.0382
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Fig. 7: Pseudo-first-order, pseudo-second-order plots and intraparticle diffusion model plots for X-3B adsorption on rice wine lees.
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significantly higher than the correlation coefficient between 
the pseudo-first-order kinetics and the pseudo-second-order 
kinetics, which indicated that the intraparticle diffusion 
model was more suitable for describing the adsorption of 
X-3B by rice wine lees. Otherwise, we could see from Fig. 
7 that the correlation line between qt and t1/2 did not pass 
through the origin. 

CONCLUSION

In this paper, the effect of initial pH, initial concentration 
of X-3B and the different dosage of rice wine lees on the 
adsorption of X-3B by rice wine lees were investigated. The 
results showed that the effect of solution pH on adsorption 
performance was significant. As the pH value decreased, 
the adsorption performance enhanced, indicating that the 
removal rate of Reactive Brilliant Red X-3B became higher. 
At the same time, the removal rate of X-3B increased with 
the increase of the amount of rice wine lees and decreased 
with the increase of the initial concentration. By fitting the 
adsorption data, it was found that the adsorption reaction of 
rice wine lees to X-3B was consistent with the Langmuir 
isotherm adsorption model. The adsorption process accorded 
with intraparticle diffusion model, and the maximum adsorp-
tion capacity was 12.38 mg/g. 
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ABSTRACT

The COVID-19 pandemic is one of the biggest health calamities that the world has faced, which has 
infected millions of people and lead to hundreds of thousands of deaths all over the world. It has 
impacted the economic, social and health aspects of the countries to quite an extreme level. But an 
indirect positive impact can also be seen on the environment. In this paper, taking the example of 
Delhi, one of the most polluted cities of India, an analysis has been done to compare the levels of air 
pollutants (PM2.5, PM10, NOx and ozone) during the lockdown and the same period in the previous 
years. The study shows that the extent to which the industries, vehicles, power plants etc. release 
the air pollutants and severely impact the environment and human health. As during the lockdown 
when all such activities were either stopped or very much restricted, a reduction of almost 60% in the 
particulate matter pollution and up to 40% in the NOx pollution was observed while the ozone levels 
were reduced by 30-40% as compared to the same period during the previous two years. In the end, 
some suggestions have been made which can play some part to control air pollution once the lockdown 
is over. 

INTRODUCTION

The year 2020 began with the world facing one of the most 
devastating health calamities of the century, i.e. COVID 19 
pandemic, killing lakhs of people around the world. It has 
become the greatest challenge for the governments of all the 
countries including the giant nations like USA, UK, China, 
Russia, etc. to save their people from getting succumbed to 
this life-threatening virus. The reports of the spreading the 
Corona Virus Disease (COVID) among the human population 
first emerged from Wuhan in the Hubei Province of China in 
December 2019 (Huang et al. 2020). Soon within 2-3 months, 
the virus had spread to almost all parts of the world. Till date, 
millions of people have been infected by this virus causing 
hundreds of thousands of deaths. The countries which are 
most affected include the United States, Spain, Russia, 
United Kingdom, Italy, Brazil and many more.

The virus spreads when an infected person coughs or 
sneezes and droplets are thrown out in the air. These droplets 
can land on different surfaces which can be picked up by any 
person who touches that surface and then touches the nose, 
mouth or eyes (Rothan & Byrareddy 2020). As per the World 
Health Organization (WHO 2020), the most important thing 
to protect oneself from the virus is to keep the hands clean 
by washing them properly with soap at regular intervals or 
when exposed to anything from outside or any person. Social 
distancing is another way by which the community spread 
of the Coronavirus can be controlled (Lewnard & Lo 2020). 

With these guidelines, the countries have taken various 
measures to protect their people from this pandemic. Some 
of the measures include the shutting down of the international 
and domestic travel; shutting down of schools, offices, indus-
tries; complete lockdown of people in their houses, shutting 
down the public transport, etc. These steps have helped in 
controlling the spread of the virus, but it has brought the 
entire world’s economy under the threat of high inflation, 
loss in productivity, migration of labours, unemployment 
and excessive expenditure on the health care systems for the 
treatment of the COVID-19 victims.

In India, the Prime Minister of India had announced a 
strict Nationwide lockdown for its 1.3 billion population from 
24th March 2020 as a preventive measure against the COVID 
19 pandemic (Pulla 2020). All the institutions, industries, 
highways including the markets, shops public places were 
all closed, while only a few basic necessity shops like dairy, 
grocery, medical and fruits and vegetables were allowed to 
be open, but only for a certain period during the day. People 
were asked to stay at home and only come out for buying 
essentials during the allotted time slot maintaining social 
distancing (Lancet 2020). Though this step helped India to 
control the graph of the COVID-19 cases, there were many 
negative impacts also which people had to face, especially 
the below poverty class people and the labours whose only 
source of income is their daily wages. The government of 
India has taken all necessary measures to help the poor by 
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providing them with the basic goods of necessity and free 
food, but still, the help could not be reached to 100% of the 
needy people due to many limitations.

The COVID-19 pandemic has impacted not only the 
health aspect, but it has also impacted the social, economic 
and environmental aspects of all the countries (McKibbin 
& Fernando 2020, Chakraborty & Maity 2020). An indirect 
effect of the COVID-19 pandemic can also be seen on the en-
vironment, but this impact is a positive one (Zambrano-Mon-
serrate et al. 2020). Due to the outbreak of the COVID-19, 
people are forced to stay at home due to the lockdown and has 
also resulted in the closure of all the industries, institutions 
and reduction in the vehicular movement. This has proved to 
be very beneficial for the environment. Due to the non-func-
tioning of the industries, the waste emission, which is a major 
cause for the water and air pollution, has decreased to a very 
large extent. Again, as there are very restricted movements of 
the vehicles on road, the NOx, PM2.5 and greenhouse gases 
emissions have also reduced to a great extent (Sharma et al. 
2020). People can breathe clean air and even experiencing 
clear sky, due to the absence of smog, for the first time in 
many years (Sinha & Saran 2020). As the tourists are not 
found on the beaches, hill stations and jungles, land pollution 
has also reduced in such places. 

In this paper, the author has analysed the environmental 
impact on the air pollution levels in India during the lock-
down period due to the COVID-19 pandemic. To determine 
the impact on the air pollution, Delhi was taken as the area 

of study and the air quality data for PM2.5, PM10, NOx 
and ozone levels from 5 monitoring stations were compared 
with the levels in the previous year. Some suggestions are 
also recommended which if implemented can play some 
role in controlling the air pollution once the lockdown of 
the nation is over. 

MATERIALS AND METHODS

For the analysis of the air quality during the lockdown, Delhi 
has been taken as the study area. Delhi is the national capital 
of India located at 28.61° N 77.23° E. Delhi holds the second 
position in the list of the megacities of the world ((United 
Nations 2018).  Delhi being one of the most polluted cities 
of the country and ranking (Hariharan 2019) on the global 
scale is an ideal area for the study. Five monitoring stations 
(Ashok Vihar-DPCC, DTU – CPCB, IGI Airport (T3)-IMD, 
Wazirpur and Najafgarh) were selected (Fig. 1) and the data 
reported from these stations were taken from the CPCB 
website (https://app.cpcbccr.com/ccr/#/caaqm-dashboard/
caaqm-landing) for the year 2018, 2019, 2020 during Febru -
ary, March and April. The 24-hour average concentration of 
4 major pollutants i.e., PM2.5, PM10, NOx and Ozone has 
been obtained and analysed. The February and March (up 
to 23rd) were the non-lockdown periods while April is the 
complete lockdown period. The current data were compared 
with the data of the same period in the previous years, i.e. 
2018 and 2019, as the air quality largely depends on the sea-
sonal conditions. The monitoring stations were selected on seasonal conditions. The monitoring stations were selected on the basis on the data availability, 

level of pollution reported by them and cover the wider area of the city. 

 

Fig. 1: Locations of the monitoring stations. 

RESULTS  

Particulate Matter 
Particulate matter is a mixture of solid particles and liquid droplets in the air, some of which can be seen 
through the naked eye, while some are so small that they could only be detected through an electron 
microscope. These include the dust, dirt, soot, smoke and drops of liquids. Based on the size of the 
particles they are divided into PM2.5 and PM10.  

Particulate matter poses a great risk to human health. PM10 can irritate the eyes, nose and throat. 
Particles that are very fine, i.e. PM2.5 are more dangerous as these can mix with the bloodstream and 
even go deep into the lungs. They are many times associated with lung cancer also.  

Tables 1 and 2 show the average monthly values of the PM2.5 and PM10 respectively, for February, 
March and April in the year 2018, 2019 and 2020. It can be from the data that during the month of April 
2020, i.e the lockdown period, the PM2.5 values are ranging  between 40-50 µg/m3, which is below the 
National Ambient Air Quality Standard (NAAQS) value of 60 µg/m3, while the readings for all the other 
periods is way beyond the standard value. Similarly, the PM10 values are ranging between the 90-140 
µg/m3, which is just closer to the NAAQS standard value of 100 µg/m3, while all the other readings are 
almost 2 or 3 times the standard value. 

The values of the current year are compared with the previous two years and the per cent reduction in 
the values during the lockdown, i.e. for April was determined (Tables 3 & 4). 

Fig. 1: Locations of the monitoring stations.
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the basis on the data availability, level of pollution reported 
by them and cover the wider area of the city.

RESULTS 

Particulate Matter

Particulate matter is a mixture of solid particles and liquid 
droplets in the air, some of which can be seen through 
the naked eye, while some are so small that they could 
only be detected through an electron microscope. These 
include the dust, dirt, soot, smoke and drops of liquids. 
Based on the size of the particles they are divided into 
PM2.5 and PM10. 

Particulate matter poses a great risk to human health. 
PM10 can irritate the eyes, nose and throat. Particles that are 
very fine, i.e. PM2.5 are more dangerous as these can mix 
with the bloodstream and even go deep into the lungs. They 
are many times associated with lung cancer also. 

Tables 1 and 2 show the average monthly values of the 
PM2.5 and PM10 respectively, for February, March and 
April in the year 2018, 2019 and 2020. It can be from the 
data that during the month of April 2020, i.e the lockdown 
period, the PM2.5 values are ranging  between 40-50 µg/m3, 
which is below the National Ambient Air Quality Standard 
(NAAQS) value of 60 µg/m3, while the readings for all the 
other periods is way beyond the standard value. Similarly, 
the PM10 values are ranging between the 90-140 µg/m3, 
which is just closer to the NAAQS standard value of 100 
µg/m3, while all the other readings are almost 2 or 3 times 
the standard value.

The values of the current year are compared with the 
previous two years and the per cent reduction in the values 

during the lockdown, i.e. for April was determined (Tables 
3 & 4).

As can be seen from Table 5 and Fig. 2, there has been a 
substantial decrease in the PM2.5 pollutants in the air during 
April 2020 due to the lockdown. The maximum decrease of 
50.95% was found at station DTU-CPCB. Similarly, from 
Table 4 and Fig. 3, a maximum decrease of 68.04% in the 
PM10 value was at the station Wazirpur. 

NOx

Nitrogen oxides is a collective term used for the nitrogen 
monoxide (NO) and nitrogen dioxide (NO2). These gases 
are emitted in the air mainly from the fuel combustion in 
vehicles, power plants and industries.  Previous studies have 
reported that almost 80-90% for the NOx and CO pollutants 
are produced from the transport sector in the Delhi Region 
(Gurjar et al. 2004, Tyagi et al. 2016).

NOx react in the atmosphere to form smog and acid rain. 
Breathing air in such an environment can cause respiratory 
problems, damage the lung tissues and other breathing-re-
lated problems in humans. Acid rain is also very dangerous 
to both plants and human beings.

Tables 5 shows the average monthly values of the NOx, 
for February, March and April in the year 2018, 2019 and 
2020. The values of the current year were compared with 
the previous two years and the per cent reduction in the 
values during the lockdown, i.e. for April was determined 
(Table 6).

It can be observed from Table 6 and Fig. 4, that a signifi-
cant decrease in the NOx occurs during April. A maximum re-
duction of 70.75% was reported from the Ashok Vihar-DPCC 

Table 1: PM2.5 monthly average values for the 5 monitoring stations in µg/m3.

Year    Ashok Vihar-DPCC DTU - CPCB IGI Airport (T3) - IMD     Wazirpur - DPCC    Najafgarh - DPCC

Feb March Apr Feb March Apr Feb March Apr Feb March Apr Feb March Apr

2018 172.04 119.95 101.38 169.76 122.81 87.84 161.80 69.20 59.18 162.85 120.14 99.064 123.40 94.10 76.08

2019 141.68 92.43 95.33 118.77 92.81 84.62 168.20 72.43 69.23 166 98.355 101.44 110.17 83.86 68.17

2020 134.55 67.73 48.59 152.58 76.39 50.93 214.82 48.34 39.07 146.49 71.972 52.392 112.08 66.54 47.13

Table 2: PM10 monthly average values for the 5 monitoring stations in µg/m3.

Year     Ashok Vihar-DPCC         DTU – CPCB IGI Airport (T3) - IMD      Wazirpur - DPCC       Najafgarh - DPCC

Feb March Apr Feb March Apr Feb March Apr Feb March Apr Feb March Apr

2018 330.68 286.48 315.21 NA 385.35 299.36 241.80 143.30 175.87 365.42 287.82 371.52 212.95 216.16 269.90

2019 236.55 193.65 167.72 203.57 194.84 263.70 251.23 176.59 224.13 295.39 231.58 307.84 167.52 145.23 191.96

2020 230.35 121.84 95.15 285.28 154.61 123.80 343.10 116.33 88.02 272.28 170.07 108.57 175.57 133.68 143.72
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Fig. 3: The PM10 values in April 2020 compared to the average of 2018 and 2019 for the same period. 

As can be seen from Table 5 and Fig. 2, there has been a substantial decrease in the PM2.5 pollutants in 
the air during April 2020 due to the lockdown. The maximum decrease of 50.95% was found at station 
DTU-CPCB. Similarly, from Table 4 and Fig. 3, a maximum decrease of 68.04% in the PM10 value was at 
the station Wazirpur.  

NOx 

Nitrogen oxides is a collective term used for the nitrogen monoxide (NO) and nitrogen dioxide (NO2). 
These gases are emitted in the air mainly from the fuel combustion in vehicles, power plants and 
industries.  Previous studies have reported that almost 80-90% for the NOx and CO pollutants are 
produced from the transport sector in the Delhi Region (Gurjar et al. 2004, Tyagi et al. 2016). 

NOx react in the atmosphere to form smog and acid rain. Breathing air in such an environment can 
cause respiratory problems, damage the lung tissues and other breathing-related problems in humans. 
Acid rain is also very dangerous to both plants and human beings. 

Tables 5 shows the average monthly values of the NOx, for February, March and April in the year 2018, 
2019 and 2020. The values of the current year were compared with the previous two years and the per 
cent reduction in the values during the lockdown, i.e. for April was determined (Table 6). 

Table 5: NOx monthly average for the 5 monitoring stations in ppb. 

Year Ashok Vihar-DPCC DTU - CPCB IGI Airport (T3) - IMD Wazirpur Najafgarh 

 
Feb March Apr Feb March Apr Feb March Apr Feb March Apr Feb March Apr 

2018 56.63 41.99 37.21 48.76 31.25 8.76 114.57 46.88 53.81 65.009 60.015 54.104 31.91 28.50 31.14 

2019 57.18 50.88 44.71 41.74 27.86 27.79 164.89 78.44 48.03 92.537 72.173 79.074 32.87 24.82 20.60 

2020 51.13 32.11 11.98 30.10 19.24 15.53 96.43 74.02 24.77 68.597 47.143 24.246 24.08 16.96 8.71 
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Table 6: Percentage reduction in the NOx in April in 2020 compared to the average of the 2018 and 2019 
April values. 

 

 Stations 
Average of the Year 2018 and 
2019 (ppb) 

Value in April 2020 
(ppb) 

% 
Reduction 

Ashok Vihar-DPCC 40.96 11.98 70.75 
DTU-CPCB 18.28 15.53 15.04 

IGI Airport (T3)-
IMD 50.92 24.77 51.36 

Wazirpur 66.59 24.25 63.58 
Najafgarh 25.87 8.71 66.33 

 

 

Fig. 4: The NOx values in April 2020 compared to the average of 2018 and 2019 for the same period. 

 

It can be observed from Table 6 and Fig. 4, that a significant decrease in the NOx occurs during April. A 
maximum reduction of 70.75% was reported from the Ashok Vihar-DPCC monitoring station. A satellite 
image (Fig. 5) showing the average concentration of nitrogen dioxide over India during the period of 1st 
January to 24th March and 25th March to 20th April for the year 2019 and 2020 also shows the reduction 
in the concentration of the NO2 during the lockdown. 
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Fig. 2: The PM2.5 values in April 2020 compared to the average of 2018 and 2019 for the same period. 

 

Table 4: Per cent reduction in the PM10 in April in 2020 compared to the average of the 2018 and 2019 
April values. 

 Stations 

Average of the Year 
2018 and 2019 
(µg/m3) 

Value in April 2020 
(µg/m3) %Reduction 

Ashok Vihar-DPCC 241.45 95.15 60.59 
DTU-CPCB 281.53 123.8 56.03 
IGI Airport (T3)-IMD 200 88.02 55.99 
Wazirpur 339.68 108.57 68.04 
Najafgarh 230.93 143.72 37.76 
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monitoring station. A satellite image (Fig. 5) showing the 
average concentration of nitrogen dioxide over India during 
the period of 1st January to 24th March and 25th March to 20th 
April for the year 2019 and 2020 also shows the reduction in 
the concentration of the NO2 during the lockdown.

Ozone

Ozone found in the stratosphere is good ozone as it pro-
tects the earth from the harmful ultraviolet rays. But the 
ground-level ozone is bad for humans as it has a negative 
effect on human health. Ozone is not a primary pollutant 
as it is not directly emitted by the sources. It is a secondary 
pollutant formed due to the photochemical reactions of NOx 
and VOCs in the presence of sunlight. 

Inhalation of ozone causes breathing problems, coughing, 
chest pain, throat irritation, damage of lung tissues and other 
health issues.

Table 7 shows the average monthly values of the ozone, 
for February, March and April in the year 2018, 2019 and 
2020. The values of the current year were compared with the 
previous two years and the per cent reduction in the values 

during the lockdown, i.e. for April was calculated (Table 8).

Table 8 and Fig. 6 shows that there has been a good 
reduction in the ozone concentration during the lockdown 
period in four out of five stations [an exception being the 
DTU-CPCB station which may be due to lesser reduction in 
the NOx levels (15%)]. Studies have shown that the reduction 
in VOCs is more effective in limiting ozone production as 
compared to the NOx (Jhun et al. 2015).  

DISCUSSION

The lockdown has restricted the commercial activities, 
construction activities, vehicular movement and industrial 
activities which are the major contributor to the air pollutants. 
From the above analysis, we can see that there has been a 
significant decrease in the concentration of major pollutants 
like PM2.5, PM10, NOx and ozone in the air during the lock-
down period due to the Covid-19. This result is consistent 
with a study by Sharma et al. (2020) who reported a maxi-
mum reduction of 49% in AQI in Delhi. The AQI in Delhi 
has always been under the ‘very poor’ to ‘severe’ category 
due to which the people are under constant threat of health 

Table 3: Per cent reduction in the PM2.5 in April in 2020 compared to the average of the 2018 and 2019 April values.

 Stations Average of the Year 2018 and 2019 for 
April (µg/m3) 

Value in April 2020 (µg/m3) %Reduction

Ashok Vihar-DPCC 98.35 48.59 50.59

DTU-CPCB 86.23 50.93 40.94

IGI Airport (T3)-IMD 64.21 39.07 39.15

Wazirpur 100.25 52.39 47.74

Najafgarh 72.13 47.13 34.66

Table 4: Per cent reduction in the PM10 in April in 2020 compared to the average of the 2018 and 2019 April values.

 Stations Average of the Year 2018 and 2019 (µg/m3) Value in April 2020 (µg/m3) %Reduction

Ashok Vihar-DPCC 241.45 95.15 60.59

DTU-CPCB 281.53 123.8 56.03

IGI Airport (T3)-IMD 200 88.02 55.99

Wazirpur 339.68 108.57 68.04

Najafgarh 230.93 143.72 37.76

Table 5: NOx monthly average for the 5 monitoring stations in ppb.

Year    Ashok Vihar-DPCC        DTU - CPCB IGI Airport (T3) - IMD              Wazirpur           Najafgarh

Feb March Apr Feb March Apr Feb March Apr Feb March Apr Feb March Apr

2018 56.63 41.99 37.21 48.76 31.25 8.76 114.57 46.88 53.81 65.009 60.015 54.104 31.91 28.50 31.14

2019 57.18 50.88 44.71 41.74 27.86 27.79 164.89 78.44 48.03 92.537 72.173 79.074 32.87 24.82 20.60

2020 51.13 32.11 11.98 30.10 19.24 15.53 96.43 74.02 24.77 68.597 47.143 24.246 24.08 16.96 8.71
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issues. During the lockdown, the AQI in Delhi has reached 
to ‘satisfactory’ to ‘moderate’ category.

This shows the extent to which the anthropogenic activ-
ities are responsible for the increase in the concentration of 
pollutants in the air, due to which the air quality is becom-
ing worst for human beings. There has been an increasing 
number of health issues which people are facing in the urban 
areas as they are continuously forced to breathe in polluted 
air (Pandey & Devotta 2005). These pollutants are also the 
reason for the major global issues like climate change and 
global warming (Alcamo et al. 2002). 

Restricting the anthropogenic activities causing the re-
lease of pollutants in the air, can be an ideal solution to the 
control of air pollution, but slowing down the economy and 
growth of the country is not a kind of solution that would be 
feasible for any country. Various other measures can be taken 
to put a control on them which in turn will help in reducing 
the concentration of harmful pollutants in the environment.

 1. During the lockdown, wherever possible, people are 
working from home as they cannot travel. Organiza-
tions which never allowed the work from home model 
earlier have now accepted this model and allowing the 

employees to work from home. The feedback received 
is that there has been no impact on work front especially 
for the IT industry and the ones whose majority of the 
work is on the computers (Mitta 2020). If this model 
is continued, and employees are asked to come to the 
office only when needed, there would be major drop 
vehicular movement. The companies can also opt for 
a 50% work from a home model, where 50% of their 
workforce is always working from home. As reported 
by CPCB, the vehicular contribution to the total urban 
air pollution in Delhi and Mumbai is about 76-90% for 
CO, 66-74% for NOx, 5-12% for SO2 and 3-12% for 
PM (Gulia et al., 2015). 

 2. Majority of the offices, including the government offic-
es are using the video conferencing for their meetings 
during the lockdown. If people start using it for their 
Meetings regularly, their travel will reduce which will 
bring down the number of vehicles on the road.

 3. The industries cannot be stopped from their operations, 
but strict action can be taken on the control of its emis-
sions. The government should imply stricter rules and 
impose stringent monitoring on the emissions emitted 
by the industries. 

Table 6: Percentage reduction in the NOx in April in 2020 compared to the average of the 2018 and 2019 April values.

 Stations Average of the Year 2018 and 2019 (ppb) Value in April 2020 (ppb) % Reduction

Ashok Vihar-DPCC 40.96 11.98 70.75

DTU-CPCB 18.28 15.53 15.04

IGI Airport (T3)-IMD 50.92 24.77 51.36

Wazirpur 66.59 24.25 63.58

Najafgarh 25.87 8.71 66.33

Table 7: Ozone monthly average for the five monitoring stations in µg/m3.

Year   Ashok Vihar-DPCC           DTU - CPCB IGI Airport (T3) - IMD             Wazirpur          Najafgarh

Feb March Apr Feb March Apr Feb March Apr Feb March Apr Feb March Apr

2018 34.90 47.78 62.54 NA 0.02 9.21 101.50 31.54 36.14 26.012 33.988 46.134 50.05 60.07 79.13

2019 30.03 39.37 45.96 34.77 41.47 54.30 99.33 23.15 25.59 22.221 33.985 45.08 47.74 55.93 78.15

2020 27.95 27.81 36.42 47.32 52.62 78.77 113.08 13.57 25.92 11.424 4.8438 33.059 39.05 44.78 38.17

Table 8: Per cent reduction in the Ozone in April in 2020 compared to the average of the 2018 and 2019 April values.

 Stations Average of the Year 2018 and 2019 (µg/m3) Value in April 2020 (µg/m3) % Reduction

Ashok Vihar-DPCC 54.25 36.42 32.87

DTU-CPCB 31.76 78.77 -148.02

IGI Airport (T3)-IMD 30.87 25.92 16.03

Wazirpur 45.6 33.059 27.50

Najafgarh 78.64 38.17 51.46
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Fig. 5: Satellite image showing the average nitrogen dioxide over India. Source: ESA/Copernicus 
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 4. During the lockdown, the government has imposed a 
model where people do not need to travel to places 
for necessities like groceries, fruits, vegetables and 
medicines but these necessities have been reached out 
to them at their places. If this model can continue even 
after lockdown, wherever feasible, it will surely contrib-
ute to lessening the air pollutants. More virtual online 
supermarkets should be introduced so that their services 
could reach more and more people. People should be 
given special discounts and perks to encourage them to 
use online markets instead of travelling and going to the 
markets.

 5. Many service industries have started their online 
working model to continue to provide their services to 
customers. They should think of continuing this model 
even after the lockdown as this will decrease the travel 
of the people. 

CONCLUSION

The Covid-19 pandemic has shaken the entire world with 
hundreds of thousands of deaths and millions of people 
affected due to this virus. It has impacted the economy, 
health care systems and the social life of people. Most of 
the countries have shut down the institutions, industries and 
transport and asked people to stay at home to control the 
spread of the virus. 

The only positive side that be seen during this difficult 
time is the impact on the environment. With the reduced 
anthropogenic activities causing pollution, the environment is 
breathing easily during this period. Taking Delhi, as the study 
area, different parameters (PM2.5, PM10, NOx and ozone) 
of five monitoring stations were analysed and compared with 
the values in the previous year. The results show that there 
has been a considerable reduction in the concentration of air 
pollutants in the air. A reduction of almost up to 50% was 
found in the PM2.5 values, while the PM10 values showed 
a reduction of up to 68% and the NOx values showed a 
reduction of up to 70%. 

Everyone knows that this is a temporary effect and pol-
lution level will become regular after the lockdown is over. 
But it is time to give a thought to the level at which the en-
vironment is getting affected due to the uncontrolled human 
activities. If these activities cannot be stopped completely, 
they can definitely be reduced. The lockdown period has 
introduced many different models of working, education 
and business which require none or very less travel. People 
should seriously think on such models to continue which is 
going to reduce the vehicular movements and in turn reduce 
the emission of pollutants in the air. The regulatory bodies 

should also take this experience as a very good example and 
work on different plans to impose strict regulations on the 
emissions from the industries and power plants.
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ABSTRACT

Construction of pavement layers on subgrade soil with excellent properties reduces the thickness 
of pavements and consequently reduces the initial cost of construction. However, construction of 
pavement on poor soil subgrade like black cotton soil is unavoidable due to several constraints. In 
such a situation, the enhancement of subgrade properties can be attained by the addition of foreign 
materials. The worldwide growing usage of cement has led to a larger collection of crystalline silica from 
the cement manufacturing plants. The disposal of the crystalline silica is extremely challenging and 
also causes an environmental impact. Hence this waste material can be used for enhancement of the 
strength of the weak soils. Chemical analysis has revealed that crystalline silica is rich in oxides such 
as silicon oxide, aluminium oxide and calcium oxide. In this study, the black cotton soil is blended with 
8%, 12%, 16%, 18% and 20% crystalline silica by the weight of the dry soil. Laboratory tests, namely, 
standard proctor compaction test, California Bearing Ratio (CBR) test and Unconfined Compressive 
Strength (UCC) test were carried out to examine the performance of crystalline silica mixture in black 
cotton soil. The outcome suggests that a potential increase in crystalline silica content enhances the 
maximum dry density (MDD). The results also indicate there is a huge potential to use crystalline silica 
as an admixture to strengthen the black cotton soil. Moreover, the employment of crystalline silica might 
also benefit the environment and construction cost.

INTRODUCTION

Environmental pollution emanating from the industries is 
a serious cause of concern. Rapid industrialization and ur-
banization have increased the level of pollution significantly. 
Every year an enormous quantity of waste materials is being 
dumped on the valuable land resulting in degradation of the 
existing soil. Moreover, the developed nations tend to per-
ceive the developing nations as a source of dump yards for 
the disposal of solid waste matter. Thus, solid waste manage-
ment has become a serious issue for third world countries. 
Solid waste disposal is posing a threat for many countries in 
today’s scenario and many investigations are being carried 
out to convert the industrial and domestic wastes into usable 
materials. One among them is to utilize the solid waste ma-
terials for the stabilization of the weak and expansive soils 
such as black cotton soil. The internal structure of the black 
cotton soil is provided in Fig. 1. 

Expansive soil is a term that denotes any soil or rock that 
has a potential for shrinking and swelling under changing 
moisture conditions (Nelson & Miller 1992). Structures 
that are built on such soils are subjected to severe damages. 
Soil stabilization is a process of enhancing the soil material 

resulting in improved bearing capacity, soil strength, and 
durability under adverse moisture and stress conditions (Joel 
& Agbede 2011). 

These solid wastes can be of various types, namely, in-
dustrial (fly ash, bottom ash, foundry ash, copper slag, blast 
furnace slag, etc.), agricultural (bagasse, groundnut shell, rice 
husk, coconut shells, etc.), mineral (quarry dust, marble dust, 
etc.) and domestic (waste tyres, incinerator ash, etc.) (Sabat 
& Pati 2014). The volume of industrial waste production 
surpasses the waste production from other sources such as 
domestic, agricultural and mineral wastes due to the rapid 
growth of industrialization in meeting the ever-demanding 
needs of the people. Hence, the focus of our study is the 
stabilization of the black cotton soil using crystalline silica, 
an industrial waste. 

Fly ash has been added for the stabilization of various 
expansive soils. Among fly ash, there are many varieties 
like class-C, class-F, etc. Various researchers have explored 
the effect of class-F on expansive soils (Pandian et al. 2001, 
Ji-ru & Xing 2002, Phanikumar & Sharma 2004, Amu et al. 
2005, Hakari & Puranik 2012, Maneli et al. 2013, Radhakr-
ishnan et al. 2014). The effect of class-C on expansive 

    2020pp. 1105-1112  Vol. 19
p-ISSN: 0972-6268 
(Print copies up to 2016) No. 3  Nature Environment and Pollution Technology 

  An International Quarterly Scientific Journal

Original Research Paper

e-ISSN: 2395-3454

Open Access Journal

Nat. Env. & Poll. Tech.
Website: www.neptjournal.com

Received: 14-09-2019
Revised:    11-10-2019
Accepted: 26-11-2019

Key Words:
Black cotton soil  
Crystalline silica  
Maximum dry density
Pavements

Original Research Paperhttps://doi.org/10.46488/NEPT.2020.v19i03.021



1106 M. Selvaraj et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

soils has been studied by Amu et al. (2005), Cokca (2001), 
Nalbantoglu (2004), Pandian & Krishna (2003), Misra et 
al. (2005). Cement kiln dust has been used for stabilization 
of expansive soils (Peethamparan & Olek 2008, Moses & 
Saminu 2012). The effect of the addition of silica fume on 
geotechnical properties of expansive soils was analysed by 
Kalkan & Akbulut (2004) and Negi et al. (2013). Havanagi 
et al. (2006) mixed copper slag with fly ash in expansive 
soils in different proportions and investigated their suitabil-
ity in embankment, sub base and basements. Kalkan (2006) 
stabilized expansive clay with red mud (a waste material 
generated during the production of alumina) and cement 
red mud and found increment in the strength and decrement 
in the swelling percentage. Apart from these, various other 
industrial waste materials have been used in the past such as 
granulated blast furnace slag (Sharma & Sivapullaiah 2012, 
Celik & Nalbantoglu  2013), ceramic dust (Sabat 2012, Sabat 
& Bose 2014), brick dust (El-Aziz & Abo-Hashema 2013), 
and polyvinyl waste (Oyekan et al. 2013). Hotti et al. (2019) 
used plastic bottle granules as an additive for the stabilization 
of black cotton soil at Nargund taluk, Karnataka state. Fauzi 
et al. (2016) evaluated the engineering properties of black 
cotton soil stabilized with high density polyethylene (HDPE) 
and waste crushed glass as additives for subgrade improve-
ment. Kumar & Singh (2017) analysed the stabilization of 
black cotton soil with cement kiln dust and reported that the 
optimum moisture content increases and the maximum dry 
density decreases with the cement kiln dust content. From 

the above literature, it is evident that crystalline silica has 
not been used for the stabilization of the black cotton soil. 
In this study, an attempt has been made for the first time on 
the utilization of crystalline silica for the stabilization and 
enhancement of the strength of black cotton soil. 

MATERIALS AND METHODS

Black cotton soil collected from a site in Erramanaickenpatti, 
Palani, Tamilnadu (Latitude 10°28’52’’ N and Longitude 
77°35’02’’ E) has been used in this work. The soil sample 
was collected at a depth of 1m. The soil sample was prepared 
following IS-2720 Part 1. Crystalline silica sand of size less 
than 300 microns was collected from the ACC fly ash brick 
plant at Madukkarai in Coimbatore.

The chemical characterization of crystalline silica sand 
was found using Scanning Electron Microscopy (SEM) 
analysis. The results of the SEM test are given in Table 1. 

From Table 1, it is evident that the element (O K) was 
found to be relatively high when compared with other ele-
ments.

Laboratory tests such as standard proctor compaction test, 
California Bearing Ratio (CBR) test and Unconfined Com-
pressive Strength (UCC) test were carried out to examine the 
performance of crystalline silica mixture in black cotton soil.

RESULTS AND DISCUSSION

In Proctor compaction test, the compaction characteristics 
namely optimum moisture content and corresponding max-
imum dry density of the soil for a continuous increase in 
moisture content was determined as per IS 2720-7:1980. 
The variation of dry density with respect to water content 
is shown in Fig. 2.

With the addition of water to the black cotton soil, at 
low moisture content, it became easier for the soil particles 
to move over one another during the application of the 
compaction force. This caused the reduction of voids which 
subsequently increased dry density. As the water content 

Table 1: Composition of crystalline silica.

S.No Element Concentration 

1. O K 36.15

2. Al K 3.42

3. Si K 6.37

4. Ca K 17.35

5. Fe K 1.11

12%, 16%, 18% and 20% crystalline silica by the weight of the dry soil. Laboratory tests, 

namely, standard proctor compaction test, California Bearing Ratio (CBR) test and 

Unconfined Compressive Strength (UCC) test were carried out to examine the performance 

of crystalline silica mixture in black cotton soil. The outcome suggests that a potential 

increase in crystalline silica content enhances the maximum dry density (MDD). The results 

also indicate there is a huge potential to use crystalline silica as an admixture to strengthen 

the black cotton soil. Moreover, the employment of crystalline silica might also benefit the 

environment and construction cost. 

INTRODUCTION

Environmental pollution emanating from the industries is a serious cause of concern. 

Rapid industrialization and urbanization have increased the level of pollution significantly. 

Every year an enormous quantity of waste materials is being dumped on the valuable land 

resulting in degradation of the existing soil. Moreover, the developed nations tend to perceive 

the developing nations as a source of dump yards for the disposal of solid waste matter. Thus, 

solid waste management has become a serious issue for third world countries. Solid waste 

disposal is posing a threat for many countries in today’s scenario and many investigations are 

being carried out to convert the industrial and domestic wastes into usable materials. One 

among them is to utilize the solid waste materials for the stabilization of the weak and 

expansive soils such as black cotton soil. The internal structure of the black cotton soil is 

provided in Fig. 1.  

 
Fig.1: Internal structure of black cotton soil.
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increased, the soil particles were surrounded by larger water 
films around them. This increase in dry density continued 
until the stage where the water starts to occupy the space 
that could have been occupied by the soil grains. Thus the 
water at this stage impedes the closer packing of grains and 
reduces the dry unit weight. During compaction, removal 
of more void increases the density but it is impossible to 
remove all the air voids. So, practically the compaction curve 
cannot cross the zero air voids curve, therefore the void ratio 
is always greater than zero. From Fig. 2, it was also found 
that the optimum moisture content of the soil is 22% and the 
maximum dry density of the soil is 1.422g/cc.

In an unconfined compression test, we determined the 
unconfined compressive strength of the soil as per IS2720-
10:1991 and the plot of the stress distribution is shown in 
Fig. 3. The plot also aids in the verification of the bulking 
of soil under various loading conditions.

California Bearing Ratio test was done for evaluating 
the bearing capacity of soil sample for the design of flexible 
pavement. Tests were carried out on natural or compacted 
soils under water-soaked and un-soaked conditions. The re-
sults obtained were compared with the curves of the standard 
test to have a conception of the strength of the underlying 
subgrade soil. While designing pavements, this CBR value 
governs the thickness of other layers, i.e. if CBR of soil is 
high, the layer thickness will be less.

Based on the standard formula and Fig. 4, the value of 
CBR of soil under un-soaked condition is 5.91%. The CBR 
test was performed on the soaked soil sample also. The sam-
ple was subjected to the soaking period of 96 hours before 
loading to ensure the worst field conditions. 

Based on standard formula and Fig. 5, the value of CBR 
of soil in soaked condition is 1%. It is observed from the 
obtained values that the CBR value will generally be higher 
for the dry soil because the shear strength of dry soil is 
higher than the shear strength of wet soil. Moreover, since 
CBR is mostly associated with mechanical strength, the CBR 
(un-soaked value) will be higher than the CBR soaked value 
and a similar conclusion can be arrived here.  Soaked CBR 
is used for the design of pavement as the earth beneath the 
pavement crust does not exactly remain dry throughout the 
year after the construction of the pavement. Some water does 
eventually reach the subgrade having percolated through 
interconnected voids, present either due to inadequate 
compaction, faulty mix design or potholes or by infiltration 
through the unpaved shoulders. The water affects the shear 
strength and bearing capacity 

(CBR is the index of bearing capacity) of the subgrade, 
and weakens the subgrade, when moisture content exceeds 
the optimum moisture content (OMC). The various indexes 
and engineering properties of the soil are given in Table 2.  

The compaction test was done with black cotton soil with 
the addition of crystalline silica to determine the optimum 
percentage of crystalline silica that would increase the dry 
density. With this optimum percentage, the unconfined 
compressive strength test and the California bearing ratio 
test were performed.

Effect of Crystalline Silica on Black Cotton Soil

The black cotton soil was added with 8%, 12%, 16% and 
20% of crystalline silica and different percentages of water 
were added to determine the maximum dry density and the 
optimum moisture content.

Table 1: Composition of crystalline silica. 

S.No Element Concentration  

1. O K 36.15 

2. Al K 3.42 

3. Si K 6.37 

4. Ca K 17.35 

5. Fe K 1.11 

 

From Table 1, it is evident that the element (O K) was found to be relatively high when 

compared with other elements. 

Laboratory tests such as standard proctor compaction test, California Bearing Ratio (CBR) 
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RESULTS AND DISCUSSION 

In Proctor compaction test, the compaction characteristics namely optimum moisture content 

and corresponding maximum dry density of the soil for a continuous increase in moisture 
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water content is shown in Fig. 2. 
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Fig. 2: Variation of dry density with water content.

Fig. 2: Variation of dry density with water content. 

With the addition of water to the black cotton soil, at low moisture content, it became easier 

for the soil particles to move over one another during the application of the compaction force. 

This caused the reduction of voids which subsequently increased dry density. As the water 

content increased, the soil particles were surrounded by larger water films around them. This 

increase in dry density continued until the stage where the water starts to occupy the space 

that could have been occupied by the soil grains. Thus the water at this stage impedes the 

closer packing of grains and reduces the dry unit weight. During compaction, removal of 

more void increases the density but it is impossible to remove all the air voids. So, practically 

the compaction curve cannot cross the zero air voids curve, therefore the void ratio is always 

greater than zero. From Fig. 2, it was also found that the optimum moisture content of the soil 

is 22% and the maximum dry density of the soil is 1.422g/cc. 

In an unconfined compression test, we determined the unconfined compressive strength of 

the soil as per IS2720-10:1991 and the plot of the stress distribution is shown in Fig. 3. The 

plot also aids in the verification of the bulking of soil under various loading conditions. 

 

Fig. 3: Variation of stress with the change in length in UCC test for virgin soil. 
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The unconfined compressive strength of the soil was 
carried out at an optimum percentage of 16% crystalline 
silica sand mixed with black cotton soil to determine the 
bulking characteristic of modified soil since the dry density 
is maximum at about 1.486 g/cc for the addition of 16% of 
silica sand when compared to others. A graph was plotted 
between stress and change in length for the addition of 16% 
of silica and the same has been illustrated in  Fig. 6 to verify 
the bulking characteristics.

It can be inferred from Fig. 6 that the shear strength of 
the soil increases with the decrease in water content and 
an increase in dry density. Undisturbed soil can exist with 
either flocculent or dispersed structures depending upon 
mineralogy, the ion concentration of the pore fluid and the 
stress history. The structure is a principal factor of shear 
strength since a flocculent structure will tend to exhibit higher 
strength than a dispersed structure. The higher strength in 
the flocculent soil was probably because a greater number 

water-soaked and un-soaked conditions. The results obtained were compared with the curves 

of the standard test to have a conception of the strength of the underlying subgrade soil. 

While designing pavements, this CBR value governs the thickness of other layers, i.e. if CBR 

of soil is high, the layer thickness will be less. 

 

Fig. 4: Variation of load with penetration in CBR test during the un-soaked condition. 

Based on the standard formula and Fig. 4, the value of CBR of soil under un-soaked 

condition is 5.91%. The CBR test was performed on the soaked soil sample also. The sample 

was subjected to the soaking period of 96 hours before loading to ensure the worst field 

conditions.  

 

Fig. 5: Variation of load with penetration in CBR test during the soaked condition. 

Based on standard formula and Fig. 5, the value of CBR of soil in soaked condition is 1%. It 

is observed from the obtained values that the CBR value will generally be higher for the dry 

soil because the shear strength of dry soil is higher than the shear strength of wet soil. 

Moreover, since CBR is mostly associated with mechanical strength, the CBR (un-soaked 
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Fig. 4: Variation of load with penetration in CBR test during the  
un-soaked condition.
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Fig. 5: Variation of load with penetration in CBR test during the  
soaked condition.

Table 2: Obtained values for various properties of soil.

S. No Test Conducted Value

1. Natural moisture content (Oven Drying Method) 33%

2. Specific Gravity (Density Bottle Method) 2.07

3. pH 8.9

4. Organic content 16.66%

5. Ash content 83.33%

6. Differential free swell 40%

7. Colour Dark grey

8.

Atterberg’s limits:
Liquid Limit(WL)
Plastic Limit(WP)
Shrinkage Limit(WS)
Plasticity Index(IP)
Consistency Index(IC)
Shrinkage Ratio(R)
From Plasticity chart (soil type)

 68%
22.78%
15.23%
41.29%
0.85
1.48%
MH type

9.
OMC
MDD

22%
1.422g/cc

10. Unconfined compressive strength 175.6 kN/m2

11.
Fine-grained particles
Coarse-grained particles

98.64%
1.36%

12.
CBR test:
Unsoaked condition
Soaked condition

5.91%
1%
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of interparticle contacts would have disrupted during the 
shearing process. As the natural water content increases, 
which increases void ratio and degree of saturation, the 
shear strength of the black cotton soil decreases since the 
particles are forced apart, thereby decreasing the magnitude 
of the attractive forces. This indicates that the shear strength 
parameters, i.e., cohesion and angle of internal friction de-
crease with increasing water content. 

With reference to shear strength, emphasis can be made 
on compacted samples. The states of particle arrangement 
(structure) that exist at various phases of compaction are 
shown in Fig.7. The changes in the arrangement of soil 
particles are explained as follows. At point A, the electrolyte 
concentration is very high due to the low water content and 
prevents the diffuse double layer of ions encompassing 
every particle from developing absolutely. The depression 
of the diffuse layer leads to low interparticle repulsion re-
sulting in a tendency towards flocculation of the colloids. 
If the water content is increased to point B, the electrolyte 
concentration is reduced, resulting in an expansion of the 
double layer, increased repulsion between particles and a 
lower degree of agglomeration, which is an increased degree 
of particle orientation. Further increase in water content 
to an extent C, increases the sequel and ends up in a still 
higher increase in particle orientation. The mineralogical 
composition of the black cotton soil will determine the 
magnitude of variation of structure with moisture content. 
The above discussion explains the effect of moisture content 
and mineralogy on the shear strength of remoulded samples 
of the cohesive soil. The shear strength of the black cotton soil 
increases to a maximum and then decreases with increasing 
water content. The increase in strength at low water content 
indicates the need for some amount of water before the dif-
fuse double layer is satisfied. Additional water added above 
optimum then reduces the electrolyte concentration, thereby, 

allowing changes in particle orientation which decrease the 
shear strength. 

The CBR value of the black cotton soil with the addition 
of the optimum percentage of crystalline silica in the un-
soaked and soaked condition was determined, and the values 
are plotted in Fig. 8 and Fig. 9.

Based on the results obtained from the compaction test, 
unconfined compression test and California bearing ratio 
test, the following remarks could be proposed for stabilizing 
weak soil using crystalline silica. Addition of crystalline 
silica into the black cotton soil changed the proctor com-
paction parameters as given in Table 3. The maximum dry 
density increased with increase in crystalline silica content 
while the optimum moisture content decreased. From Fig. 
10, it is noted that the inclusion of crystalline silica in the 
black cotton soil causes an improvement in maximum dry 
density up to 16%.

The variation of maximum dry density with varying 
optimum moisture content in the crystalline silica treated 
black cotton soil is shown in Fig.11

The variation of unconfined compressive strength in the 
black cotton soil before and after the addition of crystalline 
silica is shown in Fig.12. The unconfined compression 
strength has increased from 174 kN/m2 (natural soil) to 
341.9kN/m2 (treated soil). The CBR values have increased for 
both soaked and unsoaked condition for the soil treated with 
silica content. (Table 4). Unsoaked CBR value has increased 
by more than 1.4 times when compared to the initial CBR 
value. Although the CBR value has increased for the soaked 
condition also, the change is not significant due to loss of 
cohesion and additional softening of soil due to soaking.

The variation of CBR value in the black cotton soil before 
and after the addition of crystalline silica are shown in Fig. 
13 and Fig. 14.

The unconfined compressive strength of the soil was carried out at an optimum percentage of 

16% crystalline silica sand mixed with black cotton soil to determine the bulking 

characteristic of modified soil since the dry density is maximum at about 1.486 g/cc for the 

addition of 16% of silica sand when compared to others. A graph was plotted between stress 

and change in length for the addition of 16% of silica and the same has been illustrated in  

Fig. 6 to verify the bulking characteristics. 

 

Fig. 6: Variation of stress with the change in length for the addition of 16% of silica. 
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The changes in the arrangement of soil particles are explained as follows. At point A, the 

electrolyte concentration is very high due to the low water content and prevents the diffuse 

double layer of ions encompassing every particle from developing absolutely. The depression 

of the diffuse layer leads to low interparticle repulsion resulting in a tendency towards 

flocculation of the colloids. If the water content is increased to point B, the electrolyte 

concentration is reduced, resulting in an expansion of the double layer, increased repulsion 

between particles and a lower degree of agglomeration, which is an increased degree of 

particle orientation. Further increase in water content to an extent C, increases the sequel and 

ends up in a still higher increase in particle orientation. The mineralogical composition of the 

black cotton soil will determine the magnitude of variation of structure with moisture content. 

The above discussion explains the effect of moisture content and mineralogy on the shear 

strength of remoulded samples of the cohesive soil. The shear strength of the black cotton soil 

increases to a maximum and then decreases with increasing water content. The increase in 

strength at low water content indicates the need for some amount of water before the diffuse 

double layer is satisfied. Additional water added above optimum then reduces the electrolyte 

concentration, thereby, allowing changes in particle orientation which decrease the shear 

strength.  

 

Fig. 7: Variation of compacted density with moisture content. 

Fig. 6: Variation of stress with the change in length for the addition of 
16% of silica.

Fig. 7: Variation of compacted density with moisture content.
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CONCLUSION

The optimum content of crystalline silica waste was found 
to be 16% as the mixture attained an increase in UCS value 
when compared with the virgin soil. CBR value also in-
creased under both un-soaked as well as soaked condition 
for the silica treated soil. The results of this study confirm 

Crystalline Silica Sand (CSS) as a potential stabilizer in im-
proving engineering qualities of black cotton soil. Crystalline 
Silica, a waste material from the cement manufacturing plant 
is cost-effective, environmentally sustainable and can be 
gainfully used in pavement engineering construction. This 
application will enable the nation in achieving economic 
growth and industrialization if employed as part of the green 
growth development strategy.

The CBR value of the black cotton soil with the addition of the optimum percentage of 

crystalline silica in the un-soaked and soaked condition was determined, and the values are 

plotted in Fig. 8 and Fig. 9. 

 

Fig. 8: Variation of load with penetration in CBR test during the un-soaked condition for 

treated soil. 

 

Fig. 9: Variation of load with penetration in CBR test during the soaked condition for treated 

soil. 
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Fig. 8: Variation of load with penetration in CBR test during the un-
soaked condition for treated soil.

The CBR value of the black cotton soil with the addition of the optimum percentage of 

crystalline silica in the un-soaked and soaked condition was determined, and the values are 

plotted in Fig. 8 and Fig. 9. 
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soil. 
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Fig. 9: Variation of load with penetration in CBR test during the soaked 
condition for treated soil.

From Fig. 10, it is noted that the inclusion of crystalline silica in the black cotton soil causes 

an improvement in maximum dry density up to 16%. 

 

Fig. 10: Variation of OMC and MDD with various percentages of silica content. 
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Fig. 10: Variation of OMC and MDD with various percentages  
of silica content.

The variation of maximum dry density with varying optimum moisture content in the 

crystalline silica treated black cotton soil is shown in Fig.11 

 

Fig.11: Variation of MDD and OMC of stabilized black cotton soil. 

 

Fig.12: Variation of UCS with the addition of silica.  
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Fig.11: Variation of MDD and OMC of stabilized black cotton soil.

Table 3: Variation of MDD and OMC of stabilized black cotton soil.

Soil Type OMC MDD (g/cc)

Black Cotton soil 22% 1.42

BC + 8% crystalline silica 22% 1.42

BC + 12% crystalline silica 20% 1.426

BC + 16% crystalline silica 18% 1.482

BC + 18% crystalline silica 14% 1.439

BC + 20% crystalline silica 14% 1.438

Table 4: CBR value. 

Condition Natural Soil Treated Soil

Unsoaked 5.91% 8.3%

Soaked 1% 1.45%
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ABSTRACT

Based on the field research data of 424 large-scale pig farmers in Zhejiang Province, this paper 
takes the biogas fermentation as the main adoption behaviour of pollution treatment, and make the 
quantitative analysis on the biogas investment intention and its influencing factors on large-scale pig 
farmers under the emission trading system. The research shows that the emission trading system 
can encourage large-scale pig farmers to adopt biogas fermentation to deal with pollution and make 
environmental protection investment for waste resources utilization, which mainly depends on the 
pig breeding scale, the biogas digesters purchased or not, the benefit evaluation of biogas fermentation 
and the biogas fermentation technology service existed or not, rather than environmental awareness. 
Therefore, it is feasible to introduce the emission trading system into the agricultural non-point source 
pollution control with pig breeding pollution as the typical example. For the pig breeding industry, 
emission trading can be transformed from the traditional redistribution of environmental capacity to the 
redistribution of production scale.

INTRODUCTION

Because privatization of public resource property right is 
difficult to operate, it is generally considered unfeasible to 
implement an emission trading system in the field of agri-
cultural non-point source pollution (Stiglitz 1989). In recent 
years, more and more scholars (Haiyu 2007, Zhiyong et al. 
2012, Weijun et al. 2013, Guangyue et al. 2014, Min et al. 
2017) have applied emission trading as an important econom-
ic means to control agricultural non-point source pollution, 
but they have not realized that environmental capacity is not 
easy to determine because different geographical, meteor-
ological and hydrological conditions have a great impact 
on pollution migration and transformation. Therefore, the 
emission trading system in the field of agricultural non-point 
source pollution cannot be based on environmental capacity 
allocation, but can only be implemented based on production 
scale allocation, that is, to control pollution from the source 
of production. Under the production pattern of large-scale pig 
breeding, as the main source of agricultural non-point source 
pollution, the pollution of pig breeding is different from that 
of chemical fertilizers and pesticides. It can be isolated from 
the production process and has the special applicability of 
the emission trading system.

However, can the emission trading system encourage 
large-scale pig farmers to invest in environmental protection? 
In the field of industrial point source pollution, some 

conclusions have been answered in the affirmative. 
This system enables enterprises to increase investment 
in environmental protection and invest excessively in 
pollution treatment technology under the expectation of 
higher emission trading price (Laffont et al. 1995, Yingde 
2012). Moreover, it can encourage enterprises to carry out 
technological innovation and reduce the unit cost of pollution 
treatment (Carlson et al. 2000). Of course, some contrary 
findings should not be ignored. The new environmental 
protection technology will reduce the marginal cost of 
pollution treatment of enterprises, leading to a decline in the 
emission trading price, and reducing the innovation income 
of enterprises. Therefore, enterprises are not strongly willing 
to invest in environmental protection under this system 
(Villegas-Palacio et al. 2009). Especially compared with 
environmental taxes and fees, if enterprises are short-sighted, 
the system will not significantly improve their willingness 
to invest in environmental protection (Milliman et al. 1989, 
Requate 1995, Requate et al. 2001, Requate et al. 2003).

We are committed to seeking the environmental protec-
tion investment intention of large-scale pig farmers under 
the emission trading system. Based on the field research 
data of 424 large-scale pig farmers in Zhejiang Province, the 
biogas fermentation is taken as the main adoption behaviour 
of pollution treatment, and the quantitative analysis is made 
on the biogas investment intention and its influencing factors 
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of large-scale pig farmers under the emission trading system. 
We aim to provide a realistic basis and lay an empirical 
foundation for introducing the emission trading system into 
the agricultural non-point source pollution control with pig 
breeding pollution as the typical example, to explore the 
corresponding analysis framework of property rights trading.

MATERIALS AND METHODS

Theoretical Framework

Compared with industrial point source emission trading, 
emission trading in pig breeding pollution control is essen-
tially a kind of scale right trading. There are three main rea-
sons. First, pig waste comes from a single production form, 
and the quantity of pollution can be controlled by adjusting 
the production scale spontaneously. Second, cultivated land 
is the main carrier of pig waste consumption environment, 
which has the exclusivity of private use in spatial distri-
bution. Third, the utilization of pig waste as resources has 
great potential, which can generate economic incentives for 
environmental protection. Therefore, for the pig breeding 
industry, emission trading can be transformed from the 
traditional redistribution of environmental capacity to the 
redistribution of production scale. This change makes the 
producers with low cost of emission reduction no longer sell 
emission rights, but buy scale rights to improve efficiency. 
Under this system, according to the established environ-
mental capacity standard, namely “the carrying capacity of 
livestock per 0.067 ha of cultivated land”, pig farmers with 
the ability to recycle wastes will buy scale rights and have 
strong willingness to invest in environmental protection, and 
pig farmers who cannot recycle wastes will sell scale rights 
and have a strong willingness to give up raising pigs when 
the average cost of production is higher than the average 
benefit of production.

We take biogas fermentation as the main way to recy-
cle pig waste. The willingness to invest in biogas facilities 
reflects the extent to which the emission trading system 
can enable pig farmers to consciously adopt environmental 
protection. Based on relevant literature (Xinyu 2007, Hao et 
al. 2008, Bin 2009, Yi et al. 2012) and combined with field 
investigation, we assume that large-scale pig farmers adopt 
biogas fermentation behaviour to deal with pollution and 
have scale economy, or at least no diseconomy of scale, and 
they have a certain willingness to invest in biogas facilities 
and are influenced by the eight factors including “large-scale 
pig farmer from other place or not”, “degree of education”, 
“amount of cultivated land”, “pig breeding scale”, “average 
annual income of raising pigs”, “biogas digesters purchased 
or not”, “benefit evaluation of biogas fermentation” and 
“Biogas fermentation technology service existed or not”.

Generally speaking, if the emission trading system is 
implemented, pig farmers may be willing to invest in biogas 
facilities for five reasons. First, due to the lack of cultivated 
land for pig farmers from other places or the shortage of sup-
porting cultivated land for local pig farmers, a large amount 
of pig waste cannot be effectively returned to cultivated land. 
Under environmental regulations, the scale of breeding must 
be expanded by purchasing scale rights, so as to realize the 
scale economy effect of pollution treatment. Second, pig 
farmers with higher education and strong environmental 
awareness tend to actively respond to the implementation of 
the emission trading system. Third, pig farmers have higher 
income or even need to expand the scale of breeding, but 
diseconomy of scale exists in pollution treatment. Fourth, 
pig farmers have purchased and built biogas digesters and 
are encouraged by the scale economy of pollution treatment, 
or have a higher evaluation of the benefits of biogas fermen-
tation, so they are more responsive to the implementation of 
emission trading system. Fifth, there are supporting services 
related to biogas fermentation technology around the pig 
farm, which can overcome the diseconomy of the scale of 
pollution treatment.

Model Building

Under the emission trading system, whether large-scale pig 
farmers are willing to invest in biogas facilities is a type 0-1 
dichotomous dependent variable. Hence we used the binary 
Logit model to estimate the relevant influencing factors. For 
the dependent variable “biogas investment intention”, a large-
scale pig farmer who had been willing to invest in biogas 
facilities was assigned a value of 1, while a large-scale pig 
farmer who had been unwilling to invest in biogas facilities 
was assigned a value of 0. The specific form of the binary 
Logit model is as follows:
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Here, Ii is the probability that the i-th large-scale pig farmer is willing to invest in biogas facilities; 
Xki is the k-th influencing factor of the biogas investment intention of the i-th large-scale pig 
farmer; α0

 and αk are the corresponding regression coefficients; η is the random error. We set eight 
independent variables (Table 1). 
Table 1: Independent variables and their instructions. 

Independent Variables Symbol Instructions 

Large-scale pig farmer from another place or not X1 No=0, Yes=1 

Degree of education X2 
Years of academic education: Primary school =6, Middle school 

=9, High school =12, Junior college =15, Undergraduate =16 

Amount of cultivated land X3 A unit of 0.067 hectares 

 …(1)

Here, Ii is the probability that the i-th large-scale pig 
farmer is willing to invest in biogas facilities; Xki is the k-th 
influencing factor of the biogas investment intention of the 
i-th large-scale pig farmer; α0

 and αk are the corresponding 
regression coefficients; h is the random error. We set eight 
independent variables (Table 1).

RESULTS AND DISCUSSION

We took large-scale pig farmers as the survey objects. 
According to the regulations of China Animal Husbandry 
Yearbook, we took 50 pigs raised at the end of every year 
as the lower statistical limit of large-scale pig breeding and 
used the Conditional Value Assessment Method to explore 
large-scale pig farmers’ biogas investment intention under the 



1115BIOGAS INVESTMENT INTENTION OF LARGE-SCALE PIG FARMERS

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

emission trading system. During 2018-2019, we distributed 
450 questionnaires to large-scale pig farmers in Hangzhou, 
Jiaxing, Ningbo, Quzhou and other areas in Zhejiang Prov-
ince. After information screening and reliability assessment, 
424 questionnaires were confirmed to be valid, accounting 
for 94.22%. The characteristics of survey data are shown in 
Table 2. The survey results show that: if the emission trading 
system is implemented, 94.81% (402 households) large-scale 
pig farmers are willing to invest in biogas facilities, while 
5.19% (22 households) large-scale pig farmers are not; 3.54% 
(15) large-scale pig farmers are willing to give up raising pigs 
completely, while 96.46% (409) farmers are not; among the 
large-scale pig farmers (22 households) unwilling to invest in 
biogas facilities, 68.18% (15 households) are willing to give 
up raising pigs completely, while 31.82% (7 households) are 
not. Therefore, it is practical to adopt biogas fermentation 
as the main behaviour of pollution treatment for large-scale 
pig farmers under the emission trading system.

We used STATA 11 statistical software to estimate the 
parameters of the binary Logit model with the maximum 
likelihood estimation method, and further screened the in-
dependent variables of the model by the stepwise forward 
regression method (the standard of P-value of all variables 
selected was set at 0.100). The results show that the regres-
sion equations are well fitted (Table 3).

If the emission trading system is implemented, the larger 
the pig breeding scale, the biogas digesters are purchased, the 

lower the benefit evaluation of biogas fermentation, and the 
biogas fermentation technology service is existed, the strong-
er the biogas investment intention for large-scale pig farmers 
will be, and a large-scale pig farmer from other place or not, 
the amount of cultivated land, the average annual income of 
raising pigs and the degree of education have no significant 
impact on large-scale pig farmers’ willingness to invest in 
biogas facilities. A large-scale pig farmer from other place 
or not, the amount of cultivated land and the average annual 
income of raising pigs are closely related to the pig breeding 
scale. With no cultivated land for the large-scale pig farmers 
from other places, insufficient supporting cultivated land for 
local farmers, and high average annual income of raising pigs, 
the expansion of pig breeding scale will be stimulated by 
purchasing scale rights under the of scale trading system. If 
the original pollution treatment behaviour exists diseconomy 
of scale, large-scale pig farmers will be willing to invest in 
biogas facilities. The biogas fermentation technology service 
existed is an important factor in the willingness to invest in 
biogas facilities for large-scale pig farmers and determines 
the extent to which they respond to the emission trading 
system. If large-scale pig farmers have already built biogas 
digesters, they may be motivated by the scale economy 
of pollution treatment and form behavioural inertia, thus 
actively responding to the implementation of the emission 
trading system, but this has nothing to do with the awareness 
of environmental protection determined by large-scale pig 

Table 1: Independent variables and their instructions.

Independent Variables Symbol Instructions

Large-scale pig farmer from another place or not X1 No = 0, Yes = 1

Degree of education X2 Years of academic education: Primary school = 6, Middle school = 9, 
High school = 12, Junior college = 15, Undergraduate = 16

Amount of cultivated land X3 A unit of 0.067 hectares

Pig breeding scale X4 The amount of pig raised at the end of every year

Average annual income of raising pigs X5 Ten thousand Yuan

Biogas digesters purchased or not X6 No = 0, Yes = 1

Benefit evaluation of biogas fermentation X7 Not very good = -1, Almost flat = 0, Very good = 1

Biogas fermentation technology service existed or not X8 No = 0, Yes = 1

Table 2: Characteristics of the survey data for large-scale pig farmers.

Independent Variables X1 X2 X3 X4 X5 X6 X7 X8

Maximum 1 16 16 2800 60 1 1 1

Minimum 0 0 0 50 2 0 -1 0

Mean 0.202 8 7.438 7 4.346 5 288.563 7 7.110 5 0.681 6 -0.761 8 0.75

Standard Deviation 0.402 6 3.285 6 2.272 9 404.995 2 3.986 5 0.466 4 0.448 1 0.433 5
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farmers’ own education level. Of course, some studies have 
highlighted the significance of environmental awareness. For 
example, Yi et al. (2012) believe that if pollution emission 
subsidy is implemented, pig farmers with higher education 
level are more likely to choose the disposal method of organic 
manure. Contrary to the theoretical expectation, it is not 
that the benefit evaluation of biogas fermentation is higher, 
large-scale pig farmers are willing to invest in biogas facili-
ties under the emission trading system. The reason is likely 
to be that the scale economy of biogas fermentation as the 
main adoption behaviour of pollution treatment can only be 
achieved when the pig breeding scale is expanded to a certain 
extent. However, under the emission trading system, it not 
only needs to increase production input but also may have the 
risk of bidding for scale rights, which may not be able to be 
borne by many small-scale pig farmers. Here, it can also be 
verified from the fact that the larger the pig breeding scale, 
the stronger the biogas investment intention.

CONCLUSION

The emission trading system can encourage large-scale pig 
farmers to adopt biogas fermentation to deal with pollution 
and make environmental protection investment for waste 
resources utilization. In response to the implementation 
of the emission trading system, large-scale pig farmers are 
willing to invest in biogas facilities, mainly depending on 
the pig breeding scale, the biogas digesters purchased or not, 
the benefit evaluation of biogas fermentation and the biogas 
fermentation technology service existed or not, rather than 
environmental awareness. Therefore, it is feasible to intro-
duce the emission trading system into the agricultural non-
point source pollution control with pig breeding pollution as 
the typical example. For the pig breeding industry, emission 
trading can be transformed from the traditional redistribution 
of environmental capacity to the redistribution of production 
scale. However, it is still urgent to investigate and confirm 

whether the adoption of biogas fermentation by large-scale 
pig farmers to deal with pollution does not exist diseconomy 
of scale. Only then can the system design be carried out from 
five aspects: environmental capacity standard, transaction 
operation mode, transaction price determination, public 
participation mode and supporting measures.

REFERENCES

Bin, L. 2009. Study on determinants of biogas engineering development 
in large-scale pig farms: The case from Fujian. Fujian Agriculture and 
Forestry University, Fuzhou, China.

Carlson, C., Burtraw, D., Cropper, M. and Palmer, K.L. 2000. Sulfur dioxide 
control by electric utilities: What are the gains from trade? Journal of 
Political Economy, 108(6): 1292-1326.

Guangyue, Z., Hong, Z. and Yiqian W. 2014. Study on emission trading 
system for agricultural source pollution in Weifang. Environmental 
Science and Management, 39(10): 24-28.

Haiyu, Z. 2007. Research on the application of tradable emissions to agri-
cultural non-point source pollution. Ecological Economy, 4: 137-139.

Hao, H., Hui, Z. and Danping Y. 2008. An analysis of the determinants in 
option of biogas technology for swine farmers in Jiangsu Province. 
China Biogas, 26(5): 21-25.

Laffont, J. J. and Tirole, J. 1995. Pollution permits and environmental 
innovation. Journal of Public Economics, 62(1-2): 127-140.

Milliman, S. R. and Prince, R. 1989. Firm incentives to promote technolog-
ical change in pollution control. Journal of Environmental Economics 
& Management, 17(3): 247-265.

Min, Q., Jianchun, Z. and Xiaotong, L. 2017. Design and innovation of 
agricultural non-point source pollution emission trading system. Journal 
of Northwest A&F University (Social Science Edition), 17(1): 155-160.

Requate, T. and Unold, W. 2001. On the incentives created by policy instru-
ments to adopt advanced abatement technology if firms are asymmetric. 
Journal of Institutional & Theoretical Economics Jite, 157(4): 536-536.

Requate, T. and Unold, W. 2003. Environmental policy incentives to adopt 
advanced abatement technology: Will the true ranking please stand up? 
European Economic Review, 47(1): 125-146.

Requate, T. 1995. Incentives to adopt new technologies under different 
pollution-control policies. International Tax and Public Finance, 2(2): 
295-317.

Stiglitz, J. E. 1989. Markets, market failures, and development. American 
Economic Review, 79(2): 197-203.

Villegas-Palacio, C. and Coria, J. 2009. Taxes, permits, and the adoption 
of abatement technology under imperfect compliance. Working Papers 

Table 3: Regression results of the binary Logit model for large-scale pig farmers’ willingness of investment in biogas facilities under the emissions trading 
system.

Independent Variables Coefficient Standard Error

X4 0.0042* 0.0022

X6 1.5969*** 0. 4879

X7 -0.7579* 0. 4551

X8 1.3955*** 0. 4681

Sample Size 424 Log likelihood -70.607 8

LR chi2 31.81*** Pseudo R2 0. 183 8

Note: ***, ** and * respectively indicate that the estimated results are significant at the levels of 1%, 5% and 10%. Pearson’s test value of model regression 

is 139.15 (P value is 0.997 8), which doesn’t reach the significance level of 5%.



1117BIOGAS INVESTMENT INTENTION OF LARGE-SCALE PIG FARMERS

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

in Economics, 368: 1-29.
Weijun, Y. and Junqing, H. 2013. Research on initial allocation of emission 

rights of agricultural non-point source pollution based on AHP method：a 
case of the Ashe River basin. Science-Technology and Management, 
15(1): 10-13.

Xinyu, P. 2007. Study on biogas technology adoption behaviour and green 
subsidy policy of livestock farming pollution prevention: Evidence from 
specialized pig breeding households. Chinese Academy of Agricultural 
Sciences, Beijing, China.

Yingde, H. 2012. Enterprise environmental protection behaviors under 

regulation of emission tradable policy based on the data of 223 enter-
prises from Zhejiang Province. Zhejiang University, Hangzhou, China.

Yi, Y., Hui, Z. and Hao H. 2012. Study on the factors affecting breeding 
farmers’ environmental investment in the perspective of pollution 
subsidies: based on the survey of farmers from Shanghai, Jiangsu 
and Zhejiang. China Population, Resources and Environment, 22(2): 
159-163.

Zhiyong, L., Tao, H. and Yan, W and Xin, H.Z.P.X. 2012. Research on 
emission trading to be applied to agricultural non-point source pollu-
tion control. Environment and Sustainable Development, 37(5): 37-41.



Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

www.neptjournal.com1118



Effect of Seed Priming Treatment with Nitrate Salt on Phytotoxicity and 
Chlorophyll Content Under Short Term Moisture Stress in Maize (Zea mays L.) 
Varinder Singh*, Anaytullah Siddique*†, Vijai Krishna** and Manpreet Singh*
*Department of Agronomy, School of Agriculture, Lovely Professional University, Phagwara-144411, Punjab, India, 
**Department of Environmental Science, Rajiv Gandhi South Campus, Barkachha, BHU, Varanasi-221005, U.P. India
†Corresponding author: Anaytullah Siddique; anaytullahsiddique@gmail.com

ABSTRACT

An experiment was carried out to appraise the effect of seed priming treatment with Mg(NO3)2 against 
various levels of externally imposed moisture stress by polyethylene glycol-6000 on phytotoxicity in 
shoot and root and chlorophyll content in maize plant under laboratory conditions. The phytotoxicity of 
shoot and root was increased as the elevated levels of PEG-6000 towards T1 to T4 (i.e. 1.5 to 4.5 %, 
Set-I) as compared to control set (T0, i.e. without treated set), while the least values of phytotoxicity 
were recorded in T5 and onwards increased slowly up to T8 (i.e. 1.5 to 4.5 % of PEG-6000 + primed 
seed, Set-II). The same trend of phytotoxicity was recorded for both the plant parts at both the times 
of observations, i.e. shoot and root 120 and 240 hours. The chlorophyll content of shoot was recorded 
in decreasing trend onwards from T1 to T4 in treatment set-I as compared to T0, i.e. control. While the 
highest amount of chlorophyll content was recorded in T5 followed by T6 as compared to the rest of 
the treatments. 

INTRODUCTION

Maize (Zea mays L.) is one of the valuable crops for human 
beings in respect to food, feed and as a raw material for many 
food industries. As the production of maize is concerned, it 
has the third rank after wheat and rice in the world (Tian et 
al. 2014). Rapid and uniform seed germination, emergence 
and healthy seedlings establishment are essential for keep-
ing the good foundation for future vegetative as well as 
reproductive growth of maize crop to have optimum crop 
production. Drought is one of the very devastating condi-
tions that reflect their presence very fast on every stage of 
growth. Due to the change of internal levels of water status, 
various physiological, biochemical and molecular changes 
appear within the plant especially seed germination, seedling 
growth, chlorophyll, sugar and proline content etc. Deviation 
in chlorophyll content leads to disturbing photosynthetic 
process results adversely in production of photosynthate 
(Chutia & Borah 2012, Wang et al. 2018). In general, plant 
losses their turgor pressure because of drought stress, but 
up to a certain extent, plant try to make a balance between 
soil and plant by accumulating solutes by producing os-
moregulatory compounds like proline, glycine and betaine 
(Anaytullah et al. 2007, Siddique et al. 2018, Reddy et al. 
2004). Seed priming technique is now one of the options 
that show positive results in the various crops to improve 
not only seed germination and early seedling emergence 

but also for long term effect during plant life up to grain 
yield under various kinds of environmental stresses like heat 
stress, drought stress, salinity stress, etc. (Zhou et al. 2009, 
Tian et al. 2014, Yari et al. 2010). Priming treatment with 
nitrate salts like Mg(NO3)2, KNO3 and Ca(NO3)2 are one 
of the most beneficial compounds that help to improve all 
the stages of growth especially beginning stage of the plant 
under normal as well as overcome the effect of temperature, 
heat, salinity and drought stress (Anaytullah & Bose 2007, 
Anaytullah et al. 2012, Siddique & Bose 2015, Srivastava 
et al. 2017, Mahmoudi et al. 2012). 

MATERIALS AND METHODS  

Genetically pure and fresh seeds of maize variety SUN-
NY-NMH-777 were collected and the effect of seed prim-
ing treatment with nitrate salt against externally imposed 
moisture stress under laboratory condition was appraised. 
The trial was split into two sets for better understanding, 
i.e. elevated concentrations of polyethylene glycol-6000 + 
without treated seed (Set-I) and elevated concentrations of 
polyethylene glycol-6000 + primed seed (Set-II).  The exper-
iment was conducted in CRD along with nine treatments and 
three replications. The various concentrations of externally 
imposed moisture stress were created by the use of polyeth-
ylene glycol-6000 (i.e. 1.5, 2.5, 3.5 and 4.5 %). The priming 
treatment was applied through Mg(NO3)2 @ 7.5mM up to 
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15 hours. After completion of priming duration, seeds were 
washed properly with distilled water and dried up to original 
weight under room temperature. Both the sets of treatment 
arranged systematically by transferring the fifty seeds in 
each Petri dish according to their sequence. The lab trial 
was conducted under growth chamber (Model No-NU-151) 
at 20±1°C temperature and 80 % RH. The phytotoxicity of 
shoot and root was derived from the formula given by Chou 
& Lin (1976) at both the times of observations, i.e. 120 and 
240 hours intervals.

Phytotoxicity (%) = 

Length of shoot or root (Control plant) –  
Length of shoot or root (Treated plant)

Length of shoot or root (Control plant)
 × 100

The extraction and determination of chlorophyll content 
in shoots of maize were made according to the formula given 
by (Witham et al. 1971). As per the protocol, one gram shoot 
sample was homogenized by pestle and mortar with 80% 
acetone. The resulting green liquid was transferred to a 100 
mL volumetric flask and the final volume was made to 100 
mL by adding 80% acetone. The O.D. of chlorophyll extract 
was recorded at 645 and 630 nm by a spectrophotometer. The 
amount of total chlorophyll was calculated by the formula 
given below.

Total chlorophyll (mg/g) = {20.2 (D 645) + 8.02 (D 663)} × 

 

                             

V

1000 ´ W

Statistical Analysis

The data obtained from the present work were analyzed 
using SPSS software version 23 and compared the results 
by DMRT at £ 0.05. 

RESULTS

Phytotoxicity to Shoot and Root

Data in Fig-1a and 1b show the effect of different concentra-
tions of PEG-6000 and the overcome effect of seed priming 
treatment on phytotoxicity in shoot and root of 5 and 10 days 
old maize seedlings. Phytotoxicity in shoot and root was 
increased as the concentrations of PEG-6000 was increased 
from 1.5 % to 4.5% either alone or in combination with 
Mg(NO3)2 treated sets. But the level of phytotoxicity was 
increased maximum in PEG-6000 treated set in comparison 
to PEG-6000 + primed seed sets in both shoot and root. The 
observations were recorded at two different intervals, i.e. 
120 hrs and 240 hrs for phytotoxicity of root and shoot. The 
minimum phytotoxicity in shoot and root was recorded in 
T5 (1.5 % of PEG-6000 + primed seed) which was followed 
by T6 and T7 at both the time of observations (120 hrs and 
240 hrs) in comparison to control set. Data in Figs. 1a and 
1b show that T-5 and T6 have a non-significant difference 
for each other but have a significant difference with rest of 
the treatments at both the times of intervals for phytotoxicity 
in shoot and root. Data also reveal that T6 and T7 overcome 
the effect of PEG-6000 induced moisture stress and recorded 
lower phytotoxicity of shoot and root in comparison to T1 and 
T2. It was realized from Figs. 1a and 1b that the phytotoxicity 
of shoot was greater than the phytotoxicity of root at both the 
times of observations including all the treatments. 

Chlorophyll Content

Data presented in Fig. 2 reflect the effect of different con-
centrations of PEG-6000 and overcome the effect of primed 
seed treatment on chlorophyll content. Chlorophyll content 
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Fig. 1a: Effect of seed priming treatment with Mg(NO3)2 on phytotoxicity (%) in shoot under 
PEG-6000 induced moisture stress in maize. 
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Fig. 1a: Effect of seed priming treatment with Mg(NO3)2 on phytotoxicity (%) in shoot under PEG-6000 induced moisture stress in maize.
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was decreased as the concentration of PEG-6000 was in-
creased from 1.5 % to 4.5% either alone or in combination 
with Mg(NO3)2 treatments. But the maximum reduction was 
recorded in PEG-6000 treated set in comparison to PEG-6000 
+ primed seed. Observations were recorded at two different 
intervals of 120 hrs and 240 hrs for chlorophyll content. 
Among the treatments (i.e. different concentrations of PEG-
6000 alone and along with magnesium nitrate treated sets), 
the chlorophyll content was recorded better in PEG-6000 + 
primed seed in comparison to control. The maximum chlo-
rophyll content was recorded in T5 (1.5 % of PEG-6000 + 

primed seed) followed by T6 in comparison to control, i.e.  
0.201 and 0.591 mg.g-1 at both the times of observations. Data 
presented in Fig. 2 show that T-5 and T-6 have non-significant 
differences between them but have a significant difference 
with most of the treatments at both the times of intervals. 
The least value of chlorophyll content was recorded by T4 
and T3. When data were compared between 120 hrs and 240 
hrs of intervals, it was found that chlorophyll content records 
greater values at 240 hrs intervals than 120 hrs of intervals 
including all the treatments. 

The statistical analysis of chlorophyll content was carried 

 

 

Fig. 1b: Effect of seed priming treatment with Mg(NO3)2 on phytotoxicity (%) in root under 
PEG-6000 induced moisture stress in maize. 

 

   

 

Fig. 2: Effect of seed priming treatment with Mg(NO3)2 on chlorophyll content (mg.g-1) in soot 
under PEG-6000 induced moisture stress in maize. 
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Fig. 2: Effect of seed priming treatment with Mg(NO3)2 on chlorophyll content (mg.g-1) in soot under PEG-6000 induced moisture stress in maize.
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Fig. 1b: Effect of seed priming treatment with Mg(NO3)2 on phytotoxicity (%) in root under PEG-6000 induced moisture stress in maize.
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out through SPSS and found that the data is overall signifi-
cant at p˃0.05 % and have a significant difference between 
the treatments.

DISCUSSION 

Elevated levels of PEG-6000 from lower to higher con-
centration, create the phytotoxicity in the seedlings by 
suppressing the water uptake as per the intensity of external 
moisture stress by the seed (Siddique & Dubey 2017, Anay-
tullah et al. 2007). Synthesis of photosynthetic pigment 
within seedling is very essential to become independent 
or maintaining continuous growth of seedlings or plants. 
In our study, it is observed that the reduction of photosyn-
thetic pigment depends on the intensity of moisture stress 
or drought while the similar results were also reported by 
Mohammadkhani & Heidari (2007) and Rahbarian et al. 
(2011).  It is well known that under such drought stress, the 
plant generates reactive oxygen species like O2

- OH* and 
H2O2 and every ROS act adversely on different molecules 
like singlet oxygen dominantly damage lipid and protein 
molecules while H2O2 react with cellular components (Das 
& Roychoudhury 2014, Yadav & Sharma 2016). These ROS 
groups of compounds are produced mainly in chloroplasts 
and mitochondria within the plant cells under different 
types of stresses, hence the probability is always very 
high to get damaged their skeleton due to increased levels 
of phytotoxicity, therefore, inhibiting or suppressing the 
biosynthesis of chlorophyll molecules in the chloroplast 
as per the severity of stress (Noctor et al. 2017, Aswani et 
al. 2019). The similar result in respect to overcoming the 
effect of moisture stress by various types of seed priming 
treatments was also reported by Pant & Bose (2016) and 
Murungu (2011).      
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ABSTRACT

Climate is one of the main parameters that can influence building designs in Iraq. Analysis and 
assessment of microclimatological data can aid urban architects and engineers to optimize human 
comfort through environmentally sustainable practices. The results indicated that the long-term 
measurements of total solar insolation and ambient temperatures have increased by 2.9% and 6.5% 
respectively. Albedo resulted in good correlation with heating coefficients and temperature of R2 = 
0.89 and 0.63 respectively. Annual cooling degree days and heating degree days have reduced, while 
annual mean ambient temperatures and annual solar radiation have increased.

INTRODUCTION

Climate change has become one of the central issues of in-
ternational concern (Al-Maamary et al. 2017, Butera 2014). 
Its impact may lead to drought, dust storms, floods and other 
events that will have serious effects on the sustainability of 
communities and their development (Osman et al. 2014, 
Zakaria et al. 2013). Sustainable building designers must take 
into account climatic factors such as temperature, detrimental 
weather phenomena, weather forecast, relative humidity, 
wind direction and speed, rainfall, soil temperature and sun-
shine (Zareaian & Zadeh 2013). Sustainable design involves 
promoting environmental quality by minimising the adverse 
impact on the natural environment and buildings (Waro & 
Mwasha 2013).  It involves complex interactions among 
environmental, economic and social parameters in which 
it must be analysed and treated by the various stakeholders 
involved (Nste et al. 2017). The majority of construction 
designs adopted in Iraq leaves the buildings exposed to solar 
radiation (Rashid 2014).

A large percentage of Iraqi households use cooling 
equipment and mechanical air-conditioning. However, the 
challenge arises with a lack of electrical power and the un-
affordability of privately-owned electrical generators (Roaf 
& Bairstow 2008).

Hence, minimal mechanical air-conditioning is needed 
for sustainable building designs. Climate data play an 

important role in setting sustainable construction and 
building standards, especially regarding renewable energy 
input and potential.  Based on the severe climate conditions 
found in Iraq, sustainable building is essential to face the 
challenge of climate change issues (Al-Waeli et al. 2017, 
Al-Waeely et al. 2014).

Renewable energies are important tools to support social 
and environmental energy sustainability (Langston & Ding 
2001). Climatological information is required to understand 
how to construct sustainable buildings, and assess their en-
ergy efficiency, suitable for human comfort (Rashid 2014).

Hui & Cheung (1997) and Lam (1995) have indicated that 
technical innovation is needed to optimize building design 
for climate change, especially for severe hot summers. It is 
necessary to design sustainable buildings with less cooling 
systems and equipment, to overcome the heat flow from hot 
southern winds during summer months (Hasson et al. 2013).  
To assess the risk level of climate change and allow for its 
inherent properties and weather, data limitations must be 
understood and analysed (Jaramillo-Nieves & Del-Río 2010, 
Rashid 2014). Long-term data plays an important role in solar 
energy input annual assessments.

The main objective of this research is to investigate the 
influence of heat energy on building design in the Iraqi con-
struction industry by analysing the environmental changes 
experienced over 16 years in the Baghdad region. This can 
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support designers in understanding the development of the 
local climate when designing sustainable buildings. Many 
factors such as wind direction and pattern, community popu-
lation and distribution and social matters are not investigated 
in this study (Lam 1995).

MATERIALS AND METHODS

Data Collection

Microclimatological parameters, including total solar radi-
ation (specifically incoming and outgoing radiation) and air 
temperatures, have been provided by the Iraqi Meteorological 
Service. In this study, the degree-day values in relation to 
the mean temperature of 26.9°C for the region are used for 
the last 10 years (2007-2017).

Albedo, cooling and heating degrees and correlation 
analysis are calculated based on the collected data of solar 
radiation and temperatures for the Baghdad region only 
(Al-Waeely et al. 2014, Huld et al. 2018). The relationship 
between roof albedo and the temperature is performed by 
analysing diurnal variant values of building roof albedo and 
roof temperature.

Study Area

Iraq is a country located in southwest Asia. It covers an area of 
437,072 km2 with a population of 38,988,704 million (Huld et 
al. 2018, USAID 2010). Iraq has three main climate regions: 
arid desert, semi-arid steppe and moist mountainous. The 
desert region is extremely arid and hot, with average diurnal 
temperatures in the summer season ranging from 25°C-43°C 
and falling to 4°C-17°C in the winter season (Hasson et al. 
2017, Encyclopedia 2009). The steppe region is also hot, with 
average diurnal temperatures ranging from 26°C-46°C in the 

summer season and falling to 5°C-18°C in the winter season 
(Hasson et al. 2013, Cofaigh et al. 1996). Finally, in the moun-
tain region, the climate is considered to be cooler and wetter 
than the steppe region. The diurnal temperature at summer 
can range from 27°C-44°C while in winter it can range from 
4°C-15°C (ESA 2017, Encyclopedia 2009, USAID 2010).

The Iraqi climate is characterized as arid region hot and 
dry most of the year (USAID 2010). In summer the highest 
temperatures occur in June, July and August, which can range 
between 43°C-53°C (Encyclopedia 2009, Fanack 2018), 
while in winter the temperature ranges from 1°C-8°C. The 
annual rainfall at the desert region can reach 200 mm, while 
it ranges between 200-400 mm within the steppe region from 
November to April to about 400-1000 mm or more in the 
mountain region (Omer 2011, King et al. 2003).  The impact 
of the south/south-easterly Sharqi (Eastern) and the north/
north-westerly Shamal (Northern) winds leads to extreme 
dust storms which occur in summer and autumn (Muir 2009, 
Al-Ansari et al. 2013).

RESULTS AND DISCUSSION

Based on the scientific research into the impact of climate 
change, there is a demand for data on the various microcli-
matic parameters such as air temperature, relative humidity, 
wind speed and direction, solar radiation, and orange dust, 
particularly for the Baghdad region, as information to sup-
port urban planners and engineers (King et al. 2003). This 
essential information enables designers to compare the design 
implications of these climatic relationships.

Results show a noticeable variation in each month and 
season at low solar elevations (solar altitude less than 30oC).  
Fig. 1 represents the global solar radiation to ambient tem-
perature ratio during the year.
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Fig. 1: Monthly average of daily ratios of global solar radiation and temperature. 

 

The measured data of ambient temperature, AT and actual sunshine duration, ASD, total solar radiation, Rs and 

wind speed WS relationships are shown in Fig. 2. There is a linear relation between the values. The equations 

were formed with a good confidant of correction coefficient (Fig. 2a, b and c and Table 1).   

 

 

 

 

 

 

 

 

 

0.305

0.310

0.315

0.320

0.325

0.330

Jan Feb March April May June July Aus Sept Oct Nov Dec

so
la

r r
ad

ia
tio

n,
 M

J/
m

2 
/ T

em
pe

ra
tu

re
, C

 
ra

tio
 

Fig. 1: Monthly average of daily ratios of global solar radiation and temperature.
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The measured data of ambient temperature, AT and actual 
sunshine duration, ASD, total solar radiation, Rs and wind 
speed WS relationships are shown in Fig. 2. There is a linear 
relation between the values. The equations were formed with 
a good confidant of correction coefficient (Fig. 2a, b and c 
and Table 1).  

Screening of Fig. 3 and Table 1 shows correlations in 
the slope of the regressions, suggesting that there will be 
outcomes as a result of these climatic factors. Thus, the 
influence that sunshine duration, solar radiation and wind 
speed have on ambient temperature can have consequences 
such as the presence of possible dust storms and overheat.

Fig. 3 shows that the annual average of daily ambient 
temperature means for the Baghdad region over the past 10 
years was increased by a percentage of 7.9 while the level 
of degree-days was reduced by 10.7%. 

Also, it has been found by analysing the annual heating 
and cooling degree-days over the study period (2008-2017) 
by taking into consideration a temperature of 26.6oC as a 
reference, that the Baghdad region has heated up as specified 
by the growth of cooling days and a lessening of heating 
days. This has important implications for urban climate and 
energy. The degree-day technique is used to estimate heat 
utilization in the early phase of thermal design (Yang & Lu 
2004, Chen et al. 2001).  

To assess the difference of the long-term value of 

temperatures in the Baghdad region, a degree-day set for 
the study period has been established, as shown in Fig. 3.

Albedo

Albedo is a ratio of the irradiance absorbed to the irradi-
ance reflected of a surface (Al-Ansari et al. 2014). Albedo 
plays an important role when determining climate change and 
energy budgets (Al-Ansari 2013).  Albedo values typically 
range from 10% to 50% (Bonafoni et al. 2017). It can be 
increased up to 60%, particularly on industrial and residential 
building roofs.  For a given surface under the sun, albedo can 
be found in Fig. 5 and using the following equation (Schaaf 
et al. 2009, Bretz et al. 1998):  

(1-a) I = e s (T4s – T4 sky) + hc (Ts – Ta)

     Surface temperature has a close relation with surface 
albedo (Akbari et al. 2009, Zhang et al. 2005). Previous 
studies indicate that surface temperature and albedo are 
intimately related in high-latitude regions (Li & Xiao 2007). 
However, few studies have focused on the quantification of 
surface temperature to surface albedo relationship.

Albedo plays an increasingly significant role in the 
summer season. This has happened in accordance with low 
solar altitude. Any change in solar angle combined with the 
influence of surface characteristics such as colour and type 
of the materials, can influence albedo values. High values of 
albedo denote a large amount of the incoming solar energy 
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Fig. 1: Monthly average of daily ratios of global solar radiation and temperature. 

 

The measured data of ambient temperature, AT and actual sunshine duration, ASD, total solar radiation, Rs and 

wind speed WS relationships are shown in Fig. 2. There is a linear relation between the values. The equations 

were formed with a good confidant of correction coefficient (Fig. 2a, b and c and Table 1).   

 

 

 

 

 

 

 

 

 

0.305

0.310

0.315

0.320

0.325

0.330

Jan Feb March April May June July Aus Sept Oct Nov Dec

so
la

r r
ad

ia
tio

n,
 M

J/
m

2 
/ T

em
pe

ra
tu

re
, C

 
ra

tio
 

Fig. 2: Relationships between the annual average, monthly mean of ambient temperature and solar radiation  
(a), actual sunshine duration (b) and wind speed (c).

Table 1: The expansion coefficient in AT = aı + bx equation the correlation coefficient (R2).

Ambient temperatures Intercept (a) Slope (b) R2

Wind Speed, m/s -5.94 37.70 0.67

Total solar radiation, MJm-2 Rs 2.71 -1.80 0.78

Actual sunshine duration, hr ASD 4.92 41.79 0.79
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and solar radiation is being reflected by the surface.

Finally, when using the relationship of albedo to tem-
perature (a/T), a noticeable diurnal variation in each month 
was found. However, during low solar elevations (solar 
altitude less than 30o) there is a strong correlation between 
temperature and albedo (R2 = 0.90) as illustrated in Fig. 5.

Heating Coefficient (B)

The heating coefficient is shown between materials of the 
building surface and the atmosphere in Fig 6. 

The statistical relationship between albedo and heating 
coefficient parameters has good correlation confidence listed 
in Fig. 7, with R2 value of 0.63. 

Night-Time Net Radiation, NTNR

NTNR is the energy radiation emitted during the night hours, 
which has a significant effect on the proportion of the day-
time net radiation, DTNR.

At night time the longwave radiation values have varied 
between -0.37 and 1.73 MJ/m2 which points out that the 
monthly variation in the value of nocturnal net radiation, 
NNR, was slightly different.

Fig. 8 shows the monthly average of long-wave net solar 
radiation. After sunset high values of negative net radiation 
occurred, they then decreased progressively, as the building 
roof ambient temperature decreased during the night hours, 
running to its minimal at sunrise. The roof (or the surface 
environment) was affecting long-wave net radiation. 

Thus, the outward longwave radiation, which forms the 
factor NTNR, remains continuously throughout each month 
of the recorded period.

Construction materials are the crucial factor in meeting 
human comfort requirements while keeping sustainable 
economics to a maximum. Building design must consider 
climatic conditions, human comfort, expansion potential, 
environment and equipment maintainability.
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Fig. 3: Annual average of monthly heating and cooling degree-days.
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Design Recommendation

Based on the potential influence of climatic factors on the 
building issues discussed, we recommend as follows:  For 
architectural enhancement, fixtures such as external cladding, 
which can make the construction process more efficient while 
improving the visible impact of the project. The fundamental 
requirement for the design of sustainable buildings is that 
the buildings run at minimum cost and comply with a severe 
environment.  Parameters such as building orientation, shad-
ing, and materials appropriate for the climatic conditions of 
Baghdad must be factored in (Pike 1994, Torrance 1991).

Due to power shortages for mechanical air conditioning, 
designers have the challenge to fit replacements for sustain-
able buildings based on the tenants’ energy requirements 
and climatic conditions. A direct substitute is available plant 
materials.  The plant colour is relevant to sunlight density 
and duration.

Ventilation

Based on the severe climate especially during summer 
months, standards for ventilation and thermal comfort 
for sustainable residential and commercial buildings are 
needed. Traditional designs forming the majority of urban 
residential housing and older commercial buildings in the 
Baghdad region have had long lives are useful for long-time 
measurements. When urban engineers design sustainable 
buildings that account for the possibility of future climatic 
conditions, this will not only protect the wellbeing of occu-
pants but could also produce economic benefits in the form 
of green building and longer building lives (Chen et al. 2001, 
Prelgauskas 2003).

Fortunately, building designers are good at incorporating 
these natural forces into their style and finding out the likely 
design solutions that produce sensible conclusions (Chapin 
et al. 1966, Prelgauskas 2003, Cofaigh et al. 1996).  
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CONCLUSIONS

Based on the outcomes of the analysis of historical climatic 
information in the Baghdad region for the study period, con-
siderable alternations have taken place in Iraq. Annual CDD 
and HDD have reduced, while the annual mean of ambient 
temperature and annual solar radiation have increased. 

Building surface materials, light colours and external 
cladding are the main factors affecting heat absorbance and 
transmittance. Consequently, air passing over the surface 
becomes cooler, especially at sunset. Since most buildings 
are exposed to solar radiation, it is, therefore, essential to 
design for human comfort based on the climatic context of 
a building. Sustainability in building and urban design strat-
egies should be the focus of architects and engineers in arid 
climates. The relationship between local climatic conditions 
such as airflow and building position, orientation and shading 

must be considered in its connection to the consequent human 
comfort and integrity.  
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ABSTRACT

Observational studies aiming to elucidate the differences in butterfly fauna along altitudinal gradients 
in Binsar Wildlife Sanctuary were carried out during 2014-2015. The study revealed a total of 2591 
individuals belonging to 46 species and 35 genera under six families of butterflies. Four species under 
legal protection were also recorded. Family Nymphalidae was the most dominant with 22 species 
followed by Pieridae (12 species), Lycaenidae (4 species), Papilionidae, Riodinidae (3 species each) 
and Hesperiidae (2 species). Higher values of species richness, abundance and diversity were 
recorded for transects at the low altitudinal site. Species such as Aglais caschmirensis (Fruhstorfer),  
Pieris canidia indica Evans, Pieris brassicae Linnaeus and Byasa polyeuctes letincius (Fruhstorfer) 
were most abundant, while Dodona ouida Hewitson, Udara dilectus Moore, Aulocera padama Kollar, 
Talicada nyseus (Guérin-Méneville) and Argynnis childreni (Gray) accounting for 1.38% of the total 
individuals of butterflies, were least abundant species during the study period. Results of the study 
on diversity and distributions of butterflies are preliminary ones which would help in strengthening the 
biodiversity status of the Binsar Wildlife Sanctuary. 

INTRODUCTION

The Indian Himalayan Region is a repository for rich biolog-
ical diversity and to ensure its proper conservation, protected 
areas in the form of Biosphere Reserves, National Parks, 
Sanctuaries and Conservation Reserves have been established 
(Rodgers & Panwar 1988). Uttarakhand, the newest Himalayan 
state in India, stretching across 53,485 sq km, is blessed with 
ample natural resources and harbours a charismatic range of 
biodiversity. Almost 64.79% of its total geographical area is 
designated as forest area while forest cover is limited to 35% 
of the geographical area (FSI 2011). In recent decades, the 
state has witnessed a plethora of natural disasters aggravated 
by man-made factors which have affected the ecology of the 
region at a large scale (Tayal et al. 2015). 

Despite the central role of nature reserves in global efforts 
for conservation of biodiversity, policies such as downgrad-
ing and downsizing of the protected areas have been con-
tentiously adopted, especially in developing countries of the 
world (Mascia & Pailler 2010). Based on national priorities, 
the disparity in ranking the importance of protected areas 
underscore the need for resilient and robust conservation 
strategies which must be adopted in the present era with an 
unprecedented rate of biodiversity loss and extinction. The 
protected areas located in the Indian Himalayan Region 
especially those which are low profiled ones hold immense 

potential to enhance the components of biological repre-
sentativeness, integrity and human sustenance in the region 
(Rawal & Dhar 2001). Binsar Wildlife Sanctuary (hereafter 
referred as BWLS), which is a natural habitat for many 
species of flora and fauna has recently received the attention 
of the government and non-government organizations and 
is being developed as a hot tourist destination in the calm 
and pristine environment of the Kumaon Himalaya. From 
different in situ conservation sites of the Indian Himalayan 
Region, numerous scientific records regarding distribution 
and diversity of butterflies have been published by various 
workers (Arora 1994, Arora 1995, Uniyal & Mathur 1998, 
Joshi et al. 2004, Joshi 2007, Joshi & Arya 2007, Singh 2009, 
Joshi et al. 2008, Kumar 2008, Bhardwaj & Uniyal 2013, 
Pandey et al. 2013, Tewari & Rawat 2013, Qureshi et al. 2014, 
Arya 2015, Sondhi & Kunte 2016, Singh & Sondhi 2016, 
Arya & Dayakrishna 2017, Kumar et al. 2017). Till date, no 
comprehensive approaches have been made to understand 
butterfly diversity of the BWLS. Considering the importance 
of butterflies as efficient pollinators essential for continuity 
of the ecosystem services (Tiple et al. 2006), their ecological 
roles in the food web and as indicators (Kunte 2000, Hill et 
al. 2002), for promoting conservation programs (New 2011) 
and ecotourism as well (Arya et al. 2018), it is imperative to 
evaluate species composition, status and habitat preferences 
of butterflies from the present region. Moreover, butterflies, in 
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particular, are facing a threat of range contraction both across 
the latitudinal and altitudinal gradients due to global climate 
change. Thus steps of inventorizing biodiversity patterns 
along such gradients have strong conservation implications 
(Acharya & Vijayan 2015). Keeping this in view, the present 
study was primarily aimed at examining species composi-
tion and diversity of butterflies along altitudinal gradients 
in the BWLS for their future conservation in the protected 
area. The present study also aims to generate information 
for conservation authorities regarding the development and 
management of the sanctuary.

MATERIALS AND METHODS

Study Area

BWLS, with a total geographical area of 47.67 sq km is 
located in Almora and Bageshwar districts of the state Ut-
tarakhand (Fig. 1). The sanctuary lies under geographical 
coordinates 29o39’-29o44’N and 79o41’-79o49’E and the 
altitude ranges between 1200 to 2500 m above sea level. 
BWLS represents one of the oldest protected landscapes in 
the Kumaon Himalayan region characterized by hilly terrains, 
ravines and ridges providing a wide array of microhabitats 
to diverse flora and fauna. Before India’s independence in 
1947, the study area was notified as the ‘Protected Forest’ in 
1893 and later its status was revived as the ‘Reserve Forest’ 

in 1897. After independence, the status was upgraded to 
‘Wildlife Sanctuary’ by the Government of India in 1988. 
The region of BWLS is also renowned for its religious, 
historical, cultural and recreational values. The sanctuary is 
earmarked with two zones, core zone (4 sq km) and a buffer 
zone (43.67 sq km). Human activities are restricted in the 
core zone of the sanctuary which comprises biodiversity 
of strategic importance. The vegetation is represented by 
a characteristic moist temperate type of forest surrounded 
by villages and agricultural lands. The sanctuary is home to 
40 species of trees, 26 shrubs, 50 herbs, 19 grasses and six 
ferns (Ilyas 1998) which are congenial for the survival of 
butterflies. The monthly mean temperature ranges from 2.2 
to 15.5°C during winter and from 17.20 to 26.6°C during 
the summer season. The annual mean precipitation is about 
1041.8 mm (Kala & Majila 2013). 

Based on altitudinal variations, two distinct sites were 
selected for the sampling of butterflies. Two permanent 
transects with distinct habitat features each of length 800m 
on different altitudes were laid down at each study site. The 
characteristic features of each transect selected in the study 
site have been summarized in Table 1. Human activities such 
as agriculture practicing, livestock grazing and tourism are 
frequent at the lower altitudinal site, while the higher altitu-
dinal site remained least disturbed during the observations 
made in the present study. 

 
Fig. 1: Line drawing map showing the location of BWLS. 

 

Based on altitudinal variations, two distinct sites were selected for the sampling of butterflies. 

Two permanent transects with distinct habitat features each of length 800m on different 

altitudes were laid down at each study site. The characteristic features of each transect 

selected in the study site have been summarized in Table 1. Human activities such as 

agriculture practicing, livestock grazing and tourism are frequent at the lower altitudinal site, 

while the higher altitudinal site remained least disturbed during the observations made in the 

present study.  

Table 1: Characteristic features of selected study sites in the BWLS. 

Sampling Sites Altitude 

(m a.s.l.)  

Temp. 

Range  

(°C) 

Relative 

Humidity 

Habitat characteristics and 

major vegetation 

Low 

Altitude 

(1200–

1700 m) 

Transect 1 

(Ayarpani) 

1250 9-29 30-75 Pine dominant with large 

canopy gaps forest; Pinus 

roxburghii, Pyrus pashia, 

Myrica esculenta, Quercus 

leucotrichophora, Cornus 

macrophylla, Berberis asiatica 

Fig. 1: Line drawing map showing the location of BWLS.
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Sampling of Butterflies

Census on butterfly populations was undertaken in consecu-
tive four days of each month at different sites of BWLS from 
July 2014 to June 2015. Both transects at lower altitudinal 
zone were walked with constant pace for one hour each 
between 08:30 hr to 11:30 hr and on the next day, between 
12:00 hr to 15:00 hr for each sampling period. The same 
sampling method was followed for each transect at higher 
altitudinal zone from the next two consecutive days. ‘Pollard 
Walk’ method was adopted for the sampling of butterflies 
during cloudless days (Pollard 1979, Pollard & Yates 1993). 
The individuals of butterflies were counted up to 5m on both 
sides of each transect. Identification of butterflies was carried 
out in the field visually through photography and with the 
assistance of the field guides (Haribal 1992, Kehimkar 2014, 
Sondhi & Kunte 2018). Butterflies were neither killed nor 
collected during the present study. In the case, sight records 
where the identification was not possible, butterflies were 
captured by using the aerial net avoiding any harm and 
identified subsequently released at the same spot of capture. 
The climatic factors such as monthly temperature and relative 
humidity associated with each transect were also recorded 
using thermo-hygrometer.

Status of Butterflies

To determine the local status of the identified butterflies in 
the sanctuary, species were characterized into four groups 
based on the overall number of sightings in the study area, 
namely, fairly common (with more than 50 sightings), com-
mon (between 21-50 sightings), uncommon (between 11-20 
sightings) and rare (with less than 10 sightings), respectively.

Similarity Index

The species composition between transects was measured 
using the formula of Magurran (1988): Similarity index (C) 
= 2c/a +b

Where, a is the number of species in area A; b is the 
number of species in area B; c is the number of shared species 
between the two areas.

Statistical Analysis 

Data were pooled to compare the diversity of butterflies 
across different sites along altitudes. Various measures of 
diversity (Simpson, Shannon-Weiner, evenness, Margalef 
and Berger Parker) were computed by using the program 
PAST 3.4 (Hammer et al. 2014). Bray Curtis cluster and 
their similarity matrix of butterflies across different transects 
were analyzed with the help of ecological analysis software, 
BIODIVERSITY PRO VERSION 2 (Lambshead et al. 1997).

RESULTS AND DISCUSSION

During the study, a total number of 2591 individuals be-
longing to 46 species and 35 genera under six families of 
butterflies were counted from four permanent transects with 
24 species common to all transects (Tables 2 and 3). Family 
Nymphalidae was the most dominant with 18 genera and 22 
species followed by Pieridae (8 genera, 12 species), Lycaeni-
dae (4 genera, 4 species), Papilionidae (2 genera, 3 species), 
Riodinidae (1 genus, 3 species) and Hesperiidae (2 genera, 2 
species). Such variations at both generic and species levels, 
especially among butterfly communities, reflect the habitat 
complexity and range of larval host plants available in the 

Table 1: Characteristic features of selected study sites in the BWLS.

Sampling Sites Altitude 
(m a.s.l.) 

Temp. Range 
(°C)

Relative 
Humidity 
(%)

Habitat characteristics and major vegetation

Low Altitude
(1200-1700 m)

Transect 1
(Ayarpani)

1250 9-29 30-75 Pine dominant with large canopy gaps forest; 
Pinus roxburghii, Pyrus pashia, Myrica esculenta, 
Quercus leucotrichophora, Cornus macrophylla, 
Berberis asiatica

Transect 2
(Binneshwar Mahadev)

1650 8.3-27 56-88 Oak forest with moderate canopy gaps; Quercus 
semicarpifolia, Quercus leucotrichophora, Quercus 
floribunda, Aesculus indica, Juglans regia, Rubus 
ellipticus

High Altitude
(2100-2500 m)

Transect 3
(Jhandidhar)

2100 6-26 57-89 Oak-Deodar forest with dense canopy cover; Quer-
cus semicarpifolia, Quercus floribunda, Cedrus 
deodara, Daphne papyracea, Deutzia staminea

Transect 4
(Zero point)

2500 5.5-24 57.8-90 Hilltop grassland surrounded with Quercus semi-
carpifolia, Rhododendron arboreum and Cedrus 
deodara 
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Table 2: Butterfly species composition and their relative abundances at four transects in BWLS.

S.No. Lepidoptera: 
Papilionoidea

         Low Altitude Site     High Altitude Site Relative Abun-
dance (%)

Status

T 1 T 2 Total T 3 T 4 Total

Family: Nymphalidae

1 Aglais cashmirensis (Fruhstorfer) 170 120 290 90 48 138 16.51 FC

2 Argynnis childreni (Gray) 6 3 9 - - - 0.34 R

3 Argynnis hyperbius Linnaeus 17 11 28 10 6 16 1.69 C

4 Aulocera swaha Kollar 35 16 51 15 4 19 2.70 FC

5 Aulocera padma Kollar - - - 6 2 8 0.30 R

6 Callerebia annada (Moore) 17 16 33 12 5 17 1.92 C

7 Callerebia scanda (Kollar) 12 10 22 8 7 15 1.42 C

8 Danaus  chryssippus (Linnaeus) 14 6 20 - - - 0.77 UC

9 Euploea core (Cramer) 35 16 51 - - - 1.96 FC

10 Junonia iphita Cramer 17 13 30 11 10 21 1.96 FC

11 Kallima inachus Boisduval - - - 20 9 29 1.11 C

12 Kaniska canace (Linnaeus) 12 5 17 4 2 6 0.23 C

13 Lasiommata schakra (Kollar) 8 3 11 - - - 0.42 UC

14 Lethe verma Kollar 20 9 29 7 6 13 1.62 C

15 Neptis sankara (Kollar) 8 4 12 2 2 4 0.61 UC

16 Neptis zaida Westwood 20 - 20 10 5 15 1.35 C

17 Peudergolis wedah (Kollar) 12 6 18 - - - 0.69 UC

18 Phalanta phalantha (Drury) 28 14 42 - - - 1.62 C

19 Sephisa dichroa (Kollar) 6 2 8 3 2 5 0.50 UC

20 Vanessa cardui Linnaeus 25 11 36 10 7 17 2.04 FC

21 Vanessa indica Herbst 20 10 30 10 5 15 1.73 C

22 Ypthima nareda nareda (Kollar) 13 4 17 3 1 4 0.81 C

Family: Pieridae

23 Belenois aurota (Fabricius) 36 14 50 - - - 1.92 C

24 Catopsilia pomona Linnaeus 40 20 60 - - - 2.31 FC

25 Colias fieldi  Menetries 17 8 25 8 7 15 1.54 C

26 Eurema brigitta rubella Wallace 12 6 18 9 5 14 1.23 C

27 Eurema hecabe Linnaeus 26 12 38 - 5 5 1.65 C

28 Eurema laeta Boisduval 16 7 23 10 6 16 1.50 C

29 Gonepteryx rhamni nepalensis 
Linnaeus

33 17 50 15 9 24 2.85 FC

30 Aporia agathon agathon (Gray) - 10 10 10 2 12 0.84 C

31 Aporia agathon phryxe (Boisduval) 18 9 27 - - - 1.04 C

32 Pieris brassicae Linnaeus 65 50 115 42 38 80 7.52 FC

33 Pieris canidia indica Evans 100 96 196 82 38 120 12.19 FC

34 Pontia daplidice (Linnaeus) - - - 12 3 15 0.57 UC

Family: Lycaenidae

35 Heliophorus sena Kollar 64 59 123 33 22 55 6.86 FC

36 Lycaena panava (Kollar) 31 16 47 - 10 10 2.04 FC
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region (Chowdhury 2014). In terms of the total number of 
individuals reported, Nymphalidae was the most dominant 
family (43.07% of the total number of individuals), followed 
by Pieridae (35.24%), Lycaenidae (9.61%), Papilionidae 
(8.07%), Riodinidae (2.97%) and Hesperiidae (1.04%), 
respectively (Table 3). Such domination of Nymphalid 
butterflies might be due to the polyphagous nature of their 
larval forms and similar pattern with the predominance of 
family Nymphalidae have also been extensively registered 
from different protected areas of Uttarakhand (Joshi 2007, 
Joshi & Arya 2007, Joshi et al. 2008, Kumar 2008, Singh 
2009, Bhardwaj & Uniyal 2013, Uniyal et al. 2013). As far as 
knowledge on butterfly diversity from BWLS is concerned, 
it is important to mention here that the present study is the 
first constituting systematic survey based on standardized 
methods. Due to differences in habitat and sampling time 
and efforts, it would be inappropriate to make quantitative 
comparisons in the diversity of butterflies from other protect-
ed areas of Uttarakhand. However, the richness of butterfly 

fauna in BWLS was fairly higher when compared to the 
nearby protected area, Askot Wildlife Sanctuary, with known 
records of 32 species so far (Pandey et al. 2013). Similarly, 
Arya & Dayakrishna (2017) reported 36 species of butter-
flies from Nandhaur Wildlife Sanctuary located at foothills 
of the Kumaon Himalayan Region. Also, Smetacek (2012) 
reported 243 species of butterflies from Nainital district in 
the Kumaon region during 1951-2010, which is a long term 
survey compared to the short term survey conducted in the 
current research.

Based on the observations, Aglais caschmirensis Kollar 
was the most abundant and frequently sighted species in 
all transects constituting 16.51% of the total individuals of 
butterflies recorded in the present study. The other frequently 
observed butterflies in the sanctuary includes species 
such as Aulocera swaha Kollar, Junonia iphita Cramer, 
Vanessa cardui Linnaeus, Gonepteryx rhamni nepalensis 
Linnaeus, Pieris brassicae Linnaeus, Pieris canidia indica 
Evans, Heliophorus sena Kollar, Byasa polyeuctes letincius 

S.No. Lepidoptera: 
Papilionoidea

        Low Altitude Site     High Altitude Site Relative Abun-
dance (%)

Status

T 1 T 2 Total T 3 T 4 Total

37 Talicada nyseus (Guérin-Méneville) 6 2 8 1 - 1 0.34 R

38 Udara dilectus Moore - - - 5 - 5 0.19 R

Family: Papilionidae

39 Byasa polyeuctes letincius (Fruh-
storfer)

37 30 67 10 7 17 3.24 FC

40 Papilio bianor polyctor Boisduval 23 20 43 15 7 22 2.50 FC

41 Papilio polytes Linnaeus  29 21 50 10 - 10 2.31 FC

Family: Riodinidae

42 Dodona durga durga (Kollar) 20 10 30 10 5 15 1.73 C

43 Dodona eugenes Bates 12 6 18 6 3 9 1.04 C

44 Dodona ouida Hewitson 5 - 5 - - - 0.19 R

Family: Hesperiidae

45 Ochlodes brahma Moore 10 6 16 - - - 0.61 UC

46 Tagiades cohaerens cynthia Evans 6 5 11 - - - 0.42 UC

Total 1101 703 1804 499 288 787

Abbreviations: T 1 = Transect 1; T 2 = Transect 2; T 3 = Transect 3; T 4 = Transect 4; FC = Fairly common; C = Common; UC = Uncommon and R = Rare

Table 3: Number of genera, species and individuals of different families of butterflies recorded from BWLS.

S. No. Family                                                Number

Genera Species Individuals

1
2
3
4
5
6

Nymphalidae
Pieridae
Lycaenidae
Papilionidae
Riodinidae
Hesperiidae

18
8
4
2
1
2

22
12
4
3
3
2

1116
913
249
209
77
27



1138 M.  K.  Arya et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

(Fruhstorfer) and Papilio bianor polyctor Boisduval. These 
species exhibited a declining trend in their abundance across 
transects that were laid along increasing altitudes. On the 
other hand, five species were recorded as rare including 
Dodona ouida Hewiston, Udara dilectus Moore, Aulocera 
padama Kollar, Talicada nyseus (Guerin-Meneville) and 
Argynnis childreni (Gray), which altogether accounted for 
1.38% of the total individuals of butterflies recorded during 
the study period. These species were reported rarely from 
one or two transects. Butterfly species composition of sites 
at a lower and higher elevation was rather similar (similarity 
index of 0.789) and this was true across all three dominant 
families with similarity indices of Nymphalidae 0.777, 
Pieridae 0.8 and Lycaenidae 0.857. 

Transect 1 supported maximum numbers of species of 
butterflies (41 species), followed by Transect 2 (40 species), 
Transect 3 (32 species) and Transect 4 (31 species), respec-

tively. Twelve species of butterflies were recorded from 
transects at the lower altitudinal site (Transect 1 and 2) with 
the most frequently and commonly observed species among 
them being Belenois aurota (Fabricius), Catopsilia pomona 
Linnaeus, Aporia agathon phryxe (Boisduval), Euploea 
core (Cramer), Phalanta phalantha (Drury) while species 
such as Lasiommata schakra (Kollar), Danaus chryssippus 
(Linnaeus), Pseudoergolis wedah (Kollar), Ochlodes brahma 
Moore and Tagiades cohaerens cynthia Evans were recorded 
occasionally with 11 to 20 number of sightings. Four species 
of butterflies Aulocera padama Kollar, Kallima inachus 
Boisduval, Pontia daplidice (Linnaeus) and Udara dilectus 
Moore with varied degree of recorded relative abundance 
were restricted to the higher altitudinal site. In comparison 
with the findings of Hannyngton (1910-11), all recorded 
species have a wide distribution in the Kumaon Himalayan 
region. No endemism in the species was recorded. However, 

Table 4: Various diversity indices calculated for the butterfly community across different transects in BWLS.

Diversity indices Transect 1 Transect 2 Transect 3 Transect 4 Low Altitude Site High Altitude Site

Species number 41 40 32 31 42 34

Individuals 1101 703 499 288 1804 787

Simpson D 0.947 0.9293 0.9179 0.9205 0.9412 0.9204

Shannon- Wiener 3.339 3.138 2.959 2.942 3.283 2.993

Evenness 0.6872 0.5765 0.6026 0.6115 0.6345 0.5864

Margalef 5.711 5.949 4.99 5.298 5.468 4.949

Berger Parker 0.1544 0.1707 0.1804 0.1667 0.1608 0.1753

 
Fig. 2: Bray Curtis cluster analysis of quantitative data on butterflies. 
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natural resources required for survival of a good range of butterflies throughout the year. 

Despite the religious, cultural and biological significance of the BWLS, it remained a low 

profiled protected area of the state Uttarakhand. The unplanned and improper tourism 

management and tremendous pressure from factors such as slash and burn system, the 

prevalence of frequent forest fires especially in the pine forests during summers, overgrazing 

mainly close to the lower altitudinal zone of the sanctuary, pose potential threats of regional 

loss and extinction of biodiversity. Thus, our study suggests that the region must be 

monitored for other biological resources which would assist in managing and preserving 

endangered flora and fauna as well as in strengthening the status of the sanctuary. The 

preliminary results on butterflies revealed in the present study are also expected to provide 

necessary information to the conservation planning authorities for proper management of the 

BWLS while also allowing scope and direction for future research and opportunities of 

ecotourism in the sanctuary. 
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five species are legally protected under the Indian Wildlife 
Protection Act of 1972 namely, Neptis sankara (Kollar) 
under Schedule I, Aporia agathon agathon (Gray), Neptis 
zaida Westwood and Pontia daplidice (Linnaeus) under 
Schedule II and Euploea core (Cramer) under Schedule V 
(Anonymous 2006).

It is a well-studied aspect of Lepidopteran ecology 
that habitats at the lower elevations yield more number of 
species than those at the higher elevations (Lien 2013). The 
significant differences in the values of the Shannon diversity 
index as a measure of alpha diversity along altitudes were 
observed during the study period (Table 4). The calculated 
diversity value was higher for Transect 1 (3.339), followed 
by Transect 2 (3.138), Transect 3 (2.959) and Transect 4 
(2.942), respectively. The low dominance values indicate that 
species of butterflies were distributed more or less evenly 
across transects. Such values indicate a significant decrease in 
species richness and diversity of butterflies with the increase 
in altitude supporting the observations made by Lewis et al. 
(1998), Lien (2013) and Joshi & Arya (2007). The similarity 
of species composition among different transects has also 
been presented in Fig. 2. The similarity matrix from the quan-
titative data showed that taxonomic composition of butterflies 
was much similar in the mixed oak forests of transects that 
were laid at the lower altitudinal site, corresponding to the 
value of 76.82%, followed by Transect 2 and Transect 3 with 
a similarity index value of 73.04%. Transect 4 laid at high 
altitude in the hilltop grassland stood out clearly showing 
linkage at the similarity matrix value of 39.16%. The overall 
observations made in the present study suggest that habitat 
complexity, floral diversity and climatic variables such as 
temperature and relative humidity associated with each 
transect might act as major drivers and determinants of the 
altitudinal patterns of butterfly assemblages in the sanctuary.

Protected areas are critical for nature conservation and 
maintaining ecosystem services and thus inventorying 
biodiversity in such zones is of prime importance (Vina 
& Liu 2017). Owing to the diversified vegetation pattern 
along altitudes, the sanctuary provides sufficient natural 
resources required for survival of a good range of butterflies 
throughout the year. Despite the religious, cultural and bio-
logical significance of the BWLS, it remained a low profiled 
protected area of the state Uttarakhand. The unplanned and 
improper tourism management and tremendous pressure 
from factors such as slash and burn system, the prevalence 
of frequent forest fires especially in the pine forests during 
summers, overgrazing mainly close to the lower altitudinal 
zone of the sanctuary, pose potential threats of regional loss 
and extinction of biodiversity. Thus, our study suggests that 
the region must be monitored for other biological resources 
which would assist in managing and preserving endangered 

flora and fauna as well as in strengthening the status of the 
sanctuary. The preliminary results on butterflies revealed in 
the present study are also expected to provide necessary in-
formation to the conservation planning authorities for proper 
management of the BWLS while also allowing scope and 
direction for future research and opportunities of ecotourism 
in the sanctuary.
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ABSTRACT

In recent years, the issue of environmental pollution caused by the manufacturing industry has been 
widely criticized. To explore the relationship between capital enrichment and environmental pollution, 
the mediating effect model was constructed by using the panel data of 28 sub-sectors of China’s 
manufacturing industry from 2011 to 2017. Results show that the phenomenon of capital enrichment is 
mainly concentrated in industries with high-profit margins, intensive technology, national policy support, 
and resource or national monopolistic positions. Both capital enrichment and innovation capability have 
a promotion effect on inhibiting environmental pollution, but with the decline of innovation capability, the 
effect of capital enrichment on pollution weakens. Innovation capability plays a mediating role, which 
leads to the mechanism of capital enrichment → innovation capability → environmental pollution. The 
impact of capital enrichment on environmental pollution under different levels of innovation capability is 
heterogeneous, and the effect is stronger in high-tech industries. 

INTRODUCTION

Since the national reforms and opening-up policies of 1978, 
the demographic dividends and the low-cost advantages of 
primary production factors have resulted in the rapid devel-
opment of China’s manufacturing industry. The world-class 
manufacturing centres are formed in the regions of Bohai 
Rim, the Pearl River Delta, and the Yangtze River Delta in 
China. In a matter of three decades, China has been developed 
into the world’s largest manufacturing factory, leading to 
the rapid growth of China’s economy. However, for a long 
time, the development of China’s manufacturing industry 
has relied heavily on the cheap labour, land and other natural 
resources, and a high tolerance for environmental pollution. 
It is an extensive growth pattern that relies heavily on in-
puts, cost-competitive strategies, high energy consumption 
resulting in serious environmental pollution issues and low 
resource-utilization. The innovation has remained far slower 
than the rate of environmental degradation resulting in the 
practical dilemma of high levels of pollution.

Given the background of constructing the spatial patterns 
of saving resources and protecting the environment, scholars 
have begun to pay attention to the relationship between cap-
ital enrichment and pollution caused by the manufacturing 
industry. However, the existing literature mainly focuses on 
the impact of FDI, human capital, and financial capital on 

the environment (Al-Mulali et al. 2015), without reaching 
any consistent conclusions. The systematic analysis of the 
internal interaction mechanism between capital enrichment 
and environmental pollution is far less addressed. Another 
interesting variable is innovation ability which is also un-
der-discussed in the context of rising productivity levels, cap-
ital accumulation and pollution effects. Only on the premise 
of continuous improvement of innovation capability, it plays 
a role in environmental pollution (Schot et al. 2018), because 
capital is the material basis for technology innovation. When 
capital enrichment is at a high level, its support for innova-
tion activities is strong, resulting in the spillover effects for 
green technologies. The phenomenon of green production 
can reduce and ultimately eliminate the negative effects on 
the environment and promote the manufacturing industry to 
realize the economic and ecological benefits of the resources.

Capital is the material guarantee for innovation capability 
largely, and innovation capability is the most important way 
to reduce environmental pollution (Zailani et al. 2015). How-
ever, ignoring this important nexus, existing studies focus on 
the single perspective of capital and pollution or innovation 
and pollution, and rarely integrate capital and innovation 
capability into one framework to analyze their impact on 
environmental pollution. The capital, innovation, and envi-
ronmental pollution may form a complete framework, but 
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the existing research ignores the interaction between these 
variables and lacks the discussion on the mediating effect of 
innovation capability. This study builds the logical frame-
work of capital enrichment Æ innovation capability Æ envi-
ronmental pollution and analyzes the internal mechanism. It 
also investigates the pollution effects resulting from capital 
under different levels of innovation capability.

PAST STUDIES AND HYPOTHESIS 
DEVELOPMENT

On the relationship between capital and pollution, existing 
scholars mainly focus on the perspective of foreign capital 
and human capital. The foreign capital entering the Chinese 
market brought green production technology, scientific 
management experience and global unified environmental 
standards, resulting in the positive environmental effects. 
Industries with higher levels of foreign investment have fewer 
pollutant emissions. The above-mentioned studies can be 
described as the phenomenon of pollution halo. Liang (2014) 
also supported the conclusion that foreign capital could 
increase resource efficiency through technology diffusion 
and reducing sulfur dioxide emissions. The human capital 
perspective determines the ability of a country to absorb and 
diffuse technology (Xu et al. 2020), which is more likely to 
support enterprises to use new technologies for promoting 
the green environmental production.

The relationship between the development of manufac-
turing industry, resource consumption, and pollution emis-
sions in China has recently gained the attention of eminent 
scholars. The environment has been incorporated into the 
economic growth model as a factor of production. Factor 
endowment, especially the material capital determines the 
comparative advantage of polluting industries. Rubashkina 
et al. (2014) found that the influence of manufacturing with 
different endowment advantages on environmental pollution 
is heterogeneous. Capital enrichment weakens the carbon 
emission intensity and causes a change from negative to 
positive environmental effects. With the development of 
China’s financial market, companies can absorb more capitals 
(Frankel et al. 1999), and promote the inhibition of environ-
mental pollution by using clean energy or technology. So, 
the following hypothesis is proposed.

Hypothesis 1: Capital Enrichment Reduces the Degree 
of Environmental Pollution 

According to Schumpeter’s augmentation model and the 
Neo-Classical growth model, innovation plays the essential 
impact on capital enrichment (Xu et al. 2020). Insufficient 
capital may reduce the probability of innovative projects and 
inhibit innovation output. In China’s financial environment 

where the capital supply is not completely market-oriented, 
the innovation capability of enterprises is greatly constrained 
by this supply shortage. Relying solely on their internal re-
sources will not be enough to meet the fast-growing market 
requirements where the cost of innovation is fairly high. With 
an increase in innovation capability and favourable national 
policies, more market potential is released and the support 
of capital resources for innovation is strengthened (Xiong 
et al. 2020). The source of the innovation capital gradually 
shifts to the diversified sources including the capital market, 
government agencies and its affiliates (Du et al. 2020). A 
high level of innovation capability encourages firms to invest 
more capital in innovation activities, producing cyclic effects. 
Rodrigo-Alarcón et al. (2017) also emphasized the role of 
social capital in promoting innovation capability.

There are a few studies available in the literature on the 
relationship between innovation capability and environmen-
tal pollution, and most of these present the perspective of 
technological progress. The positive and promotional effect is 
controversial (Fagerberg et al. 2013, Schmidt et al. 2019). As 
the emission and pollution reduction caused by the innovation 
is realized through stimulating the innovation compensation 
effect which is the core factor for improving market compet-
itiveness. The innovation is the main reason for reducing the 
intensity of energy consumption and it shows a tendency of 
energy conservation. Zailani et al. (2015) took the automobile 
manufacturing industry as research samples and found that 
the innovation and application of green technology can signif-
icantly improve environmental performance. However, some 
believe that the inhibitory effect of innovation capability on 
environmental pollution is limited. Since the total amount of 
environmental pollution is increasing (Schmidt et al. 2019), 
the sustainable development of the whole society should be 
achieved through innovative transformation (Fagerberg et 
al. 2013, Schot et al. 2018).

From the practice of China’s manufacturing industry, 
innovation-driven is the breakthrough for its sustainable 
development and also the key to moving it towards the high-
end of the global value chain. It means that a large number 
of traditional workers may gradually be replaced by a small 
number of modern knowledge-based workers. With the 
improvement of capital in the manufacturing industry, the 
intensity of investment in innovation has been continuously 
rising. Enterprises have effectively reduced the emissions 
of environmental pollution by adopting advanced pollution 
control technologies, green production, and environmental 
management measures. Therefore, this study argues that the 
innovation capability of the manufacturing industry can cause 
a reduction in environmental pollution, and the innovation 
capability may play a mediating role between the relationship 
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of capital enrichment and environmental pollution. So the 
following hypothesis is proposed.

Hypothesis 2: Innovation Capability Plays a Mediating 
Role Between the Relationship of Capital Enrichment 
and Environmental Pollution

Methodology
Modelling: To investigate the impact of the manufacturing 
industry’s capital enrichment on environmental pollution, 
the following basic model is constructed.

 

 

Capital Enrichment and Environmental Pollution 
 
Methodology 
 
Modelling: To investigate the impact of the manufacturing industry’s capital enrichment on 
environmental pollution, the following basic model is constructed. 

ti,tititi sontrolCCEEP   ,,10,            ..(1) 

Where tiEP,  is the environmental pollution of the ith manufacturing industry at time t, CE is 

the capital enrichment, β is a constant term, and ε is the random error term. Adopted from Abbasi 
et al. (2016) and Li et al. (2020), the following variables are controlled: human capital intensity 
(Human), degree of openness (Open), R&D intensity (RD), fixed asset investment (Asset), and 
firm-scale (Size). To examine the hypothesis proposed above, innovation capability is first 
included in the equation then capital enrichment is introduced to construct a new equation. To 
examine the channel effect, the interactive item ICCE*  is introduced and the centralization 
method is used to avoid multicollinearity issues possibly caused by introducing the interaction 
term (Dalal et al. 2012). 

ti,tititi sontrolCICEP   ,,10,                       …(2) 

ti,titi,ti, ControlICCEEP   ,210                     …(3) 

ti,titi,titi,ti, ControlIC*CEICCEEP   ,3,210               …(4) 

To test the mediating effect of innovation capability on the relationship between capital 
enrichment and RP, the following model is constructed by adopting from the mediating effect test 
method. 

ti,titi, ControlECEP   ,10                         …(5) 

ti,titi, ControlECIC   ,10                          …(6) 

ti,tititi, ControlICECEP   ,2,10                      …(7) 

Where β1 is the total effect of capital enrichment on environmental pollution, μ1 is the direct 
effect of capital enrichment on environmental pollution, γ1μ2 is the mediating effect and its relative 
value is the ratio of the mediating effect to the total effect.  
Data sources: Consistent with the 2012 industry classification standard of the China Securities 
Regulatory Commission (CSRC), this study finally selects 28 manufacturing industry segments. 

The sample period ranges from 2011 to 2017 and missing values are calculated (included) by 
linear interpolation. All data are from the National Bureau of Statistics, the China Statistical 
Yearbook, China Energy Statistical Yearbook, China Environmental Statistical Yearbook, and the 
China Science and Technology Statistical Yearbook.  
Variables: Capital Enrichment of manufacturing industry: The capital enrichment results from 
a constant accumulation of the capital inflows. This study analyzes the capital distribution in 
China’s manufacturing industry to determine whether there is an objective phenomenon of capital 
enrichment or not. The average annual capital distribution of 28 manufacturing segments from 
2011 to 2017 is shown in Fig. 1. 

      ...(1)

Where EPi,t is the environmental pollution of the ith man-
ufacturing industry at time t, CE is the capital enrichment, b 
is a constant term, and e is the random error term. Adopted 
from Abbasi et al. (2016) and Li et al. (2020), the following 
variables are controlled: human capital intensity (Human), 
degree of openness (Open), R&D intensity (RD), fixed asset 
investment (Asset), and firm-scale (Size). To examine the 
hypothesis proposed above, innovation capability is first 
included in the equation then capital enrichment is introduced 
to construct a new equation. To examine the channel effect, 
the interactive item CE* IC is introduced and the centraliza-
tion method is used to avoid multicollinearity issues possibly 
caused by introducing the interaction term (Dalal et al. 2012).

 EPi,t = b0 + b1ICi,t + Controlsi,t + ei,t 
…(2)

 EPi,t = b0 + b1CEi,t + b2ICi,t + SControl + ei,t 
…(3)

 EPi,t = b0 + b1CEi,t + b2ICi,t +  b3CEi,t * ICi,t +SControl + ei,t

  …(4)

To test the mediating effect of innovation capability on 
the relationship between capital enrichment and RP, the fol-
lowing model is constructed by adopting from the mediating 
effect test method.

 EPi,t = b0 + b1CEi,t + SControl + ei,t     …(5)

 ICi,t = g0 + g1CEi,t + SControl + ei,t 
…(6)

 EPi,t = m0 + m1CEi,t + m2ICi,t + SControl + ei,t 
…(7)

Where b1 is the total effect of capital enrichment on 
environmental pollution, μ1 is the direct effect of capital 
enrichment on environmental pollution, g1μ2 is the mediating 
effect and its relative value is the ratio of the mediating effect 
to the total effect. 

Data sources: Consistent with the 2012 industry classifica-
tion standard of the China Securities Regulatory Commission 
(CSRC), this study finally selects 28 manufacturing industry 
segments.

The sample period ranges from 2011 to 2017 and missing 
values are calculated (included) by linear interpolation. All 
data are from the National Bureau of Statistics, the China 
Statistical Yearbook, China Energy Statistical Yearbook, 
China Environmental Statistical Yearbook, and the China 
Science and Technology Statistical Yearbook. 

Variables: Capital Enrichment of manufacturing industry: 
The capital enrichment results from a constant accumulation 
of the capital inflows. This study analyzes the capital distribu-
tion in China’s manufacturing industry to determine whether 
there is an objective phenomenon of capital enrichment or 
not. The average annual capital distribution of 28 manufac-
turing segments from 2011 to 2017 is shown in Fig. 1.

As evident from Fig. 1, it shows that the total capital of 
certain industries exceeds the industry median irrespective 
of the benchmark chosen (total capital of the industry, the 
capital owned by a single enterprise/the capital occupied by 
the industrial added value of RMB 100 million). Therefore, 
the phenomenon of capital enrichment exists objectively, 
which is the result of excessive capital inflows to an industry.  
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industry median irrespective of the benchmark chosen (total capital of the industry, the capital 
owned by a single enterprise/the capital occupied by the industrial added value of RMB 100 
million). Therefore, the phenomenon of capital enrichment exists objectively, which is the result 
of excessive capital inflows to an industry. It reflects the distribution of capital in different regions 
or industries and can create new value in the process of capital flow to achieve the continuous 
growth of capital enrichment. The most intuitive manifestation of capital enrichment is the 
increase in the total capital amount. According to the different sources of investment, i.e., the state, 
collective, corporate, individuals, Hong Kong, Macao, Taiwan, and foreign capital, this study 
defines the above total capital as capital enrichment. 
Innovation capability of manufacturing industry: The formation of innovation capability is the 
result of the comprehensive contribution of many factors and the existing literature presents 
numerous related studies. Referring to Connie (2014) and Roper et al. (2015), the following 
comprehensive evaluation index system of innovation capability is constructed by combining with 
characteristics of the manufacturing industry and influencing factors of innovation capability, as 
given in Table 1. The entropy weight method is adopted to calculate the weight of each index. 
 
Table 1: Evaluation index system of innovation capability in china’s manufacturing industry. 
First Class Index Second Class Index Third Class Index 

Innovation resource 
input 

Human resource input 
Number of R&D personnel, R&D personnel full-time equivalent, and average 
number of employees 

Financial resource input 
R&D expenditure, investment intensity of R&D expenditure, funding for new 
product development, and the ratio of fixed assets equipment 

Innovation 
implementation 
capability 

R&D capacity  Number of R&D institutions, R&D projects, and new products 

Production & marketing 
capacity 

Marketing expense, expenditure on technology introduction, expenditure on 
digestion and absorption expenditure on purchasing domestic technology, and 
expenditure on technical renovation 

Innovation output 
Patent output 

Number of patent applications, invention patent applications proportion of 
utility model patents, and patent applications / R&D personnel  

Non-patent output 
Main operating revenue, revenue of new products, total exports of new 
products, and total profit 

 
Environmental pollution of manufacturing industry: As evident from the existing literature, 
there is no consistent standard for the measurement of environmental pollution. It is mainly 
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Note: The code means 28 sub-sectors of China’s manufacturing industry.
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It reflects the distribution of capital in different regions or 
industries and can create new value in the process of capital 
flow to achieve the continuous growth of capital enrichment. 
The most intuitive manifestation of capital enrichment is 
the increase in the total capital amount. According to the 
different sources of investment, i.e., the state, collective, 
corporate, individuals, Hong Kong, Macao, Taiwan, and 
foreign capital, this study defines the above total capital as 
capital enrichment.

Innovation capability of manufacturing industry: The 
formation of innovation capability is the result of the com-
prehensive contribution of many factors and the existing liter-
ature presents numerous related studies. Referring to Connie 
(2014) and Roper et al. (2015), the following comprehensive 
evaluation index system of innovation capability is construct-
ed by combining with characteristics of the manufacturing 
industry and influencing factors of innovation capability, as 
given in Table 1. The entropy weight method is adopted to 
calculate the weight of each index.
Environmental pollution of manufacturing industry: As evi-
dent from the existing literature, there is no consistent standard 
for the measurement of environmental pollution. It is mainly 

measured by all or a single index of wastewater, waste gas, 
and solid wastes (Kolkis 2019, Li et al. 2019). Some scholars 
use the entropy weight method to combine the following in-
dicators into the composite index of environmental pollution, 
i.e., wastewater, chemical oxygen demand, ammonia nitrogen, 
sulfur dioxide, and solid waste discharge. Since the National 
Bureau of Statistics no longer publishes the wastewater and 
waste gas wastes in different industries after 2012, this study 
uses solid waste discharge per unit of production value as the 
proxy variable for environmental pollution.

RESULTS AND DISCUSSION

Scatter Plot

To verify the hypothesis proposed in this study initially, 
the scatter plot method is used to examine the relationship 
between the main variables. Fig. 2 shows the scatter plot of 
capital enrichment and environmental pollution, and capital 
enrichment and innovation capability. The capital enrichment 
has a negative impact on environmental pollution, and a 
positive impact on innovation capability, which is consistent 
with the main idea of this study. However, the transmission 

Table 1: Evaluation index system of innovation capability in china’s manufacturing industry.

First Class Index Second Class Index Third Class Index

Innovation resource 
input

Human resource input Number of R&D personnel, R&D personnel full-time equivalent, and average number of employees

Financial resource input
R&D expenditure, investment intensity of R&D expenditure, funding for new product development, 
and the ratio of fixed assets equipment

Innovation implemen-
tation capability

R&D capacity Number of R&D institutions, R&D projects, and new products

Production & marketing 
capacity

Marketing expense, expenditure on technology introduction, expenditure on digestion and ab-
sorption expenditure on purchasing domestic technology, and expenditure on technical renovation

Innovation output
Patent output

Number of patent applications, invention patent applications proportion of utility model patents, 
and patent applications / R&D personnel 

Non-patent output Main operating revenue, revenue of new products, total exports of new products, and total profit
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Transmission Mechanism Analysis 
It proposes that the capital enrichment of China’s manufacturing industry not only directly affects 
environmental pollution but also indirectly through innovation capability. So, it explores the 
transmission mechanism among capital enrichment, innovation capability and environmental 
pollution by using a panel of China’s manufacturing industry. The software used for the analysis is 
Stata15.0. The linear regression is initially performed on capital enrichment, innovation capability, 
and environmental pollution, and the interaction term between capital enrichment and innovation 
capability is also introduced. The centralized treatment method is used to reduce possible 
collinearity problems, and the results are shown in Table 2. 
Table 2: Basic regression results of capital enrichment, innovation capability and environmental pollution.  
Variable Model (1) Model (2) Model (3) Model (4) 
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CE*IC    -0.018**(0.070) 
Human -0.045(0.115) -0.527***(0.131) -0.519***(0.121) 0.518***(0.121) 

Open -3.169***(0.734) -2.075***(0.716) -1.251*(0.680) -1.258*(0.702) 

RD -0.130**(0.061) -0.112**(0.056) -0.126**(0.052) -0.132**(0.052) 
Asset 4.952***(0.382) 2.841***(0.135) 4.568***(0.333) 4.533***(0.332) 
Size 0.043(0.044) -0.029*(0.041) -0.010(0.038) 0.002(0.037) 
Constant -7.816***(1.045) -2.865**(1.137) -3.354***(1.060) -4.617(5.144) 
Obs 196 196 196 196 
R² 0.788 0.816 0.842 0.842 
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Fig. 2: Scatter plot between main variables.
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mechanism among capital enrichment, innovation capability 
and environmental pollution remains to be further tested.

Transmission Mechanism Analysis

It proposes that the capital enrichment of China’s manu-
facturing industry not only directly affects environmental 
pollution but also indirectly through innovation capability. 
So, it explores the transmission mechanism among capital 
enrichment, innovation capability and environmental pollu-
tion by using a panel of China’s manufacturing industry. The 
software used for the analysis is Stata15.0. The linear regres-
sion is initially performed on capital enrichment, innovation 
capability, and environmental pollution, and the interaction 
term between capital enrichment and innovation capability 
is also introduced. The centralized treatment method is used 
to reduce possible collinearity problems, and the results are 
shown in Table 2.

The model (1) in Table 2 shows the direct influence of 
capital enrichment on environmental pollution. The results 
show that capital enrichment and environmental pollution are 

negatively correlated at 1%, with the coefficient of -3.601, 
indicating that manufacturing capital enrichment can bring 
down the pollution effect. The main reason may be that the 
higher level of capital enrichment encourages enterprises 
to invest additional capital in green technology innovation, 
adopt cleaner energy, advanced manufacturing technology, 
and effectively manage the experience to reduce pollutant 
emissions. The results support hypothesis 1 proposed above. 
The model (2) presents the impact of innovation capability 
on environmental pollution. There is a significant negative 
correlation between these two variables at 1%, indicating that 
the higher the level of innovation capability, the stronger the 
promotional effect on reducing pollution.

The transmission mechanism of capital enrichment 
affecting environmental pollution through innovation capa-
bility is analyzed. If it is right, in the regression model where 
environmental pollution is used as the explained variable, if 
innovation capability is removed, the effect of capital enrich-
ment on environmental pollution should remain significant. 
After introducing innovation capability, the coefficients of 

Table 2: Basic regression results of capital enrichment, innovation capability and environmental pollution. 

Variable Model (1) Model (2) Model (3) Model (4)

CE -3.601***(0.406) -2.194***(0.392) -2.001***(0.752)

IC -1.595***(0.146) -1.217***(0.151) -1.062*(0.595)

CE*IC -0.018**(0.070)

Human -0.045(0.115) -0.527***(0.131) -0.519***(0.121) 0.518***(0.121)

Open -3.169***(0.734) -2.075***(0.716) -1.251*(0.680) -1.258*(0.702)

RD -0.130**(0.061) -0.112**(0.056) -0.126**(0.052) -0.132**(0.052)

Asset 4.952***(0.382) 2.841***(0.135) 4.568***(0.333) 4.533***(0.332)

Size 0.043(0.044) -0.029*(0.041) -0.010(0.038) 0.002(0.037)

Constant -7.816***(1.045) -2.865**(1.137) -3.354***(1.060) -4.617(5.144)

Obs 196 196 196 196

R² 0.788 0.816 0.842 0.842

Note: Robust standard errors in brackets; *p < 0.1, **p < 0.05, ***p < 0.01.

Table 3: Mediating effect of innovation capability.

Variable
Model (5) Model (6) Model (7)

EP IC EP

CE -3.601***(0.406) 1.156***(0.169) -2.194***(0.392)

IC -1.217***(0.151)

Controls Yes Yes Yes

Obs 196 196 196

R² 0.788 0.986 0.842

Sobel Z=5.215, the P-value is 0.000; Mediating Effect/Total Effect=39.07%

Note: Robust standard errors in brackets; *p < 0.1, **p < 0.05, ***p < 0.01.
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capital enrichment decrease fairly but both capital enrichment 
and innovation capability are significant at 1%. By further 
introducing the interaction term CE * IC, its coefficient is 
-0.018, but the significance of innovation capability signifi-
cantly decreased from 1% to 10%. It suggests that with the 
decline of innovation capability, the inhibitory effect of cap-
ital enrichment on environmental pollution becomes weak.

Mediating Effect Analysis

To further explore the role of innovation capability in the 
relationship between capital enrichment and environmen-
tal pollution, the empirical test is performed according 
to the mediating effect model. The results are shown in 
Table 3.

Results from the model (5) show that the coefficient of 
capital enrichment is -3.601 and significant at 1%, demon-
strating that capital enrichment has a promotional effect 
on reducing environmental pollution. In the model (6), the 
coefficient of innovation capability is 1.156 and significant 
at 1%, showing that capital enrichment can improve the level 
of innovation capability. The main reason is that capital is 
the material basis for the implementation of innovation ac-
tivities. The higher capital enrichment enables firms to have 
more capital for technical innovation, and then promote the 
spillover effect of technology. In the model (7), the coeffi-
cients of capital enrichment and innovation capability are 
both negative and significant at 1%, indicating that innova-
tion capability indeed plays a mediating role. Additionally, 
the Z value in the Sobel test is 5.215 and significant at 1%, 
showing that the mediating effect of innovation capability is 
significant. Its proportion in the total effect is 39.07%, which 
proves the validity of hypothesis 2.

Robustness Test

Considering that the annual data may fluctuate greatly, this 
study processes it three times and re-estimates the relation-
ship between capital enrichment, environmental pollution 

and innovation capability. The results are shown in the 
Robust 1 in Table 4. 

The capital enrichment of China’s manufacturing indus-
try has a negative effect on environmental pollution and a 
positive effect on innovation capability, both of which are 
significant. After adding capital enrichment and innova-
tion capability at the same time, the coefficient of capital 
enrichment remains significant, but the negative effect on 
environmental pollution is decreased from -3.974 to -1.845. 
The Z-value in the Sobel test is 6.348 and significant at 
1%, proving once again that innovation capability has the 
mediating effect.

Considering that the environmental pollution effect 
brought by capital enrichment may have hysteresis, this 
study re-estimates the model by using the one-period lagged 
values of the explained variable. The results are shown in the 
robust 2 in Table 4. Results reveal that innovation capability 
still plays a significant mediating role in the relationship 
between capital enrichment and environmental pollution, 
which proves the robustness of the above results.

Further Analysis

Due to a large number of China’s manufacturing segments, 
the innovation capability and development priorities are 
different among sectors, which may reduce the practical 
significance of the results if they are not classified. Referring 
to OECD’s classification criteria for the manufacturing indus-
try, 28 segments are divided into the low-tech and high-tech 
industry by combining with their innovation capability. The 
results of the environmental pollution effect caused by capital 
enrichment under different innovation capability levels are 
shown in Table 5.

As revealed by the results, the impact of capital enrich-
ment on environmental pollution in the low-tech industries 
is -2.357 at 1% significant level, and innovation capability 
plays a mediating effect on their relationship. By using the 
Sobel test method, it finds that the Z value in the Sobel test is 

Table 4: Mediating effect of innovation capability after shifting mean values.

Variable EP IC EP

Robust 1

CE -3.974***(0.430) 1.129***(0.151) -1.845***(0.369)

IC -1.886***(0.157)

Sobel Z=6.348, the P-value is 0.000; Mediating Effect/Total Effect=53.58%

Robust 2

L.CE -2.444***(0.410) 0.900***(0.161) -1.388***(0.399)

IC -1.174***(0.179)

Human -0.245*(0.134) 0.547***(0.053) 0.398**(0.154)

Sobel Z=4.252, the P-value is 0.000; Mediating Effect/Total Effect=43.23%

Note: Robust standard errors in brackets; *p < 0.1, **p < 0.05, ***p < 0.01.
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2.748 and significant at 1%. The proportion of the mediating 
effect in the total effect is 26.24%. However, the regression 
coefficients between capital enrichment and environmental 
pollution, and capital enrichment and innovation capability in 
the high-tech industry are -6.479 and 1.679, respectively, both 
of which are significant at 1%. The Z value in the Sobel test 
is 4.298 and significant at 1%. Compared with the low-tech 
industries, the mediating effect in the high tech-industries 
is 47.86% of the total effect. This finding indicates that the 
mediating effect of innovation capability is more significant 
in high-tech industries.

CONCLUSIONS

Based on the panel data of 28 sub-sectors of China’s man-
ufacturing industry from 2011 to 2017, this study explores 
the nexus between capital enrichment, innovation capability 
and environmental pollution by using the basic regression 
model and the mediating effect model. The main conclusions 
are as follows:

Firstly, the industries with higher levels of capital 
enrichment generally possess one or more of the following 
characteristics: higher-profit margins, technology-
intensive, national policy support, and resource-based 
national monopoly industry. There is a significant negative 
correlation between capital enrichment and environmental 
pollution, showing that an increase in capital enrichment 
can reduce environmental pollution. Secondly, capital 
enrichment has a positive impact on innovation capability, 
while innovation capability has a negative impact on 
environmental pollution. The interaction effect of 
innovation capability between capital enrichment and 
environmental pollution is significantly negative, indicating 
that with the decline of innovation capability, the inhibitory 
effect of capital enrichment on environmental pollution 
becomes weak. Thirdly, the relationship between capital 
enrichment and environmental pollution is affected by 
innovation capability which plays a significant mediating 
effect. Fourthly, in both low-tech industries and high-tech 
manufacturing industries, the innovation capability has the 

Table 5: Environmental pollution caused by capital enrichment under different levels of innovation capability.

Variable
Low-tech industry High-tech industry

EP IC EP EP IC EP

CE -2.357***(0.476) 0.624***(0.191) -1.739***(0.455) -6.479***(0.746) 1.679***(0.284) -3.378***(0.730)

IC -0.991***(0.195) -1.847***(0.295)

Controls yes yes yes yes yes yes

R² 0.831 0.769 0.858 0.844 0.564 0.921

Sobel Z=2.748, Mediating Effect/Total Effect=26.24% Z=4.298, Mediating Effect/Total Effect=47.86%

Note: Robust standard errors in brackets; *p < 0.1, **p < 0.05, ***p < 0.01.

mediating effect, and it is heterogeneity under different 
innovation capabilities.
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ABSTRACT

Extensive industrialization and urbanization have introduced domestic as well as industrial wastes 
into aquatic ecosystems.Dueto lack of proper treatment and improper mode of disposal, the water 
bodies have become more polluted with toxic substancesand their adverse effects including mortality 
to aquatic organisms, are becoming more prominent.In recent years, much attention has been paid to 
the possible danger of metal poisoning in humans as a result of consumption of contaminated fishes.
Vanadium is a rare elementfound combined with certain minerals and mainly from the production of 
certain alloys used in jet engines. Humans may be exposed to excessive vanadium and may develop 
adverse vascular effects.In the present investigation, efforts have been made to investigate the effect 
of sublethal concentration of vanadium (6.5 ppm; 10% of 96h LC50) on the bioaccumulation in gill, liver 
and skin of the catfish Heteropneustes fossilis for 60 days. The pattern of bioaccumulation was in the 
order liver > gill > skin. Theresults suggest that the organ-specific variation is directly related to the 
structural and functional change, proximity to the toxicant and presence of ligands having high affinity 
to vanadium. 

INTRODUCTION

In India, even though industrialization has not reached 
the level attained in the developed countries, pollution of 
aquatic habitats seems to be an inevitable problem. More 
toxic compounds are being increasingly detected in aquatic 
ecosystems. With the advent of the agricultural and industrial 
revolution, most of the water sources are becoming contam-
inated with diverse pollutants (Khare & Singh 2002). Indus-
trial discharges containing toxic and hazardous substances, 
including heavy metals, contribute significantly to the 
pollution of aquatic ecosystems(Gbem et al. 2001,Woodling 
et al. 2001). According to Satyanarayanan et al.(1985), the 
presence of heavy metals on the east coast of India deserves 
special mention as it almost forms a repository for indus-
trial effluents and city sewage. Among the various heavy 
metals, in general, vanadium is a biologically non-essential, 
non-biodegradable, persistent type of heavy metal and its 
compounds are known to have high toxic potentials. Further, 
continuous, low-level vanadium exposure may have a gross 
biological impact comparable to that of recurring exposures 
of much greater intensity. In freshwater fish, metal uptake 
is taking place mainly through three routes namely, gills, 
skin and also from food via the intestinal wall (Karlsson-Nor-
rgran & Runn 1985). On the other hand, the metal retention 

capacity of fishes is dependent on their metal assimilation 
and excretion capabilities (Rao & Patnaik 1999). According 
to Ferardet al.(1983),aquatic organisms take up heavy metals 
and concentrate them to amounts considerably higher than 
those found in the environment. Therefore, it is important 
to find the pathways of accumulation of heavy metals and 
their affinity to different tissues, especially in fishes. In this 
context, the present investigation has been designed to study 
the pattern of bioaccumulation of vanadium in the gills, 
liver and skin of the catfish Heteropneustes fossilis(Bloch.) 
exposed to sublethal concentrations of vanadium. 

MATERIALS AND METHODS

Collection and maintenance of fish:The freshwater fish 
Heteropneustes fossilis (12 ± 2 cm length and 34± 2 g weight) 
were collected locally, brought to the laboratory and kept in 
a tank with size 60 × 30 × 30 (l × b × h) cm, filled with tap 
water for acclimatization for about two weeks. During the 
acclimatization, the fish were fed with minced goat liver on 
every alternate day. Water in the tank was renewed, three or 
four times in a week and aerated to ensure sufficient oxygen 
supply. For the fish used in the experiment, feeding was 
stopped two days before the start of the experiment to reduce 
the quantum of excretory products in the tank. 
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Estimation of LC50: Before the commencement of the 
experiment, 96h LC50 value was determined using trimmed 
spearman Karber method (Hamilton et al. 1977)which was 
found to be 65 ppm after 95% trimming. 

Experimental protocol:For the analysis of sublethal tox-
icity six groups of 10 fish each were exposed separately to 
vanadium (6.5ppm; 10% of 96 h LC50) solution prepared 
in tap water. The experimental medium was prepared by 
dissolving vanadium (6.5ppm) in tap water having dissolved 
oxygen 6 ppm, pH 7.5, water hardness 40.44 mg/L and water 
temperature 28±2°C (APHA 2008). Each group was exposed 
to 50 L of the experimental medium. Parallel groups of 10 
fish each were kept in separate aquaria containing 50 L tap 
water without the addition of vanadium as control. Feeding 
was allowed in the experimental as well as control groups 
every day for a period of 3 h before the renewal of the media 
throughout the tenure of the experiment.After the expiry of 
5, 10, 20, 30, 40 and 60 days of exposure five fish each from 
the respective experimental as well as control groups were 
sacrificed and bioaccumulation of vanadium was found.

Estimation of vanadium:For the analyses, the gill, frag-
ments of the liver and a part of the skin on the dorsal surface 
of each fish were dissected, washed with distilled water and 
weighed following FAO methods (2006). The separated or-
gans were driedat 120°C in Petri dishes until reaching a con-
stant weight.The separated organs were placed in digestion 
flasks and ultra-pure concentrated nitric acid and hydrogen 
peroxide(1:1 v/v) were added. The digestionflasks were then 
heated to 130°C until all the materials were dissolved. Digest 
was diluted with double distilledwater appropriately and va-
nadium was assayed. Atomic absorption spectrophotometer 
(Perkin Elmer) using element-specific hollow cathode lamp 
in default condition, by flame absorption mode was used to 
approximate the metal concentration (Kendall & Scanlon 
1982). The metal standard recommended by Perkin Elmer 
was used for checking the sensitivity of the instrument and 
calibration.

The data obtained were subjected to standard statistical 
analysis each sampling time and their respective control 
groups in different groups. Duncan’s multiple range test 
(Bruning & Kintz 1968) was performed to determine whether 
the parameters altered significantly by exposure periods. 

RESULTS

Gill: Of all the tissues investigated, the rate of accumulation 
of vanadium was maximum ingills of the exposed fish.No 
detectable amount of vanadium was observed in the gills of 
the control fish. The gill registered 1. 92 ± 0.02, 0. 98 ± 0.05, 
0. 85 ± 0.01, 0.71 ± 0.02 and 1. 18 ± 0.01 ppm of vanadium 

for 5, 10, 20, 30 and 60 days of exposure to sublethal 
concentration  of vanadium solution (Fig. 1). After an initial 
surge, the metal concentration decreased gradually until the 
30th day. However, the fag end of the experiment registered 
an increasing trend in the accumulation pattern.

Skin:  Even though skin constitutes the single tissue having 
maximum surface area and direct contact with the toxicant 
medium, the rate of accumulation was less when compared 
to other tissues, such as gills and liver (Fig. 1).No vanadium 
was traceable in the skin of the control fish. The skin recorded  
0.35 ± 0.01, 0. 48 ± 0.01, 0. 25 ± 0.01, 0. 18 ± 0.01and 0.15 
± 0.00 ppm of vanadium for 5, 10, 20, 30 and 60 days of 
exposure to sublethal concentration  of vanadium solution 
(Fig. 1).In the case of the experimental fish, the rate of ac-
cumulation decreased during the later periods, leading to an 
overall decrease in the rate of bioaccumulation of vanadium 
in the skin tissue.

Liver:  As with the case of gills, vanadium could not be 
traced in the liver of the control fish. In the case of the ex-
perimental groups, even though the quantity of accumulated 
vanadium was less in case of the liver when compared to 
gills, the pattern of accumulation showed a more or less 
continuous increasing trend at all the periods of exposure.  
The liver recorded  0.71 ± 0.02, 0. 84 ± 0.02, 0. 96 ± 0.01, 
1.12  ± 0.01and 1.26 ± 0.02 ppm of vanadium for 5, 10, 20, 
30 and 60 days of exposure to sublethal concentration of 
vanadium solution (Fig. 1).

DISCUSSION

The exposure of H. fossilis to sublethal concentration of 
vanadium caused significant accumulation in the organs 
and the accumulation was associated with the duration of 
exposure in different tissues. The rate of accumulation was 
in the order gill > liver > skin and it may be inferred that the 
pattern of accumulation of vanadium differs from tissue to 
tissue. The critical analysis revealed that the rate of accumu-
lation in the various tissues in comparison to their respective 
controls is influenced by the duration of exposure. However, 
there occurred significant variations in the concentration of 
accumulated vanadium in the various tissues studied at dif-
ferent exposure periods when compared with the respective 
preceding exposure periods. This difference in accumulation 
may be attributed to the proximity of the tissue to the toxicant 
medium, the physiological state of the tissue, presence of 
ligands having an affinity to vanadium and/or to the role of 
the tissue in the detoxification process.

From the point of view of proximity to toxicant of the 
various tissues analysed, gills and skin are in direct contact 
with the toxic medium, whereas liver is exposed through 
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media effect. Even though the gills and skin come into direct 
contact with the ambient toxicant, the pattern of bioaccumu-
lation showed considerable differences between them. While 
gill was the organ accumulating the maximum vanadium, 
skin accumulated a far lower amount. Even though reports 
indicate a correlation between bioaccumulation of metals 
and exposure concentration, along with exposure time (Giles 
1988), such a correlation did not exactly seem to fit data from 
the present study, as both skin and gill are faced with the 
same concentration of the toxicant and the same exposure 
period. A probable reason for the observed difference in the 
metal accumulating capacity of gills and skin may be the 
physiological state of the tissue and/or structural and func-
tional organization of these organs. In the case of fish and 
crustaceans, as well as molluscs, gills are one of the target 
organs to suffer instantaneously from ambient toxicants. 
One of the basic reasons for the gills to act as the primary 
site for cadmium accumulation, as observed in the present 
study, is its external position and its proximity to the ambient 
toxicants. In addition, the highly branched structural organ-
ization of the gill and the resultant highly increased surface 
area, along with the large volume of water passing through 
the gill surface and the highly vascular physiological state 
and the relatively small biomass when compared to their 
surface area (Mayer et al. 1991) make the gill a prime site 
for vanadium accumulation. 

As far as the presence of various ligands in the tissues 
is concerned, being an oxyphilic and sulphophilic element, 
vanadium undergoes multiple bondings in the body (Moore 
&Ramamoorthy 1984), forming stable complexes with a 

variety of organic compounds. In the present study, the 
increased mucogenesis under the influence of toxicant, 
as also reported by Rajan& Banerjee (1991), might result 
in the formation of a mucous trap over the gills for the 
vanadium ions due to the preferential attraction of cadmium 
to the -SH groups present in the mucus. The cation binding 
capacity of the fish mucus is also reported by Ingerssolet 
al. (1990). However, according to Paul & Banerjee (1997), 
due to the constant and increased ventilatory movements 
of the operculum under the influence of the xenobiotics, 
the protective mucous plug inside the opercular chamber 
is quite often discharged into the medium. Such discharges 
of the mucous plug might make the gills a more vulnerable 
site for the accumulation of vanadium. All these structural 
and functional peculiarities of the gills, along with the high 
vascularization, might be responsible for the highest rate of 
accumulation of vanadium. On the contrary, the skin, which 
also comes under the direct contact stress of the toxicant, 
shows a far lesser rate of bioaccumulation. According to 
Rajan& Banerjee (1991) and Paul & Banerjee (1996), the 
mucogenic activity of the body skin epithelium in fish is 
very high when compared to gills (Hemalatha& Banerjee 
1997). This increased mucogenesis may play a crucial role 
in preventing the vanadium ions from entering the body, as 
the coagulated mucus all over the body might be acting as 
a protective ion trap. Further, unlike gill, discharge of the 
body mucus into the medium is not an active process as 
there are no ventilatory movements in the skin epithelium, 
and the rejected epithelial cells, along with the proteinaceous 
contents of the other degenerating cells, form a protective 
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scab over the skin. Such a protective covering may act as 
an efficient trap for the metal ions and, at a later stage, 
when the cellular debris along with the mucous mass is 
released into the medium, the entire accumulated vanadium 
ions might be rejected into the medium itself and thereby 
greatly retard their entry into the body skin. Moreover, the 
regeneration of the exhausted and sloughed mucous cells 
is quite quick in the case of body skin when compared to 
the opercular epithelium (Paul & Banerjee 1996, 1997) and 
gills (Hemalatha& Banerjee 1997), leaving less time for 
the accumulation of vanadium on the body skin epithelium. 
The intermittent increases observed in the concentration of 
vanadium in skin and gill at various stages of exposure may 
be attributed, at least partially, to the temporary breakdown 
of the mucogenic barrier due to the exhaustion of the mucous 
cells after their hyperactivity. 

Even though the liver did not come into direct contact 
with the medium, the vanadium accumulation pattern fol-
lowed more or less the same pattern as that of gills. Many 
other workers have also reported the increased metal accumu-
lation capacities in liver and gills of aquatic organisms (Pro-
tasowicki&Chodyniecki 1992, Narayanan et al. 1997). One 
of the main reasons attributed to the increased presence of 
heavy metals in these organs is their capacity to accumulate 
vanadium brought by blood from other parts of the body and 
induce the production of the metal-binding protein, metal-
lothionein, which is believed to play a crucial role against the 
toxic effects of heavy metals by binding them (Bhattacharya 
et al. 1985). According to Klavercampet al. (1984), the gill 
and the liver are the main sites of metallothionein production 
and metal retention. This may be yet another main reason 
for the enhanced presence of vanadium in the gills, skin and 
liver. Also, all these tissues are rich in the metal binding-SH 
groups (Rema & Philip 1997) and therefore it is not surprising 
that the metal ions are complexed in these organs. According 
to Kent (1998), the liver is involved in the detoxification of 
toxic substances circulating in the bloodstream. Moreover, 
liver, being the major organ of metabolic activities including 
detoxification (Klavercampet al. 1984), vanadium might also 
be transported into this from other tissues, including gills 
and skin, for subsequent elimination. Such transportation 
might lead to higher rates of accumulation in the liver. The 
possibility of such detoxification related mobilization of ac-
cumulated vanadium may be one reason for the intermittent 
reduction in the quantity of accumulated vanadium in gills, 
as well as the skin at various stages of exposure.

CONCLUSION

The pattern of bioaccumulation in Heteropneustes fossilis 
after sublethal vanadium treatment clearly shows that heavy 

metals, whatever the concentration, are quite unbiological 
and caution should be exercised in allowing vanadium into 
the aquatic environment. By knowing the mechanism of the 
specific toxic action of poisons, it is possible to use various 
pharmacological compounds to reduce the toxic effect of 
pollutants. Further, the toxic effect of metals in organisms in 
contaminated water is an important aspect of environmental 
awareness, because it may affect all members of the food 
chain. Moreover, management of our water bodies is required 
if they are to be used for diverse purposes as domestic and 
industrial supply, crop irrigation, sports and commercial 
fisheries, power generation, etc.
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ABSTRACT

Innovative development of a simple and rapid dispersive micro solid phase extraction (D-μ-SPE) method 
combined with high performance liquid chromatography (HPLC) based on alginate incorporated with 
multi-walled carbon nanotubes (Alg-MWCNT) was developed for the analysis of five selected acidic 
drugs in the water sample. The effect of dispersive micro solid phase extraction parameters such as 
the mass of sorbent, sample pH, extraction time and desorption time on the peak area of analytes were 
optimized. Under the optimum extraction conditions, a linear response was achieved in the concentration 
range of 1 μg.L-1 to 500 μg.L-1 (R2 ≥ 0.9959). The limits of detection for the method at a signal to noise 
ratio of 3 were between 0.03 μg.L-1 and 0.08 μg.L-1. The proposed method was successfully applied 
for the determination of four acidic drugs in tap water samples with relative recoveries ranging from 75 
% to 105 %. The proposed Alg-MWCNT sorbent showed high potential as an alternative sorbent for 
dispersive micro solid phase extraction of acidic drugs in aqueous matrices.

INTRODUCTION

In the last few decades, pharmaceuticals have played an 
increasingly important role in improving the quality of 
life. Tons of pharmaceutical substances are used in human 
medicine for diagnosis, treatment or prevention every year 
(Azzouz & Ballesteros 2012). The emission of this emerg-
ing contaminant as one of the environmental problems may 
require legislative intervention as they may cause acute 
effects on flora and fauna even at a low concentration level 
(Petrovic et al. 2008). The water resource issues in Malaysia 
have grown in magnitude as the organic contaminant, espe-
cially from the disposal of waste, industries and agriculture 
by-product, may flow and contaminate our water reservoirs 
(Osman et al. 2012). 

Non-steroidal anti-inflammatory drugs (NSAIDs) are 
among the most frequently prescribed drugs in modern 
medicine. This group of pharmaceutical drugs provides an-
algesic (pain-killing) and anti-pyretic (fever-reducing) effect 
and in higher doses, this drug gives an anti-inflammatory 
effect (Meek et al. 2010). In this study, a method by using 
dispersive micro solid phase extraction (D-μ-SPE) for the 
extraction of these pharmaceutical drugs has been proposed. 
Model compounds were selected among the pharmaceuticals 
which are salicylic acid, naproxen, diclofenac, ibuprofen and 
mefenamic acid. 

Pharmaceutical residues are usually present in envi-
ronmental water samples in trace levels. There are several 
extraction techniques carried out by the researchers mainly 
for the isolation and preconcentration of NSAIDs in aqueous 
matrices such as Solid Phase Extraction (SPE) (Asghari et 
al. 2016), Solid Phase Microextraction (SPME) (Moeder et 
al. 2000), Hollow Fiber Liquid-Phase Microextraction (HF-
LPME) (Sagristà et al. 2010), Stir Bar Sorptive Extraction 
(SBSE) (Tanwar et al. 2015), Magnetic Solid Phase Extrac-
tion (MSPE) (Wang et al. 2017), Dispersive Liquid-Liquid 
Microextraction (DLLME) (Park & Myung 2015) and Ul-
trasound-Assisted Emulsification Microextraction (UAEME) 
(Lee et al. 2014).

Operating costs, amount of organic solvent used, sample 
throughput and simplicity of operation frequently becomes 
the determining factor in choosing the right extraction tech-
nique (Saim et al. 1997). However, the most common sample 
isolation and pre-concentration technique for the extraction 
of pharmaceuticals in water samples is solid phase extraction 
(SPE). SPE has been claimed as effective sample preparation 
for removal of interfering compound and enrichment of 
analyte (Hennion et al. 1999). Researchers are devoted to 
developing new sorbents to enhance the extraction process. 
There were many successful works on the use of different 
kinds of sorbent materials used in SPE such as molecularly 
imprinted polymers (MIPs) and carbon nanotubes (CNTs). 
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The selection of a suitable SPE extraction sorbent depends 
on the mechanism of interaction between the sorbent and 
analyte of interest (Żwir-Ferenc & Biziuk 2006).

Carbon nanotubes have long been recognized as the stiff-
est and strongest man-made material (Spitalsky et al. 2010). 
It possesses advantages in adsorbent-adsorbate interactions 
but high production cost and non-biodegradable materials 
(Ren et al. 2011). However, due to its insolubility and cre-
ating a homogenous is difficult as it tends to agglomerate 
caused by strong inter-tube Van der Waals forces (Ibrahim 
et al. 2015). Besides, because of its nano size, the excellent 
properties of these structures can only be exploited if they 
are homogeneously embedded into polymers (Spitalsky et al. 
2010). Several types of polymers based on natural products 
such as cellulose and starch have been proposed in analyt-
ical sample preparation due to their biodegradability, good 
physical and chemical properties and low cost (Hanapi et al. 
2017). Many researchers have been working on the use of 
this sorbent incorporated with biopolymers such as alginate, 
agarose and chitosan as promising materials to overcome 
these drawbacks. 

Alginate is a biomaterial that has numerous applications 
in biomedical science and engineering due to its favourable 
properties, including biocompatibility and ease of gelation 
(Lee & Mooney 2012). It offers excellent adsorption due to 
the presence of hydrophilic and reactive functional groups 
(Crini 2005). This biopolymer contains a high amount 
of D-mannuronic acid (M block) and L-guluronic acid 
(G-block) which can be cross-linked easily by using bivalent 
ions such as calcium ions to form hydrogels in gelation pro-
cess (Vijayalakshmi et al. 2016). However, it is easily soluble 
in aqueous media which limits its application as an adsorbent.

Hence, this research was conducted to investigate the 
use of MWCNTs incorporated with alginate as a promising 
material to overcome the disadvantages of these two com-
ponents with the aid of D-μ-SPE which is believed to be a 
simple, rapid and efficient method compared to the traditional 
SPE method.

MATERIALS AND METHODS

Chemicals and Materials 

Ibuprofen, naproxen, diclofenac, mefenamic acid and 
salicylic acid were purchased from Sigma-Aldrich (purity 
assay in range of 98-101 %). Acetonitrile (ACN) and meth-
anol (MeOH) of high performance liquid chromatography 
(HPLC) grade were purchased from Merck (Darmstadt, Ger-
many). Calcium chloride (CaCl2) was obtained from HmbG 
Chemicals (Germany). Methane sulfonic acid (MSA) was 
purchased from Sigma-Aldrich (St. Louis, USA). Ultrapure 

water was produced from Barnstead Nanopure (Thermo 
Scientific). Sodium hydroxide and hydrochloric acid were 
obtained from Merck, Darmstadt, Germany and sodium 
alginate from Qrec (New Zealand). Multi-walled carbon 
nanotubes (MWCNTs) with specific surface area > 233 m2/g, 
purity > 95 %, 8-15 nm outer diameter × 50 μm in length was 
purchased from Sun Nanotech (Jiangxi, China).

Preparation of Standard and Sample Solutions 

The individual stock solution of ibuprofen, naproxen, di-
clofenac, mefenamic acid and salicylic acid were prepared 
separately in HPLC grade methanol at a final concentration 
of 1000 mg.L-1. All standard solutions were stored in the 
amber glass bottle at 4°C when not in use. A series of working 
standard solutions were prepared in methanol by dilution 
before analysis to prevent from the decomposition of ana-
lytes. For calibration standards in the extraction procedure, 
spiked water samples were prepared by adding 1 mL of 10 
mg.L-1 standard solutions into 9 mL of deionized water at a 
final concentration of 1 mg.L-1.

The river and tap water samples were collected in bot-
tles pre-cleaned with acetone and filtered through a nylon 
membrane filter to remove colloidal particles and stored in 
a freezer at 4°C until analysis. For accuracy and precision 
studies, the river and tap water samples (10 mL, pH 3) were 
spiked with the standard mixture of five pharmaceuticals 
NSAIDs to give a final concentration of 1 mg.L-1 for each 
analyte.

Preparation of Alg-MWCNT Composite Beads 

The method used was adapted and modified from literature 
(Jeon et al. 2010, Sahasathian et al. 2010). The composite 
beads were prepared by the suspension method. Initially, 3 
% (w/v) of sodium alginate solution was prepared by stirring 
it at 60°C. Meanwhile, 0.3 g of MWCNT was dispersed in 
30 mL deionized water under sonication for 30 min. Then, 
the MWCNT solution was added into the sodium alginate 
solution and sonicated for another hour. The mixture solution 
was dripped through the injection needle into 1000 mL of 
4% (w/v) of calcium chloride solution. The Alg-MWCNT 
beads were formed upon contact with calcium ions. After 
removal from calcium chloride bath, the beads were rinsed 
thoroughly with deionized water using an 11 μm filter paper 
and dried in the oven at 50°C for 24 hours.

Dispersive Solid Phase Extraction Procedure by Using 
Alg-MWCNT Sorbent

About 0.3 g of Alg-MWCNT powders were dispersed into 
the aqueous sample (10 mL, pH 3). To trap the analytes, the 
mixture was vigorously stirred with a magnetic stir bar for 
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30 minutes. Subsequently, the Alg-MWCNT powder was 
isolated from the solution by centrifugation (4000 r min-1, 
for 10 min). The supernatant was discarded. About 2 mL of 
desorption solvent was added, and then the mixture was soni-
cated for 15 minutes to desorb the analytes. The mixture was 
then centrifuged at 4000 r min-1, for 5 minutes. The solvent 
was collected and evaporated to dryness under a soft stream 
of nitrogen gas. Finally, 10 μL of the extract was injected 
into the HPLC system for analysis. A visual summary of this 
method is illustrated in Fig. 1. The Alg-MWCNT composite 
beads could be reused several times after washing with 2 mL 
of methanol and water, respectively. Several optimization 
parameters for D-μ-SPE were optimized by changing one 
factor at a time.

Chromatographic Conditions

All analyses were performed using an automated high perfor-
mance liquid chromatography Dionex Ultimate 3000 (Sunny-
vale, CA, USA) system, using an Acclaim Polar Advantage II 
(5 μm, 120 Å, 4.6×150 mm) (Dionex USA) as the analytical 
column. A gradient elution consisting of acetonitrile, 10 
mM methane sulfonic acid (MSA) and ultrapure water was 
applied. The flow rate was programmed at 1 mL min-1. For 
initialization of the LC analysis, the chromatographic system 
was cleaned and stabilized for an hour. The quantification of 
NSAIDs was performed by measuring the peak area of the 
chromatogram. NSAIDs were detected using a diode array 
detector at a selected wavelength of 230 nm.

Validation of the Analytical Method

The extraction method was assessed for linearity (R2), limit 
of detection (LOD), limit of quantification (LOQ), precision 
(% RSD) and accuracy (% relative recovery) before sample 
analysis. Linearity was measured by plotting the calibration 
curve of five different concentration levels for the standard 
mixture of NSAIDs. The same calibration graph was used 
for the determination of LOD and LOQ. Method precision 
was measured using three different extractions of calibration 
standard at the lowest concentration.

RESULTS AND DISCUSSION

Preparation of Alg-MWCNT Composite Beads

In the present work, the alginate incorporated multi-walled 
carbon nanotubes were prepared by the suspension method. 
Fig. 2 illustrates a mechanism for the formation of alginate 
incorporated multi-walled carbon nanotubes (Alg-MWCNT). 
The formations of Alg-MWCNT composite beads start with 
the carboxylated MWCNTs which were physically combined 
with sodium alginate which be-came the backbone holding 
the MWCNTs together. The incorporated Alg-MWCNT 
structure would form hydrogels immediately after in touch 
with the calcium chloride solution. This formation occurs 
due to the active site in a long chain of alginate structure 
which provides the ability of cross-linked in the presence of 
divalent ions such as calcium, resulting in the rapid formation 

 

 

 

 

 

 

 

 

Fig. 1: Dispersive micro solid phase extraction (D-μ-SPE) procedure by using Alg-MWCNT as a 

sorbent. 

Fig. 1: Dispersive micro solid phase extraction (D-μ-SPE) procedure by using Alg-MWCNT as a sorbent.
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of hydrogels. The divalent cations preferentially bind toward 
the G-block rather than M-block (Braccini et al. 1999). The 
formation of this hydrogels is based on its gel-forming ability 
through cation binding which was a transition from water 
soluble sodium alginate into water insoluble calcium alginate 
(Fertah et al. 2017).

Optimization of Extraction Parameter 

The salicylic acid (SAL), ibuprofen (IBU), naproxen (NAP), 
diclofenac sodium salt (DIC) and mefenamic acid (MEF) 
were selected as model analytes in this study as they are the 
most often used NSAIDs. To determine the optimum condi-
tions for the extraction of NSAIDs from aqueous samples, 
many parameters that can affect the extraction efficiency 
were investigated namely extraction time, desorption time, 
the effect of pH and mass of sorbent. The optimization was 
carried out using one variable at a time while other parame-
ters were kept constant. Optimization was carried out using 
deionized water samples spiked with each NSAID to give a 
concentration of 1 mg.L-1 in 10 mL of water samples. About 
1 mL of acetonitrile was used as a desorption solvent. The 
triplicate extractions were carried out for each parameter 
optimized in this study. 

Effect of Sample pH on Peak Area of Analytes 

The experiment was carried out by varying the pH value in 
the range of pH 2 to pH 5 to determine the effect of sample 
pH on the extraction of NSAIDs. The sample pH is expected 
to significantly influence the efficiency of extraction. Accord-
ing to the pKa values of salicylic acid, naproxen, diclofenac, 
ibuprofen and mefenamic acid (pKa = 2.98, 4.15, 4.08, 4.91 
and 4.2 respectively), at lower pH than the pKa value, these 
compounds would mostly exist in molecular form. While at 
higher pH than the pKa value, they are in an ionized form. 

It was observed that the peak area slightly increased with 
increasing pH from pH 2 to pH 3 and highest at pH 3 (Fig. 
3a). The peak area starts to decrease after pH 3. As the target 
compounds were acidic, the pH of the sample solution was 
adjusted in the proper acidic range since acidification of an 
aqueous solution is likely to reduce the dissociation of the 
weakly acidic analytes which can improve the extraction 
efficiency (Silva et al. 2008). The extraction was observed 
to be the best at pH 3, as the sample solution was sufficiently 
acidic to neutralize the analytes. It has been demonstrated 
that pH is a determining condition in the adsorption process 
of non-steroidal anti-inflammatory drugs onto the sorbent 

 

Fig. 2: Mechanism for the formation of Alg-MWCNT. 

 

Fig. 2: Mechanism for the formation of Alg-MWCNT.
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and pH 3 is the most suitable condition for the analysis of 
NSAIDs. Therefore, pH 3 was selected as the best pH value 
and used in subsequent experiments.

Effect of Extraction Time on Peak Area of Analytes 

For the optimization of extraction times, in the range of 10 
to 50 minutes were employed. The effect of contact time 
between adsorbent and analytes is shown in Fig. 3b. It was 
observed that the adsorption capacity of NSAIDs was rap-
idly increased from 10 to 30 minutes of extraction time. The 
highest extraction efficiency was obtained at 30 minutes of 
extraction time. After 30 minutes, the peak area was slowly 
decreased. This could be due to a long duration of extraction 
time causes the back extraction of analytes from acceptor 
into the sample solution (Hernando et al. 2006). Therefore, 
30 minutes was selected as the optimal extraction time and 
used in the subsequent experiments.

Effect of Desorption Time on Peak Area of Analytes 

Ultrasonication method was used for the desorption solvent 
to desorb NSAIDs from the Alg-MWCNT sorbent as this 
technique was suitable to be applied for reversible adsorption 
(Loh et al. 2013). The effect of desorption time in the range 
of 5-25 minutes of sonication was investigated. It was found 
that maximum desorption time for the analytes was achieved 
within 15 minutes of sonication. Beyond 15 minutes of 
sonication, the peak area of analyte was decreased (Fig. 3c). 
This is probably due to the heat produced by the sonicator 
caused the degradation of analyte during the sonication step. 
Therefore, desorption time of 15 minutes prior to sonication 
was chosen for subsequent experiments.

Effect of Mass of Sorbent on Peak Area of Analytes

For the optimization of the mass of sorbent, about 0.1g to 
0.5g of Alg-MWCNT powder was employed. The result 

showed that the lowest proposed mass of sorbent which is 0.1 
g gave the lowest peak area (Fig. 3d). 0.3 g of sorbent gives 
the highest peak area of analytes. No significant increase in 
the peak area was observed with further increase in sorbent 
mass. The peak areas continue to decrease even with the 
increase in the mass of sorbent. This might be due to the 
saturated capacity of MWCNTs as a primary sorption site, 
thus the excessive amount of sorbent used (more than 0.3 
g) resulted in more difficult desorption and required higher 
volume of desorption solvent (Dahane et al. 2013). Hence, 
sorbent mass of 0.3 g was applied for subsequent studies as 
the peak area for the analytes were at maximum.

Method Validation and Analytical Performance of 
D-μ-SPE

The optimization of dispersive solid phase extraction method 
was then validated for relative recoveries, sample calibration 
and LOD. Good linearity from the linearity range of 1-500 
μg.L-1 was obtained for the four analytes, where the coef-
ficients of determination (R2) were in the range of 0.9959-
0.9996. The LODs and LOQs were calculated at a signal to 
noise ratio of 3 and the results were in the range of 0.03-0.08 
μg.L-1 for LODs. The precision of the method was measured 
by the relative standard deviation (RSD) and the results were 
between 2.6-7.5 for % RSD. Table 1 shows the validation 
data for D-μ-SPE of NSAIDs from water samples.

Application of D-μ-SPE on River and Tap Water 
Samples 

The developed Alg-MWCNT-D-μ-SPE method was success-
fully applied to river and tap water samples. Relative recovery 
studies were conducted by spiking the water samples to give 
a final concentration of 100 μg.L-1. The results were tabulated 
in Table 2. It showed that good relative recoveries were ob-
tained in the range of 75 % to 105 %. Thus, dispersive micro 

Table 1: Validation data of D-μ-SPE of NSAIDs in water samples.

Sample Analytes Linear range (μg.L-1) Coefficient of determination R2 LOD (μg.L-1) Precision (RSD, %) (n = 3)

Tap water Salicylic Acid 1-500 0.9989 0.054 3.2

Naproxen 1-500 0.9975 0.063 5.1

Diclofenac 1-500 0.9959 0.034 3.9

Ibuprofen 1-500 0.9996 0.080 2.7

Mefenamic Acid 1-500 0.9994 0.078 7.5

River water Salicylic Acid 1-500 0.9985 0.061 4.1

Naproxen 1-500 0.9992 0.068 7.1

Diclofenac 1-500 0.9991 0.042 2.6

Ibuprofen 1-500 0.9993 0.059 5.9

Mefenamic Acid 1-500 0.9979 0.075 5.6
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Table 2: Relative recoveries (%) and method precisions (RSD %, n = 3) of D-μ-SPE in tap water and river water samples.

Sample Analyte

Relative recoveries (%)

RSD (%)Spiking level (n = 3)

100 μg.L-1

Tap water Salicylic Acid 82.7 4.2

Naproxen 90.1 5.9

Diclofenac 102.5 6.6

Ibuprofen 75.3 3.8

Mefenamic Acid 89.1 4.1

River water Salicylic Acid 77.4 2.3

Naproxen 86.2 7.3

Diclofenac 105.1 6.8

Ibuprofen 83.0 2.0

Mefenamic Acid 97.4 3.6

 

Fig. 2: Mechanism for the formation of Alg-MWCNT. 

 
Fig. 3: Optimization for the extraction performance of Alg-MWCNT. (a) Effect of sample pH, (b) extraction time, (c) desorption time and (d) mass of 

sorbent on Alg-MWCNT-D-μ-SPE of NSAIDs in water samples. (Error bars represent standard deviations of results, n = 3).

solid phase extraction proved to be an efficient technique for 
extracting drugs in aqueous matrices. Fig. 4 shows HPLC 
chromatogram of five NSAIDs which are salicylic acid 
(SAL), naproxen (NAP), diclofenac (DIC), ibuprofen (IBU) 
and mefenamic acid (MEF) in river and tap water samples.

CONCLUSION 

In this study, we report the use of alginate incorporated with 

multi-walled carbon nanotubes for the extraction of acidic 
drugs using dispersive micro solid phase extraction com-
bined with HPLC-UV. Several parameters were optimized 
in D-μ-SPE method. The optimum parameters were used in 
the analysis of real samples. The optimum conditions were 
as follows: pH of the solution at pH 3, 30 minutes for the 
extraction time, 15 minutes for the desorption time and 0.3 
g for the mass of sorbent. All the five analytes which are sal-
icylic acid, naproxen, diclofenac, ibuprofen and mefenamic 
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acid were successfully extracted using the same conditions 
in D-μ-SPE. Good linearities were achieved for the analytes 
with coefficients of determination R2, in the range of 0.9959-
0.9996. The method was successfully applied to the analysis 
of river water and tap water samples, with good relative 
recoveries in the range of 75-105 %. Thus, the D-μ-SPE 
method proved to be a simple, sensitive, selective and green 
extraction method which could potentially be used in the 
chemical laboratory for routine analysis of water samples.
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ABSTRACT

Obesity is a rapidly growing problem in South Africa, with 70% of women reported as being obese. 
Studies have reported that high levels of trace metals may impair the production of reproductive 
hormones, which may, in turn, interfere with normal oocyte development in females. This study 
investigated the concentrations of trace metals in blood samples of obese individuals living around a 
mining industry and examined the overall effect on reproductive hormones of these obese females. A 
mixed-method research approach consisting of qualitative and quantitative (cross-sectional descriptive 
survey) was used in the study. Only females with BMI ≥ 30 were allowed to participate in the study. 
Blood samples were collected in two 5 mL tubes from each of the participants. Concentrations of trace 
metals in the blood samples were determined by the use of ICP-MS. Hormonal level measurement 
was also carried out. The results showed that the trace metal concentrations in the blood samples of 
participants were in the order Mn > Cr > Co > As > Pb > Cd. The mean concentrations of Mn, Cr, Co 
and As were above the WHO standards.  The hormonal analysis showed that there was a positive 
correlation between estradiol and progesterone levels with Mn concentration. Cr and As concentrations 
showed a negative correlation between estradiol and progesterone levels. Also, a negative correlation 
was established between estradiol levels with Pb and Cd concentrations. The study showed that 
exposure to trace metals as pollutants may have an impact on the general and reproductive health of 
obese females living around mining activities.

INTRODUCTION

Trace metals occur naturally in the environment and form 
essential components of humans, plants and animals. How-
ever, increasing levels of these metals in the environment 
can adversely affect the environment and living organisms 
(Jarup 2003). Various sources of these elements include soil 
erosion, natural weathering of the earth’s crust, mining, in-
dustrial effluents, urban runoff, sewage discharge geogenic, 
agricultural, pharmaceutical, domestic effluents, vehicular 
emissions and atmospheric depositions among others (Wang 
et al. 2005, Wang et al. 2010, Morais et al. 2012). 

Mining activities in South Africa have been implicated 
as one of the major contributors of trace metals in the en-
vironment (Lion et al. 2012, Olowoyo et al. 2013). It has 
been reported that these mining activities may increase 
the concentration of trace metals in soil and plants around 
its vicinity if unchecked or uncontrolled (Koz et al. 2012, 
Olowoyo et al. 2013). 

Trace metals enter the surroundings by natural means 
and through human activities. These pollutants may then 

find their way into the human body through occupational 
exposure which includes mining dust, inhalation of dust, 
direct ingestion of soil and water, dermal contact of contam-
inated soil and water, and consumption of vegetables grown 
in agricultural land situated near mining activities (Olowoyo 
& Lion 2016). The most commonly found trace metals in 
wastewater include As, Cd, Cr, Cu, Pb, Ni, and Zn, all of 
which cause risks for human health and the environment 
(Lambert et al. 2000). 

Various studies have been conducted to evaluate human 
health risks due to trace metal exposure through various ex-
posure pathways, especially soil and food chain (MacIntosh 
et al. 1996, Albering et al. 1999, Hough et al. 2004, Baastrup 
et al. 2008, Mari et al. 2009, Man et al. 2010). Although 
these metals have crucial biological functions in living cells, 
often their chemical coordination and oxidation-reduction 
properties have given them an additional benefit so that 
they can escape control mechanisms such as homeostasis, 
transport, compartmentalization and binding to required 
cell constituents (Monisha et al. 2014). These metals bind 
with protein sites which are not made for them by displac-
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ing original metals from their natural binding sites causing 
malfunctioning of cells and ultimately toxicity. Research 
has also revealed that oxidative deterioration of biological 
macromolecules is primarily due to binding of trace metals 
to the DNA and nuclear proteins (Flora et al. 2008). Metals 
sometimes act as a pseudo element of the body while at cer-
tain times they may even interfere with metabolic processes 
(Monisha et al. 2014). 

It was recently reported that trace metals such as, Cd, 
Zn, Pb, Ni, and Hg may exhibit endocrine-disrupting activity 
(Georgescu et al. 2011). Divalent metals, including Pb and 
Hg, can initiate the estrogen receptor by interacting with ami-
no acids at the receptor binding site (Zhang et al. 2008), and 
both metals exert estrogenic changes in experimental models 
(Choe et al. 2003). Stoica et al. (2000), also reported that 
Cd may obstruct the hormone-binding domain of the estro-
gen receptor-α, thereby affecting subsequent transcriptional 
processes (Guével et al. 2000). A study by Georgescu et al. 
(2011), also revealed that the Zn atom from the Zn fingers of 
the estrogen receptor can be replaced by several trace metal 
molecules such as Co, Cu, Cd, and Ni, which then interferes 
with hormonal functions.

Denier et al. (2009), reported that Zn, Cu and Cd were 
able to potentiate the estradiol-induced response in a dose-de-
pendent manner, thus indicating that Zn can act as a potential 
endocrine disrupter by modulating the estrogenic activity of 
endogenous hormones (xenoestrogen).

The World Health Organization (2015), reported that 
more than 10 % of females are severely affected by infer-
tility. The reproductive health of females of childbearing 
age is currently a major worldwide public health problem. 
According to Mendola et al. (2007) and Bloom et al. (2011), 
environmental factors, such as exposure to trace metals, can 
cause reproductive dysfunction in females and affect their 
reproductive hormones. Toxic metals may induce hormonal 
changes affecting the menstrual cycle, ovulation, and female 
fertility (Sengupta 2015). Furthermore, hormones have been 
reported to have an affinity for trace metals. It has been 
reported that trace metals tend to bind to hormones at the 
receptors site and cause hormonal dysfunction (Georgescu 
et al. 2011). Metals, such as Pb, Cd, and As, are reproduc-
tive toxicants widely distributed in the environment (CDC 
2005). Several epidemiological studies on menstruation 
have indicated that metals affect hormone levels (Mednola 
et al. 2007, Gallagher 2009, Krieg 2007, Nagata 2005, Guo 
2011). Furthermore, Pb and Cd have been identified in hu-
man follicular fluid (Paksy 2001, Al Saleh 2007, Langley 
2014) and As was shown to cause dose-related increases in 
ovarian tumours (Tokar 2011). Chang et al. (2006), indicated 
that females with blood Pb levels higher than 25 μg/L had 

a 3-fold increased risk of infertility compared with females 
whose blood Pb levels were less than 25 μg/L.

This study addresses the devastating effect of trace met-
als in blood and the relationship on reproductive hormones 
(estradiol and progesterone) of obese females exposed to 
mining activities. This is due to the recent report that showed 
that 70% of females in South Africa have been reported 
as either overweight or obese. According to the survey 
conducted by the South African Medical Research Council 
(SAMRC), Statistics South Africa and the Department of 
Health (2015), females are more prone to extra weight/
pounds than their male counterparts (De Ridder & Coetzee 
2015). More devastating report for obese females is the fact 
that trace metals have recently been linked to health issues 
associated with obesity. Furthermore, significant relation-
ships between metallic elements (including blood Zn, Cu, 
Mn, and Hg) with obesity, and a positive relationship with 
body mass index (BMI), low-density lipoprotein cholesterol 
(LDL - C), triglyceride, total cholesterol, and homeostatic 
model assessment of insulin resistant (HOMA - IR) has 
been demonstrated in the literature (Feldman et al. 2015, 
Fan et al. 2017). 

However, studies relating to trace metals and their role on 
the reproductive hormones such as estradiol and progesterone 
especially in obese females exposed to mining activities have 
not been done in South Africa, to the best of our knowledge. 
Even though it has been highlighted that 70% of females are 
classified as either obese or overweight. Literature also indi-
cates that increasing interest should also be directed towards 
interactions between different elements (Blazewicz et al. 
2013) as a means of understanding the role of trace metals 
exposure to human health which includes reproduction.

The toxicity of trace metals disrupts the body’s natural 
ability to balance blood sugar and metabolize cholesterol 
(Feldman et al. 2015). Obesity has also been associated 
with pregnancy complications and plays a role in increasing 
fertility problems, e.g. gestational diabetes, pre-eclampsia, 
sleep apnoea (Tasneem et al. 2008). It has also been reported 
that trace metals may impair the production of reproductive 
hormones, which may, in turn, interfere with normal oocyte 
development (Najeba & Mohamad 2013). Their toxicity im-
pairs the production of estradiol and progesterone. Moreover, 
trace metals play a role in increasing fertility problems and 
affect the hypothalamic-pituitary-ovarian axis (Tasneem et 
al. 2008). 

Toxicity by one trace element may cause a deficiency or 
disturb the bioavailability of another element (Cepeda-Lopez 
et al. 2011). High tissue copper aggravates obesity and tends 
to raise tissue sodium levels while lowering tissue potassium 
levels, subsequently resulting in water retention (Demer-
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dash 2015, Fan et al. 2017). Higher prevalence of Iron (Fe) 
deficiency has been reported in obese children and females 
than in males (Ferrari et al. 2011). Hence the objective of the 
study was to investigate the concentrations of trace metals 
in blood samples of obese females living around a mining 
industry and to examine the overall effect on reproductive 
hormones of obese females.

MATERIALS AND METHODS

Study Design

A mixed research approach consisting of a qualitative and 
quantitative cross-sectional descriptive survey was carried 
out. For the analysis of blood samples collected, ICP-MS 
was used to determine the concentrations of trace metals in 
the blood of the obese individuals used in the study.

Study Setting 

The study was carried out in a mining area situated in Brits/
North West, South Africa [25°44¢46¢ S; 28°11¢17¢ E]. An 
initial visit to the area showed 82 housing units. It was 
assumed from the study that each housing unit had either a 
young female or adult member living in them. According to 
the report provided by De Ridder & Coetzee (2015), 70% of 
women in South Africa are reported to be obese, hence it is 
envisaged to have about 57 obese females from the mining 
area who may qualify to participate in the study. However, 
a total of 40 obese females (aged 16-45 years) participated 
in the study. 

Sample/Study Population

Female teenagers (³ 18 years) and adults aged 18-45 years 
with BMI ³ 30 were identified and participated in the study. A 
written informed consent form was distributed to participants. 
Due to the sensitivity of the study, the identity of participants 
was protected. No unique identifier was used and the study 
was conducted with only willing participants. 

Blood samples were collected from each female partici-
pant. Blood was drawn by vein puncture by a certified pro-
fessional from participants under contamination controlled 
conditions. Blood samples were collected in two 5 mL BD 
Vacutainer sterile glass tubes certified for trace metals anal-
ysis and hormonal assay. An amount of 143 USP units of 
sodium heparin was put in each tube (only for trace metal 
analysis) as an anticoagulant. Tubes were enclosed with a 
royal blue coloured Hemogard enclosure then taken to Na-
tional Institute for Occupational Health (NIOH) accredited 
lab for trace metal analysis. For hormonal determination, 
test tubes with a yellow coloured Hemogard closure were 
used. The samples were then taken to Dr. George Mukhari 
Academic Hospital National Health Laboratory Services 
(DGMAH NHLS) for analysis. All blood samples were 
stored at ambient temperatures until analysed for trace met-
als and hormonal levels (estradiol and progesterone) within 
twelve hours

Individuals with BMI ³ 30 but taking mineral supple-
ments and those diagnosed with diabetes were excluded 
from the study. Females on hormone replacement therapy 

Table 1: Characteristics of obese female participants living around a mining area in Brits (n = 40).

Variables Study population

Age (years)

18-35
36-45

67.5%
32.5%

BMI (kg/m2)

 = 30
 >30 <35
>35

57.5%
17.5%
25%

Metals [μg/L;  xα± SD (Range)]

Mn 
Cr 
Co 
As 
Cd 

12.97 ± 6.04 (6.79 - 33.99)
3.70 ± 4.11 (0.41 - 19.01)
2.19 ± 4.43 (0.20 - 18.8) 
0.84 ± 0.41 (0.27 - 2.20)
0.20 ± 0.20 (0.02 - 1.10)

Pb [μg/dL;  xα± SD (Range)] 0.67 ± 0.34 (0.50 - 1.84)

Hormones

Estradiol [pmol/L; xα± SD (Range)] 724.95 ± 2393.24 (37 - 15040.00) 

Progesterone [nmol/L;  xα± SD (Range)] 6.79 ± 17.46 (0.3 - 93.50)
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and those using contraceptives were also excluded from the 
study as this may affect the hormone balance. 

RESULTS AND DISCUSSION

Table 1 shows the results of trace metal analysis and hormo-
nal levels from blood samples collected from obese females 
living around a mining area in Brits. From the results, the 
mean concentrations of Mn, Cr, Co, As and Pb were higher 
than the permissible limit for human exposure (WHO 2000). 
However, the mean concentration of Cd was lower than the 
permissible limit. 

The mean concentrations of estradiol and progesterone 
were within the acceptable hormonal range. However, pro-
gesterone level was lower than £15.90 nmol/L while estradiol 
was higher than 275 pmol/L which are levels indicating 
anovulation levels (Gaskins et al. 2009). A significant and 
strong positive correlation existed between the blood estra-
diol levels and progesterone levels (r=0.88; p < 0.01), which 
shows that both hormones influence the increase or decrease 
of each other. The correlation was also determined among 
the levels of Mn, Cr, Co, As, Pb Cd and the reproductive 
hormones (estradiol and progesterone) in the blood of obese 
females living around a mining area (Table 3). 

The concentration of Mn was higher than all the metals 
with a range of 6.79-33.99 μg/L, a mean of 12.97 μg/L and a 
standard deviation of 6.04 in obese females. The results also 
showed that there was a positive correlation between estradiol 
(r=0.08; p>0.05) and progesterone (r=0.12; p>0.05) levels 
with Mn concentration. The results showed that an increase 

in Mn concentrations increases progesterone and estradiol 
levels. Manganese was also positively correlated with Co 
(r=0.40; p<0.01), where a significant increase in one metal 
increased the other.

The high levels of Mn recorded in the participants’ blood 
may be due to mining activities since the mine is situated 
opposite to the informal settlements, industrial activities in 
the area, vehicular emissions (from the main road next to 
the informal settlement) and fuel combustion (used for heat 
in winter and food preparation). The concentration of Mn 
in this study is similar to those reported by Fan et al. (2017) 
with a range 3.21-58.86 μg/L and mean 10.69 μg/L in obese 
individuals aged 6-19 years, in the United States, which 
demonstrated a significant relationship between metallic 
elements (including blood Zn, Cu, Mn, and Hg) with obesity, 
and a positive relationship with BMI, low-density lipoprotein 
cholesterol (LDL-C), triglyceride, total cholesterol, and ho-
meostatic model assessment of insulin-resistant (HOMA-IR). 
Their findings showed that the relationship between obesity 
and metallic elements could be different in obese populations 
with elevated BMI or changes in other obesity biochemical 
parameters when compared to populations with lower BMI. 
The findings of this study also correlate with the findings of 
Stasys (2007) and Najeba & Mohamad (2013) which showed 
that high levels of Mn may affect female health and further 
impact fertility and fecundity (Gallagher et al. 2010).

The concentration of Cr ranged between 0.41-19.01 
μg/L, a mean of 3.70 μg/L and a standard deviation of 4.11 
in obese females. The results showed that there was a weak 
and negative correlation between Cr concentration with es-

Table 2: WHO standards/ permissible limits for human exposure to trace metals (μg/L).

Trace Metals Mn Cr Co As Cd *Pb

Levels 12.60 0.23 0.30 1.00 1.12 0.08

* (μg/dL)

Table 3: Correlations between trace metals and reproductive hormones in the blood of obese females living around a mining area in Brits (n = 40).

Variables Mn Cr Co As Pb Cd Estradiol Progesterone

Mn 1 0.143 0.404** 0.088 0.027 0.007 0.078 0.122

Cr 0.143 1 -0.074 0.053 0.032 0.332* -0.138 -0.152

Co 0.404** -0.074 1 -0.053 0.187 -0.156 0.043 -0.012

As 0.088 0.053 -0.053 1 -0.069 0.128 -0.045 -0.064

Pb 0.027 0.032 0.187 -0.069 1 0.178 -0.114 -0.038

Cd 0.007 0.332* -0.156 0.128 0.178 1 -0.054 0.014

Estradiol 0.078 -0.138 0.043 -0.045 -0.114 -0.054 1 0.878**

Progesterone 0.122 -0.152 -0.012 -0.064 -0.038 0.014 0.878** 1

* (p< 0.05), ** (p< 0.01)
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tradiol (r= -0.14; p>0.05) and progesterone (r= -0.15; p>0.05) 
levels. This means that higher Cr concentrations above the 
permissible limit lower the progesterone and estradiol levels 
(Table 3). The high levels of Cr in the blood of participants 
may be as a result of emissions from a chromium mine next 
to the informal settlement and several industries such granite 
cutting and tire manufacturing industries located within a 3 
km radius from the informal settlement. Other sources of Cr 
may be due to the combustion of fossil fuels and cigarette 
smoking. Since the participants were not active smokers, the 
high levels of Cr in their blood may be as a result of smoke 
emission from the mine next to the residential area as well 
as the result of passive smoking as reported by Paakko et al. 
(1989) and Bernhard et al. (2015). Their findings show that 
concentrations of about 4.3 mg/kg (dry weight) are found in 
smokers compared to 1.3 mg/kg in non-smokers, increasing 
with age and smoking time.

According to Martin & Griswold (2009) and Tangahu 
et al. (2011), chromium is known as a carcinogen, which 
causes skin cancer, lung cancer and inflammation of the 
blood vesicles. High levels of Cr reported in a study by 
Ajayi et al. (2012), showed Cr levels of 45.16±1.16 μg/dL 
may disturb the production of reproductive hormones and 
interfere with normal oocyte development. Furthermore, it 
has been reported to cause spontaneous abortions and result 
in low birth weight (Bonde et al. 1992, Hjollund et al. 1995, 
Hertz-Picciotto 2000, Ajayi et al. 2012). Since decreasing 
progesterone levels were reported with high concentrations 
of Cr, we can deduce that our findings agree with those found 
in the literature (Hertz-Picciotto 2000, Ajayi et al. 2012), 
that spontaneous abortion can occur as a result of high Cr 
concentrations and low progesterone levels in the blood.

Cobalt concentrations in the blood of obese females 
ranged between 0.20-18.84 μg/L, with a mean of 2.19 μg/L 
and a standard deviation of 4.43 μg/L. The results showed 
that there was no correlation between Co concentrations 
with estradiol (r=0.04; p>0.05) and progesterone (r= -0.01; 
p>0.05) levels (Table 3). The results of this study show 
that high Co concentrations do not affect the levels of both 
hormones (estradiol and progesterone). However, in another 
study carried out by Philippe (1975), Co radiation at high 
doses has been shown to elicit pro-found decrements in re-
productive ability in animal species. The study further shows 
that single doses of >100rad of Co radiation cause decreased 
fertility in exposed female mice. Their findings further show 
that continuous exposure of female mice to an average daily 
dose 8–16 rad/day causes a decreased number of offspring 
per litter and decreased reproductive performance, with 
100% sterility occurring at 32 weeks of exposure at 8 rad/
day. Pedigo & Vernon (1993), reported that cobalt dichloride 

(400 ppm in drinking water for 10 weeks) increases pre-im-
plantation losses of pregnant female rats. 

Sources of high levels of Co recoded from the participants 
may be as a result of the consumption of alcoholic beverages 
(beer) which participants were observed to highly indulge 
in.  Other problems associated with high Co apart from the 
mining activities is the consumption of large quantities of al-
coholic beverages (beer) which may contain foam stabilizers 
such as cobalt sulphate (CoSO4) or cobalt chloride (CoCl2). 
Reports show that individuals who consume a lot of beer 
with CoSO4 have suffered from cardiomyopathy which is 
the weakening of the heart (Alexander 1972, Bonenfant et al. 
1969, Morin & Daniel, 1967). Alcohol and heart conditions 
may have fatal consequences on obese individuals, especial-
ly when coupled with trace metal exposure from different 
sources of pollutants. Other sources contributing to high Co 
levels in the blood of participants include occupational expo-
sure (cobalt-containing alloys and salts) and environmental 
contamination due to industrial activities in Brits. Cobalt has 
also been reported to be carcinogenic in humans. Exposure 
to Co may initiate an inflammatory process that infiltrates 
the T- lymphocytes (immune-mediated cells) and increase 
the body’s hypersensitivity response. There are no studies 
on the reproductive or developmental effects of Co exposure 
in humans, to the best of our knowledge, however, studies 
have reported on stunted growth and decreased survival of 
newborn puppies [Agency for Toxic Substances and Disease 
Registry (ATSDR) 1992, California Environmental protec-
tion Agency (CalEPA) 1997)]. 

The mean concentration of As in the blood of obese fe-
male participants were below the permissible limit of 1.00 
μg/L. The mean concentration was 0.84 ± 0.41 μg/L with a 
range of 0.27-2.20 μg/L (Table 1). However, 29.3% of the 
participants recorded, had As value higher than 1.00 μg/L. 
The results from Table 3 shows that there was a weak negative 
correlation between As and hormonal levels progesterone (r= 
-0.06; p>0.05) but there was no correlation with estradiol (r= 
-0.04; p>0.05). This shows that as the concentrations of As 
increases, there was a decrease in the levels of progesterone 
but no effect on estradiol levels. 

Arsenic is carcinogenic, it causes cancer in soft organs, 
skin, lungs, liver and bladder (Martin & Griswold 2009, Tan-
gahu et al. 2011). Sources of As in the environment include 
mining or industrial activates as well as lifestyle activities 
such as cigarettes smoking. Literature shows that no similar 
studies have been done on the effects of As on obese females 
and reproductive hormones. However, a study by Akram et al. 
(2010), examined the adverse effects of As exposure on uter-
ine function and structure of female rats. The study findings 
show that there was a dose-dependent decrease observed in 
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mean uterine diameter, epithelial height, the thickness of the 
endometrium, myometrium, and in plasma levels of estradiol, 
progesterone, FSH and LH in all the treatment groups com-
pared to control at 100 and 200 ppm of sodium arsenite in 
drinking water. The study concluded that arsenic is a major 
threat to female reproductive health, acting as a reproductive 
toxicant and as an endocrine disruptor. The study further 
showed that As restricted the function and structure of the 
uterus, by altering the gonadotropins and steroid levels, not 
only at high dose concentration but also at low (50 ppm) 
levels, when the rats become mature.

The concentration of Pb was also higher than the per-
missible limit of 0.08 μg/dL value with a mean of 0.67 ± 
0.34 μg/dL and range of 0.50-1.86 μg/dL. A weak negative 
correlation existed between Pb concentration and levels of 
estradiol (r= -0.11; P>0.05) however no correlation was 
established between Pb concentration and progesterone (r= 
-0.04; p>0.05) levels. Therefore, higher levels of Pb above 
the permissible limit indicated a decrease in estradiol levels, 
while there was no effect on progesterone levels. Sources of 
Pb may be as a result of mining, paint, vehicular emissions 
and industrial activities.

When compared to the study by Ajayi et al. (2012), the 
mean concentration of lead was higher with a mean of 85.96 
± 1.09 μg/dL. However, their results showed that elevated 
serum levels of Pb may contribute to spontaneous abortion by 
lowering the progesterone levels. High levels of Pb have also 
been recorded in studies by Sekhar et al. (2009) and Patrick 
(2006), where it was reported that once Pb has been absorbed 
in the blood, it can decrease the number of red blood cells and 
lead to anaemia. According to Najeba & Mohamad (2013), 
Pb has also been detected in human follicular fluid (liquid 
composed primarily of hormones) which interferes with re-
production. In expectant females, prolonged exposure to high 
levels of Pb may lead to spontaneous abortions, premature 
delivery and low birth weights (UK Teratology Information 
Services 2010). This condition also has a direct effect of 
female fecundity especially when obesity is also a factor.

The lowest value of all the metals was recorded for Cd in 
the blood of obese female participants. Cd levels were below 
the permissible limit with a mean value of 0.20 ± 0.20 μg/L 
and a range of 0.02-1.10 μg/L. There was no correlation 
between Cd and progesterone (r=0.01) levels but a negative 
and weak correlation between Cd and estradiol (r= -0.05) 
levels was established. Correlations showed that as the con-
centrations of Cd increases, the level of progesterone were 
not affected, however, there was a decrease in the levels of 
estradiol. 

Detected Cd levels in the blood of participants maybe as 
a result of household items such as detergent, paint, vehicular 

emissions and mining activities near the residential area. In a 
study by Ajayi et al. (2012), the mean concentration of lead 
was higher than the permissible limit set by WHO (2000), 
with a mean of 45.8 ± 0.77 μg/L. Their findings showed 
that high serum levels of Cd may contribute to spontaneous 
abortion due to its effect on progesterone levels.

However, even though lower levels have been recorded 
for As and Cd (Table 2), close monitoring is required as these 
metals may bioaccumulate and affect human health. The re-
sults show that there was a positive correlation between Mn 
levels and Co levels in the blood (r=0.40; p< 0.01).  Blood Cr 
levels also showed a positive correlation with blood Cd levels 
(r=0.33; p < 0.05). This observation showed that an increase 
in one metal had an impact on the increase of another metal.

Generally, from the results, obese participants with 
progesterone levels of < 0.3 nmol/L recorded high con-
centrations of Cr, Co and Pb. Moreover, an obese female 
participant with a high level of estradiol (3462 pmol/L) also 
had the highest Mn (33.99 μg/L) concentration in the blood. 
Several studies have suggested a link between trace metal 
exposure and hormonal variations (Gallagher et al. 2010, 
Pollack et al. 2011). 

Furthermore, females with variations in reproductive 
hormone levels are considered at risk for cardiovascular dis-
eases (Rossouw et al. 2002) breast cancer and ovarian cancer 
(Brinton et al. 1988). This study agrees with the findings 
of Aksel et al. (1976) and Lutoslawska et al. (2006) which 
showed that hormonal alterations may increase anovulation, 
with effects on fertility. Especially if these alterations are as 
a result of high levels of trace metals found in the blood. Ac-
cording to Tasneem et al. (2008), the prevalence of infertility 
in industrialized countries has increased from 8% to 15% over 
the past 2 decades. Ultimately these toxic metals may result 
in complications including fertility, fecundity and nulliparity 
(Najeba & Mohamad 2013). The association between metal 
toxicity and hormonal variations in obese females could have 
dire consequences for female reproductive health, which may 
lead to infertility.

CONCLUSION

The study showed that exposure to trace metals as pollutants 
may have an impact on the general and reproductive health of 
obese females living around mining activities. From the re-
sults, it can be concluded that mining activity may pose a high 
potential risk to these obese females’ general health as well. 
However, the participants’ exposure to trace metals found in 
the blood from the mining area may be as a result of multi 
pathways. The findings of this study cannot be generalizable 
due to the limitation of a small sample size. Furthermore, 
mechanisms on the impact of trace metals on reproductive 
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health are yet to be understood. More detailed and in-depth 
mechanisms on trace metals and reproductive health relation-
ship are necessary for the future to examine whether adverse 
health outcomes occur, and provide decision-making support 
for pollution control in this metal-polluted area accordingly. 
Further research is underway with regards to understanding 
mechanisms on trace metals reproductive health of obese 
females exposed to mining activities.
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ABSTRACT

Pharmaceutical effluent disposal is a serious problem in the present times. The manufacturing process 
involves the use of both organic and inorganic compounds, which contribute to high chemical oxygen 
demand and dissolved solids. The common techniques used to extract available salts and to produce 
reusable waters are evaporation and cooling. Evaporators are equipment used for evaporation 
which is a kind of heat transfer system in which transfer mechanism is controlled by natural or forced 
convection. Multi-effect evaporators in many industries are used for volume reduction and cutting down 
the waste handling cost. This paper focusses on studying the efficiency of multi-effect evaporators in 
the pharmaceutical industry for the treatment of high total dissolved solids (HTDS) waste streams. The 
feed and condensate parameters were monitored for three years. Competence of the treatment process 
is presented in terms of reduction in TDS and COD. The current study evaluates the efficiency of MEE 
in terms of removal of total dissolved solids and chemical oxygen demand. Removal efficiencies are 
more than 98% for TDS and 50% for COD. 

INTRODUCTION

Evaporation is understood as vaporization of liquid or 
solvent from a solution. The objective of evaporation is 
to concentrate solution. Evaporators are equipment used 
for evaporation which is kind of heat transfer systems in 
which transfer mechanism is controlled by natural or forced 
convection. The process of evaporation includes feeding of 
solution and heating with a heat source like steam leading 
to the conversion of water in the solution to vapour which 
is condensed while the solution that got concentrated is 
removed for further processing. 

Use of single evaporator is called single effect evaporator 
system while the use of more than one evaporator is termed 
as the multiple-effect evaporator system (Hanamapure et al. 
2016). Addition of each effect increases the steam economy 
of the system. Evaporation is the most energy-intensive 
process in an industrial operation, hence, many researchers 
have focussed on the processes to shrink consumption of 
energy to make the process cost-effective. Operating strate-
gies employed include compression and bleeding of vapour, 
feed, condensate and product flashing, and feed and steam 
splitting.

Evaporators, precisely multi-effect evaporators, have 
become an integral part of many processes in wide industries 
including sugar, paper and pulp, dairy, desalination, food 

processing and pharmaceuticals, etc. (Shah & Bhagchandanc 
2012, Sarma & Barma 2010, Kumar et al. 2013, Kumar et al. 
2010, Zain & Kumar 1996, Danish & Sachin Pratap 2014, 
Bhargava et al. 2008). Multi-effect evaporators yield high 
value of the coefficient of performance in comparison to 
a single effect evaporator system. Fluctuations in load are 
controlled easily by controlling individual evaporator. Fur-
ther, lesser space and initial cost are additional advantages 
of single compressor multi-evaporator systems.

Multi-effect evaporators in many industries are used 
for volume reduction and cutting down of waste handling 
cost (Bhargava et al. 2008). In distillery units, spent wash 
is subjected to volume reduction through multi-effect evap-
orator or reverse osmosis (Apte 2012). Black liquor is one 
of the voluminous and critical pollutant streams from paper 
and pulp industry processes which contains solids between 
12 to 20%. The concentration of this stream to nearly 50% 
is carried out in multi-effect evaporator using low-pressure 
steam, where vapour from one evaporator is supplied as steam 
for the next evaporator resulting in a high steam economy 
(Deepak Kumar et al. 2010).

Application of evaporation in the pharmaceutical industry 
is two-fold. First, in the manufacturing process, evaporation 
is used to eliminate excess moisture from pharmaceutical 
products which improves the stability of the product enabling 
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its easy handling. Further, evaporation aids in preserving 
long-term activity and stabilization of enzymes. Second, 
evaporation of wastewaters from the manufacturing process 
of the pharmaceutical industry is carried out using multi-ef-
fect evaporators which will reduce the volume and separate 
solvents from the effluents. 99% reduction in total dissolved 
solids and 90% reduction in total organic carbon for various 
industrial wastewaters was achieved upon treatment with 
multi-effect evaporator. Highest removal of total organic 
carbon was seen in pharmaceutical wastewaters.

Leakages and scales are common problems associated 
with evaporators, overcoming these problems will result 
in enhancing the efficiency of multi-effect evaporators as 
reported by Salakki et al. (2014). Their evaluation presented 
91.5% and 96% exclusion of chemical oxygen demand and 
total dissolved solids respectively. Further, the pharma-
ceutical industry has adopted multiple-effect (falling and 
forced circulation) evaporator towards achieving zero liquid 
discharge (Gupta et al. 2018). Studies on bulk drug industry 
showed that effluent treatment is carried out by multi-effect 
evaporators for waste streams containing high total dissolved 
solids followed by biological treatment (Vuppala et al. 2012). 
98% reduction in COD and TDS was reported by Salakki 
et al. 2014 when pharmaceutical effluent was treated in the 
multi-effect evaporator.

This paper focusses on studying the efficiency of mul-
ti-effect evaporators in the pharmaceutical industry for 
the treatment of high total dissolved solids (HTDS) waste 
streams. Competence of the treatment process is presented 
in terms of reduction in TDS and COD. 

MATERIALS AND METHODS

Flowchart of methodology for the treatment system for mul-
tiple-effect evaporation to remove dissolved solids from the 
pharmaceutical industry is shown in Fig. 1.

Study Area

The present study has been carried out at MSN Laboratories 
Private Limited, a research-based pharmaceutical company 
in Hyderabad, Andhra Pradesh, India.

Sample Collection

Water samples from MEE feed condensate and concentrate 
were collected every day with a temporal frequency of 
morning, afternoon and evening, and the composite sample 
was made from the three samples. Samples were collected in 
sterile plastic containers and transferred instantly to the labo-
ratory in the premises of the industry. The analysis was taken 
up immediately and completed within 48 hours. Samples 
were stored at 4°C for analysis during the following days. 

Physico-Chemical Analysis

Total of 24 physico-chemical parameters was analysed as 
per the standards methods (APHA 2012). All the parameters 
were analysed in triplicate to avoid errors.

RESULTS 

Table 1 presents the treatment of process effluents using 
Multiple Evaporators represents focussing on three param-
eters pH, TDS and COD. Table 1 presents the ten-month 

 

Fig. 1: Flowchart of methodology. 
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data of MEE treatment with details of feed, condensate and 
concentrates for the year 2018. 

pH trend for MEE feed was found to be lowest and high-
est during January and August, i.e. 6.69 and 7.20. Lowest and 
highest values for TDS were 32867.74 mg/L and 41605.00 
mg/L during January and June. Further, the lowest and high-
est values for COD were observed to be 47200.00 mg/L and 
56506.67 mg/L in January and October.

With reference to MEE condensate pH trend was ob-
served to be lowest (7.83) during January and highest of 
8.55 in September. Lowest and highest values for TDS 
were 373.23 mg/L and 506.00 mg/L during January and 
October. Further, the lowest and highest values for COD 
were observed to be 19483.87mg/L and 23973.33mg/L in 
January and October.

pH variations for MEE concentrate were noted as 5.75 
being lowest and 6.00 being highest reported during January 
and April respectively. Similarly, the lowest and highest 
values for TDS were recorded to be 191390.32 mg/L and 
205580.00 mg/L in January and September. Regarding 
COD, 139933.55 mg/L and 172960.00 mg/L were the least 
and highest values obtained during January and October 
respectively.

Table 2 presents the percentage reduction in TDS and 
COD during the study after treatment with multiple effect 
evaporators. Maximum average percentage reduction of TDS 
was observed to be 98.77% and COD of 58.26%.

DISCUSSION

Term multi-effect evaporators originate from multiple ef-

Table 2: TDS and COD removal in percentage (%). 

 Months TDS COD

January 98.86 58.72

February 98.75 58.01

March 98.87 58.88

April 98.91 58.38

May 98.87 58.73

June 98.89 59.08

July 98.76 58.20

August 98.70 57.70

September 98.59 57.33

October 98.52 57.57

November - -

December - -

Avg (%) 98.77 58.26

Table 1: Treatment of process effluents using Multiple Effect Evaporators (MEE).

Months
          Stripper / MEE Feed           MEE Condensate   MEE Concentrate/Atfd Feed

pH TDS (mg/L) COD (mg/L) pH TDS (mg/L) COD (mg/L) pH TDS (mg/L) COD (mg/L)

January 6.69 32867.74 47200.00 7.83 373.23 19483.87 5.75 191390.32 139933.55

February 7.03 33532.14 53142.86 8.18 420.71 22314.29 5.83 204089.29 145314.29

March 6.99 35393.55 50829.03 8.24 400.97 20903.23 5.88 197154.84 151696.77

April 7.03 38604.33 53306.67 8.23 422.00 22186.67 6.00 206376.67 159906.67

May 7.00 36743.33 51600.00 8.46 417.00 21293.33 5.90 203676.67 154293.33

June 6.77 41605.00 53013.33 7.99 461.67 21693.33 5.60 200906.67 164880.00

July 7.06 37219.35 54890.32 8.40 462.58 22941.94 5.63 202600.00 166916.13

August 7.20 35125.81 52670.97 8.34 455.16 22277.42 5.88 200680.65 165845.16

September 7.14 34580.00 54026.67 8.55 488.33 23053.33 5.83 205580.00 172746.67

October 7.08 34240.00 56506.67 8.50 506.00 23973.33 5.90 202833.33 172960.00
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fective use of energy in performing the task of evaporation. 
Under this configuration, condensation of live steam takes 
in the first effect evaporator only, vapours produced are 
sent to condense in the next or second effect evaporator for 
further evaporation. This process is repeated until the last 
evaporator is reached where condensation of the produced 
vapours takes place in a condenser equipped with cooling 
water (Bremford & Muller-Steinhagen 1994, Konopa 1997). 
Foremost mention of the multiple-effect evaporator (MEE) 
was dated during 1840, regarding one of the oldest and widely 
adopted desalination process in the world (Al-Mutaz 2015). 

Adopted widely for seawater desalination (El-Dessouky 
et al. 1999), MEE, with its applications, has also become an 
integral part of many industrial processes including dairy, 
petrochemicals, pulp and paper and food processing. Among 
others, one of the advantages of MEE is the reduction in the 
cost of handling waste by reducing the volume of the waste 
(Bhargava et al. 2008). Many workers have studied mathe-
matical and nonlinear mathematical modelling approaches 
for MEE (El-Dessouky and Ettouney, 2002, Yılmaz & Söyle-
mez 2012, Gautami & Khanam 2012, Druetta et al. 2013, 
El-Dessouky et al. 2000, Ettouney 2006) with regard to en-
ergy efficiency. EI-Dessouky et al. (2000), presented various 
models for MEE systems design for seawater desalination. 
However, the point to be noted is that these works were only 
regarding seawater desalination. Hence, it is understood that 
these studies have not made any consideration regarding the 
treatment of various industrial effluents to reduce the volume 
and other applications.

Treatment of pharmaceutical effluents using MEE in 
the present study has resulted in a significant reduction in 
total dissolved solids (99%) and chemical oxygen demand 
(88.32%). The study carried out by Srikanth et al. (2012) in 
a bulk drug industry reported that wastewater streams having 
HTDS were treated using MEE, where these wastewaters 
were initially sent through a steam stripper which was fol-
lowed by MEE and then to agitated thin film drier (AFTD). 
The similar process has been adopted in the treatment of 
wastewaters in the present study. Chow et al. (2001) reported 
lesser steam requirement (3655 kg) for treating 25KL effluent 
in MEE after a detailed study on the operating conditions in 
treating pharmaceutical industry wastewaters. When waste-
water with high TDS was treated in MEE, 99% recovery of 
water was stated by Matkar et al. (2017). The input quantity 
was 30 KLD while 27 KLD was recovered. 

Salakki et al. (2014) evaluated the performance of MEE 
for treatment of pharmaceutical industry and stated that 
they obtained 91.5% reduction in chemical oxygen demand, 
while the reduction in total dissolved solids was 96%. Apte 
& Hivarekar (2014) have quoted technique of multi-effect 

evaporation to be an efficient alternative towards achieving 
volume reduction of up to 75% while studying the treatment 
options for distilleries. Further, they stated that if the con-
densate can be treated properly, it can be utilized as a source 
of raw water. Reduction of COD from 2000 mg/L to 60-240 
mg/L was obtained when textile wastewaters were prone to 
treatment with evaporation followed by reverse osmosis.

From the above discussion of the previous studies regard-
ing efficiency of MEE treatment, this process is considered 
to be highly attractive for its design and operating features 
making it both competitive and applicable for several indus-
tries and processes. Features that make MEE competitive as 
per the previous and present study are:

 1. Process configuration of MEE permits simple alterations 
for routing and distributing wastewater streams among 
the effects of the system (El-Dessouky et al. 1998, 
El-Dessouky et al. 2000).

 2. Capital investment of MEE is considered to be low in 
comparison to other processes owing to its lesser number 
of effects, partition walls and tube connections (Morin 
1993, Wade 1993, Hamed et al. 2004, El-Dessouky et 
al. 2000).  

 3. Operation load stability of MEE is observed over a range 
of 30% to 120% of its design capacity (El-Dessouky et 
al. 1995, Darwish et al. 1996, Fritzmann et al. 2007, 
Greenlee et al. 2009, Al-Bastaki et al. 1999). This feature 
is attributed to less feed to product ratio permitting larger 
variation in the operating conditions of the system. 

Rukade & Bhosale (2014) opined that if MEE and RO 
were to be incorporated in the treatment design as alterna-
tives for the technology of volume reduction primarily, then 
such systems may be promising and provide a benchmark 
database reducing costs and area requirements. Further, 
these may add to the notion of zero discharge. Previous 
studies stated that one of the major aspects of zero liquid 
discharge plant is having multiple-effect evaporator as one 
of the treatment options which can save 50% of water per 
day, which is a large amount that can be utilized for other 
purposes (Hareesh 2017). 

CONCLUSIONS

Results of physico-chemical characteristics of pharmaceuti-
cal wastewaters reveal thorough or higher degree treatment of 
high total dissolved solids stream which initially starts with 
feeding this stream to multiple-effect evaporator. The study 
on the efficiency of MEE is evaluated in terms of removal of 
total dissolved solids and chemical oxygen demand. Removal 
efficiencies are as follows:
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	·	Reduction in total dissolved solids was more than 98 % 
during the entire study period, the maximum average 
percentage reduction of TDS was observed to be 98.77 
%.

	·	Reduction in chemical oxygen demand was above 50 % 
during the study period, maximum average percentage 
reduction of COD was observed to be 58.26 %.
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ABSTRACT

University-industry knowledge collaboration is one of the keys to overcoming the current development 
bottleneck in water pollution abatement technology in China. To explore university-industry knowledge 
collaboration in Chinese water pollution abatement technology innovation system, characteristics and 
dynamic evolution law of knowledge collaboration were analyzed by using patent data from China 
for the period 2000-2018. Results show that university-industry knowledge collaboration continues 
to increase and experiences three development phases in Chinese water pollution abatement 
technology innovation system. University-industry knowledge collaboration in each province (city) 
keeps growing and the difference between provinces (cities) is decreasing, but the difference remains 
significant. The scale, scope, and depth of inter-regional university-industry knowledge collaboration 
continue to increase, but they are still not large enough. Although the scale and linking efficiency of 
university-industry knowledge collaboration improve significantly, the subgroups are too many and the 
agglomeration degree of networks is low. 

INTRODUCTION

Water Pollution Abatement (WPA) plays a major role in 
ensuring water security, preserving ecosystems, and sup-
porting sustainable development. Thus, most countries pay 
great attention to the development of WPA technology, the 
patents of which account for approximately 1% of overall 
patents. As a country with high water stress and serious 
water pollution, China has been increasing investments in 
WPA technology innovation in the past two decades. Today, 
China has the third largest share in global WPA patented 
inventions. However, high-value WPA technologies from 
China account for only 3.7% (Proskuryakova et al. 2018). 
Hence, for China to address the increasing WPA stress, 
greater efforts must be made to innovation more high-value 
WPA technologies.

Aside from increasing investment in R&D, greater 
importance must be attached to the development of knowl-
edge collaboration in Chinese WPA technology innovation 
system to overcome the innovation bottleneck. Knowledge 
collaboration refers to activities such as co-development, 
co-authorship, and collaborative R&D (McKelvey et al. 
2003) and it is widely acknowledged as an important vehi-
cle for technology diffusion and technology innovation in 
any innovation system (Ye et al. 2008, Dooley et al. 2016). 
Innovation system theory claims that technology innovation 
is essentially the result of collective knowledge development. 

Firms and universities are two of the most important actors 
in national and industrial innovation systems. Triple helix 
theory highlights that industry, university, and government 
interact to enhance innovation (Etzkowitz et al. 1996). 
Knowledge collaboration among industry, university, and 
research institution not only leads to innovation benefits 
directly but also improves the marginal contribution of 
“division of knowledge” (Yu et al. 2017). In this sense, 
knowledge collaboration between university and industry 
(hereafter UI knowledge collaboration) is one of the keys 
to Chinese high-value WPA technology innovation.

Previous literature has analyzed WPA technology inno-
vation in China. The patents on WPA technology in China 
have been increasing rapidly since 2007, and currently, China 
has become one of the top WPA inventor countries (Tan et al. 
2019). Most of the applicants in Chinese WPA technology 
domain are from those more economically-developed regions 
such as Jiangsu, Beijing and so forth (Yang et al. 2016). In 
addition, amongst all the applicants, universities account for 
the largest share in China’s overall WPA technology patents 
(Wang et al. 2013). At the same time, studies have been 
conducted on knowledge collaboration analysis in China 
(Ma et al. 2011, Lei et al. 2011) and in some technology 
domains such as ICT and new energy vehicles (Gao et al. 
2016, Cao et al. 2019). However, little attention is given to 
knowledge collaboration in the WPA technology domain. 
This study analyzes the characteristics and evolution of UI 
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knowledge collaboration in Chinese WPA innovation system 
and contributes to WPA technology innovation literature as 
well as knowledge collaboration literature.

METHODOLOGY

Patent Statistics and Social Network Analysis

Patents contain rich information, such as technology field, 
applicant, and priority, which are easy to access. The statis-
tics and analysis of patent data can yield numerous useful 
and relevant information or knowledge. Co-application for a 
patent between a university and a firm is a major form of UI 
knowledge collaboration. Hence, this study uses patent data 
and a series of patent indicators to analyze UI knowledge 
collaboration in Chinese WPA innovation system.

Social network analysis (SNA) is a visualization tech-
nique used to analyze networks that consist of a set of 
nodes and links. A node can be a person, an institute, or a 
region, whereas links represent relationships between two 
adjacent nodes. SNA can depict how nodes link with one 
other directly and indirectly in qualitative and quantitative 

ways. This study constructs several UI knowledge collab-
oration networks and then analyzes their characteristics 
and evolution.

Data

This study uses a search strategy developed by OECD (Table 
1) to search the patent database of the State Intellectual 
Property Office of China for WPA technology patents that 
are co-applied by Chinese universities and firms. Only 
patents for inventions are considered for their high level 
of innovation. The time horizon is set from 2000 to 2018, 
and the locations of applicants are limited to 31 Chinese 
provincial administrative regions, which consist of 27 
provinces and 4 cities, excluding Hong Kong, Macao, and 
Chinese Taipei. 

2,024 patents that meet the requirements are collected. 
Between 2000 and 2018, the scale of UI co-application for 
WPA technology patent in China keeps expanding year by 
year, and its growth rate is almost the same with that of the 
overall applications for WPA technology patents in China 
(Fig. 1).
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Table 1: IPC Class/Code of WPA Technologies.

IPC Class/Code Description

B63B35/32 Vessels or like floating structures adapted for special purposes- for collecting pollution from open water

B63J4 Arrangements of installations for treating waste-water or sewage

C02F Treatment of water, wastewater, sewage, or sludge

C05F7 Fertilizers from wastewater, sewage sludge, sea slime, ooze, or similar masses

C09K3/32 Materials for treating liquid pollutants, e.g. oil, gasoline or fat

E02B15/04-10
Devices for cleaning or keeping clear the surface of open water from oil or like floating materials by separating or 
removing these materials

E03C1/12 Plumbing installations for wastewater

E03F Sewers–Cesspools
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RESULT ANALYSIS

Overall Trend in UI Knowledge Collaboration

In Chinese WPA technology innovation system, the scale of 
UI knowledge collaboration continues to expand in terms 
of actors, ties, and activities between 2000 and 2018, with a 
growth rate of approximately 30% (Fig. 2).

Furthermore, the development of UI knowledge collab-
oration in Chinese WPA technology innovation system is 
in three phases (Table 2). Phase I is the initial stage. In this 
phase, the scale of UI knowledge collaboration is small, 
whereas the growth rate is approximately 40%. At the end of 
Phase I, the scale of UI knowledge collaboration experienced 
a surge in 2009, and then began to grow slowly at a speed 
of approximately 8% until 2015, that is phase II. In phase 
II (2009-2015), the scale of UI knowledge collaboration is 
four times larger than that in phase I, but the growth rate is 
only about a fifth of that in phase I. After phase II, the scale 
of UI knowledge collaboration experienced a surge again 
in 2016, which is the beginning of phase III (2016-2018). 
In phase III, not only the scale is much higher than that in 
the two previous phases, but the growth rate is also higher.

The Geography of UI Knowledge Collaboration

Knowledge collaboration can be categorized as intra-regional 
or inter-regional according to whether actors are located in 

the same region. In Chinese WPA technology innovation 
system, intra-regional UI knowledge collaboration accounts 
for more than 70% of overall UI knowledge collaboration. 
This figure indicates that actors prefer to collaborate with 
partners who are close to them. First, as shown in Table 3, the 
top provinces (cities) account for more than 76% of overall 
intra-regional UI knowledge collaboration. These regions are 
basically the regions with high economic level and where 
several universities are located. Second, the commutative 
share of the top provinces (cities) in intra-regional UI knowl-
edge collaboration has been declining from phase I to phase 
III. This trend indicates that UI knowledge collaboration is 
thriving in other regions. Third, the difference among the 
top provinces (cities) has been decreasing from phase I to 
phase III on the whole. Finally, from phase I to III, the ranks 
of Jiangsu, Guangdong, and Beijing have grown steadily, 
and they have become the top 3 in phase III. Shandong, 
Hunan, and Chongqing have enjoyed the most rapid growth 
in intra-regional UI knowledge collaboration, resulting in 
a great leap in their ranks. Shanghai, Zhejiang, and Tianjin 
are the three provinces (cities) whose ranks have been de-
clining, indicating that their development in intra-regional 
UI knowledge collaboration is slow.

Despite a lower share in overall UI knowledge collab-
oration, inter-regional UI knowledge collaboration plays 
a critical role in facilitating technology diffusion in the 
whole innovation system. Inter-regional UI knowledge 
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Table 2: Scale and growth rate of UI knowledge collaboration in each phrase.

Phases

    Number of UI knowledge  
        collaboration actors

   Number of UI knowledge  
        collaboration ties

   Number of UI knowledge  
      collaboration activities

Average Growth rate Average Growth rate Average Growth rate

Phase I (2000–2008) 29 39.08% 18 43.01% 23 47.98%

Phase II (2009–2015) 153 9.16% 100 9.46% 141 7.21%

Phase III (2016–2018) 327 15.78% 223 15.70% 361 21.18%
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collaboration also enhances innovativeness due to greater 
cognitive diversity. Fig. 3 shows the geographic distribution 
of inter-regional UI knowledge collaboration. In phase I, the 
scale of inter-regional UI knowledge collaboration network 
is relatively small, with only 23 nodes and 46 links (weight-
ed). Moreover, 82.61% of links (weighted) are focused on 
only four nodes, that is, Beijing, Shanghai, Jiangsu, and 
Tianjin. These four provinces (cities) are the centres in in-
ter-regional UI knowledge collaboration in phase I. In phase 
II, the inter-regional UI knowledge collaboration network 

consists of 27 nodes and 193 links (weighted). This result 
means that the scope, scale, and depth of inter-regional 
UI knowledge collaboration significantly increase in this 
phase. Additionally, more local hubs are found in the 
network, with 10 nodes whose degree values are above 
7, indicating that more provinces (cities) have become 
centres of inter-regional UI knowledge collaboration. In 
phase III, inter-regional UI knowledge collaborations are 
distributed across more provinces (cities). Meanwhile, 
the links (weighted) are far more than that in phase II, 

Table 3: Top provinces/cities in intra-regional UI knowledge collaboration.

Phases Regions
UI knowledge collaboration activities UI knowledge collaboration ties

Number Share Commutative share Number Share Commutative share

Phase I
(2000–2008)

Shanghai 41 29.50% 29.50% 28 28.28% 28.28%

Jiangsu 38 27.34% 56.83% 16 16.16% 44.44%

Guangdong 12 8.63% 65.47% 12 12.12% 56.56%

Zhejiang 11 7.91% 73.38% 8 8.08% 64.64%

Beijing 10 7.19% 80.58% 10 10.10% 74.74%

Hubei 5 3.60% 84.17% 5 5.05% 79.80%

Tianjin 5 3.60% 87.77% 5 5.05% 84.85%

Yunnan 4 2.88% 90.65% 3 3.03% 87.88%

Anhui 2 1.44% 92.09% 2 2.02% 89.90%

Guangxi 2 1.44% 93.53% 1 1.01% 90.91%

Phase II
(2009–2015)

Jiangsu 150 21.55% 21.55% 78 20.05% 20.05%

Shanghai 103 14.80% 36.35% 44 11.40% 31.51%

Beijing 97 13.94% 50.29% 40 10.36% 41.93%

Guangdong 75 10.78% 61.06% 46 11.92% 53.90%

Zhejiang 45 6.47% 67.53% 29 7.51% 61.46%

Shandong 34 4.89% 72.41% 15 3.89% 65.36%

Hubei 26 3.74% 76.15% 20 5.18% 70.57%

Tianjin 26 3.74% 79.88% 20 5.18% 75.52%

Hunan 17 2.44% 82.33% 7 1.81% 77.34%

Anhui 14 2.01% 84.34% 12 3.11% 80.47%

Phase III
(2016–2018)

Jiangsu 160 19.88% 19.88% 78 18.06% 18.06%

Guangdong 98 12.17% 32.05% 52 12.04% 30.10%

Beijing 71 8.82% 40.87% 44 10.19% 40.28%

Shandong 62 7.70% 48.58% 37 8.56% 48.85%

Shanghai 56 6.96% 55.53% 29 6.71% 55.56%

Hubei 55 6.83% 62.36% 30 6.94% 62.50%

Hunan 37 4.60% 66.96% 26 6.02% 68.52%

Chongqing 28 3.48% 70.44% 13 3.01% 71.53%

Zhejiang 25 3.11% 73.54% 20 4.63% 76.16%

Anhui 22 2.73% 76.28% 8 1.85% 78.01%
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considering the time horizon. The number of nodes with 
degree values above 7 is still 10.

Evolution of UI Knowledge Collaboration Network

To demonstrate how universities and firms interact with 
each other, the UI knowledge collaboration network in each 
phase is constructed (Fig. 4). In UI knowledge collaboration 
network, a node represents a university or a firm engaged in 
knowledge collaboration, and a link represents knowledge 
collaboration ties between a university and a firm. The size 
of a node indicates its degree value, and the strength of a link 
indicates its weighted value.

It further uses SNA indicators, like scale, degree, K-core, 
and length to illustrate characteristics and evolution of UI 
knowledge collaboration networks in Chinese WPA technol-
ogy innovation system (Table 4).

Firstly, as shown in Figure 4 and Table 4, the scale of 
UI knowledge collaboration keeps expanding from phase 

I to phase III. In phase I, nodes and links (weighted or 
unweighted) are comparatively few, and many links are iso-
lated. Moreover, the nodes of the main component account 
for only 16% of all nodes. Hence, UI knowledge collabo-
ration network in phase I is characterized by a small scale 
and low density. In phase II, the scale of the UI knowledge 
collaboration network increases significantly from phase I, 
and the nodes of its main component account for 40% of all 
nodes. In phase III, the scale of UI knowledge collaboration 
network and its main component further expand, and links 
among nodes become denser.

Secondly, the overall agglomeration degree of net-
works in each phase is relatively low. On one hand, 
the average degree of nodes is below 2, indicating that 
knowledge collaboration among actors is not wide. On 
the other hand, no significant change occurs in k-core, 
which means that knowledge collaboration among actors 
lacks diversity. According to network theory and social 
capital theory, networks with high agglomeration degree 
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Anhui 22 2.73% 76.28% 8 1.85% 78.01% 

Despite a lower share in overall UI knowledge collaboration, inter-regional UI knowledge 
collaboration plays a critical role in facilitating technology diffusion in the whole innovation 
system. Inter-regional UI knowledge collaboration also enhances innovativeness due to greater 
cognitive diversity. Fig. 3 shows the geographic distribution of inter-regional UI knowledge 
collaboration. In phase I, the scale of inter-regional UI knowledge collaboration network is 
relatively small, with only 23 nodes and 46 links (weighted). Moreover, 82.61% of links 
(weighted) are focused on only four nodes, that is, Beijing, Shanghai, Jiangsu, and Tianjin. These 
four provinces (cities) are the centres in inter-regional UI knowledge collaboration in phase I. In 
phase II, the inter-regional UI knowledge collaboration network consists of 27 nodes and 193 
links (weighted). This result means that the scope, scale, and depth of inter-regional UI knowledge 
collaboration significantly increase in this phase. Additionally, more local hubs are found in the 
network, with 10 nodes whose degree values are above 7, indicating that more provinces (cities) 
have become centres of inter-regional UI knowledge collaboration. In phase III, inter-regional UI 
knowledge collaborations are distributed across more provinces (cities). Meanwhile, the links 
(weighted) are far more than that in phase II, considering the time horizon. The number of nodes 
with degree values above 7 is still 10. 

 
Fig. 3: Inter-regional UI knowledge collaboration network in each phase. 

Phase I (2000–2008) Phase II (2009–2015) Phase III (2016–2018) 

Fig. 3: Inter-regional UI knowledge collaboration network in each phase.

Table 4: Indicators of UI knowledge collaboration networks in each phase.

Indicators Phase I Phase II Phase III

Number of nodes 195 695 786

Number of links 145 580 615

Number of links (weighted) 204 987 1,082

Average degree 1.49 1.67 1.56

K-core 2 2 2

Number of components 51 124 147

Scale of main component
32
(16.41%)

280
(40.29%)

362
(46.01%)

Diameter of main component 4 21 32
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and density perform better in knowledge exchange and 
knowledge creation.

Finally, the linking efficiency of the network continues 
to improve from phase I to phase III. The main component 
is the largest subgroup in the network, in which all nodes 
are linked either directly or indirectly. Thus, knowledge and 
information exchange among actors in the main component 
are most fluent and intensive. As seen in Table 4, the scale 
of the main component increases from 32 (16.41%) to 362 
(46.01%) from phase I to phase III. The diameter of the 
main component is another indicator of the connectedness 
of nodes, and it increases from 4 to 32 from phase I to phase 
III. The improvement in linkage efficiency is expected to 
facilitate knowledge flow in UI knowledge collaboration 
network, thereby enhancing knowledge creation. A superior 
network is conducive to knowledge exchange in large scope 
and with high speed, thereby generating scale effect, com-
plementary effect, and cross-fertilization effect of knowledge 
creation (Pyka 2002).

CONCLUSIONS

UI knowledge collaboration in Chinese WPA technology 
innovation system based on patent data was investigated and 
analyzed. The main conclusions are as follows: 

Firstly, between 2000 and 2018, UI knowledge collabo-
ration in Chinese WPA technology innovation system is in 
three phases. Phase I is characterized by a low level and high 
growth rate. Phase II is characterized by a moderate scale and 
low growth rate. Phase III is characterized by a high level 
and moderate growth rate. 

Secondly, UI knowledge collaboration is mainly dis-
tributed in a few provinces (cities) that are characterized 
by high economy and several universities, whereas other 

provinces (cities) fall behind those top provinces (cities) in 
the development of UI knowledge collaboration. However, 
the difference between provinces (cities) decreases from 
phase I to III, indicating that UI knowledge collaboration is 
thriving in more regions. Also, the growth pace of provinces 
(cities) in UI knowledge collaboration varies. Among the 
top provinces (cities), the ranks of Jiangsu, Guangdong, and 
Beijing grow steadily, and they have become the top 3 in 
phase III. Shandong, Hunan, and Chongqing enjoy the most 
rapid growth in intra-regional UI knowledge collaboration, 
resulting in a great leap in their ranks. Shanghai, Zhejiang, 
and Tianjin are three provinces (cities) whose ranks are de-
clining, indicating that their development in intra-regional 
UI knowledge collaboration is slow. 

Thirdly, despite a low share in the overall UI knowledge 
collaboration, inter-regional UI knowledge collaboration 
keeps developing from phase I to III. The scale, scope, and 
depth of inter-regional knowledge collaboration increase 
significantly, and the geographic distribution becomes wider. 
Inter-regional UI knowledge collaboration plays a signifi-
cant role in facilitating knowledge exchange in the whole 
innovation system. 

Finally, from phase I to III, not only the scale keeps 
growing, but also the linking efficiency of UI knowledge 
collaboration network. This trend indicates that the UI knowl-
edge collaboration network in Chinese WPA technology 
innovation system is developing and upgrading. However, the 
agglomeration degree and the connectedness of UI knowl-
edge collaborative network are low, which limits knowledge 
diffusion and exchange among universities and firms. 
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Evolution of UI Knowledge Collaboration Network 
To demonstrate how universities and firms interact with each other, the UI knowledge 
collaboration network in each phase is constructed (Fig. 4). In UI knowledge collaboration 
network, a node represents a university or a firm engaged in knowledge collaboration, and a link 
represents knowledge collaboration ties between a university and a firm. The size of a node 
indicates its degree value, and the strength of a link indicates its weighted value. 

 
Fig. 4: UI Knowledge collaboration network in each phase. 

It further uses SNA indicators, like scale, degree, K-core, and length to illustrate 
characteristics and evolution of UI knowledge collaboration networks in Chinese WPA technology 
innovation system (Table 4). 
Table 4: Indicators of UI knowledge collaboration networks in each phase. 

Indicators Phase I Phase II Phase III 

Number of nodes 195 695 786 

Number of links 145 580 615 

Number of links (weighted) 204 987 1,082 

Average degree 1.49 1.67 1.56 

K-core 2 2 2 

Number of components 51 124 147 

Scale of main component 
32 

(16.41%) 

280 

(40.29%) 

362 

(46.01%) 

Diameter of main component 4 21 32 

Firstly, as shown in Figure 4 and Table 4, the scale of UI knowledge collaboration keeps 
expanding from phase I to phase III. In phase I, nodes and links (weighted or unweighted) are 
comparatively few, and many links are isolated. Moreover, the nodes of the main component 
account for only 16% of all nodes. Hence, UI knowledge collaboration network in phase I is 
characterized by a small scale and low density. In phase II, the scale of the UI knowledge 
collaboration network increases significantly from phase I, and the nodes of its main component 
account for 40% of all nodes. In phase III, the scale of UI knowledge collaboration network and 
its main component further expand, and links among nodes become denser. 

Secondly, the overall agglomeration degree of networks in each phase is relatively low. On 
one hand, the average degree of nodes is below 2, indicating that knowledge collaboration among 
actors is not wide. On the other hand, no significant change occurs in k-core, which means that 
knowledge collaboration among actors lacks diversity. According to network theory and social 

Phase I (2000–2008) Phase II (2009–2015) Phase III (2016–2018) 

Fig. 4: UI Knowledge collaboration network in each phase.
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ABSTRACT

This paper presents a summary of PM2.5, PM10 and gaseous pollutant concentrations measured during 
each season of the year from March 1, 2018 to February 28, 2019 in Visakhapatnam city (17.6868°N, 
83.2185°E) located on the east coast of India. The city is studded with 14 major industries and surrounded 
on three sides by mountains and the Bay of Bengal on the fourth side. The monthly variations of mass 
concentrations of PM2.5, PM10 and gaseous pollutants SO2, NO2 and CO recorded revealed the impact 
of atmospheric pollutants originating from industry, urbanization and increased automobile traffic. The 
seasonal variability of PM concentrations, highest in winter and lowest in summer, is observed. The 
annual averages for 2018 in Visakhapatnam are 103.5 ± 55.1 μg/m3 and 111.5 ± 29.1 μg/m3 for PM2.5 
and PM10 respectively. To establish the causal relationship between PM2.5, PM10 and the gaseous 
pollutants we used Pearson correlation and regression statistical methods. The Pearson correlation 
coefficients between PMs and gaseous pollutants were either high or moderate. Regression results 
further confirmed that NO2 and SO2 significantly impacted PM2.5 and PM10 in Visakhapatnam city. 

INTRODUCTION

Exposure to particulate matter PM2.5 and PM10 with an aero-
dynamic diameter less than 2.5 and 10 μm respectively is a 
global concern due to their adverse health effects. Prolonged 
exposure to these particles affects healthy people and serious-
ly impacts those with existing diseases. It causes breathing 
discomfort for people with asthma and heart diseases. Ac-
cording to WHO, an increase in total PM by 10 μg/m3 per 
year increases mortality by 6 per cent.  Most cities in India 
have been experiencing severe air pollution due to fast-paced 
urbanization and rapid economic growth.  SPM primarily 
originating from gaseous pollutants is posing a grave threat 
to human health. Gaseous pollutants CO, SO2 and NO2 are 
reported in several studies to be leading to high PM levels. 
Several studies considered the pollutant conditions in cities 
across the world and analysed the impact of these pollutants 
on human health (Samet 2000, Sarnat 2001, Katsouyanni 
2001, Ito et al. 2007). However, studies on Visakhapatnam 
city are scanty and even those done refer to an earlier period.

The research presented here is an analysis of PM2.5 and 
PM10 concentrations from the industrial zone of Visakhapa-
tnam. The industrial development, initiated around 1950, 
triggered a population explosion in Visakhapatnam. The pop-
ulation of Visakhapatnam in the year 2018 as per estimated 
data was 4.056 Million (Population of India 2018). The city is 

studded with major industries mainly Hindustan Zinc Limited 
(HZL), Coromandel Fertilizers Limited (CFL), Visakhapa-
tnam Port Trust (VPT), Hindustan Petroleum Corporation 
Limited (HPCL), Bharat Heavy Plates and Vessels (BHPV), 
Hindustan Polymers Limited (HPL), Visakhapatnam Steel 
Plant (SP), Coastal Chemicals (CC), Andhra Cement Com-
pany (ACC) and Simhadri Thermal Power Corporation 
(STPC). About 200 ancillary industries were also established 
to supplement the main industries, which turned the central 
basin of Visakhapatnam into an “air-polluting chimney”. The 
city was declared as one of the critical (NEERI 2005) and 
severely polluted areas (CEPI 2013) in the country.

The city with an area of about 680 km2 is surrounded on 
three sides by mountains and the Bay of Bengal on the fourth. 
It is effectively shielded from winds, with only marine air 
moving into the basin. The major industries along with the 
Port are located within a distance of 13 km from the coast.

Combustion emits large quantities of chemicals from 
industries such as zinc, fertilizer, polymers, cement, steel pro-
duction and petroleum. This situation is further aggravated 
by atmospheric aerosol content which is highest during the 
dry periods, resulting in a high ionic content due to precipi-
tation scavenging. Marine aerosols also add to the industrial 
contribution. The emissions and aerosols are shielded from 
the wind by mountains on three sides, only allowing coastal 
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spray (marine aerosols) from the east. Visakhapatnam, thus, 
is subject to heavy air pollution, when compared to inland 
areas. Also, urbanization increased automobile traffic, and 
industrialization produces large emissions of SOx and NOx.  
The concentrations of air pollution vary from location to 
location as they depend on atmospheric conditions (Murthy 
2004) like wind direction, speed, temperature and humidity. 

In India, 99.9% of the country’s population resides in 
areas that exceed the WHO Air Quality Guideline of 10 μg/m3 
(annual average), and half of the population resides in areas 
where the Indian National Ambient Air Quality Standard 
(NAAQS) for PM2.5 (40 μg/m3) is exceeded (Greenstone et 
al. 2015, Srinivas 2013, Venkataraman et al. 2018). In another 
report, the annual averages for 2012 in Vishakhapatnam were 
70.4±29.7, 18.9±14.4 and 15.6±6.3 for PM10, SO2, and NO2 
respectively (Guttikunda et al. 2015). Rao & Satish (2014) 
reported that the cause of air pollution in Visakhapatnam is 
not only due to the industries but also due to traffic.

Against this background, the present study focuses on 
analysing the mass concentrations of PM and gaseous pollut-
ants. The objectives of the study are to examine the present 
levels of PM concentrations and their causative factors.

MATERIALS AND METHODS

The real time hourly mass concentrations of PM2.5, PM10, 
CO, NO2 and SO2 are recorded by National Air Quality 
Index of Central Pollution Control Board compiled for each 
city under the Ministry of Environment, Forests and Climate 
Change, India. The instruments measuring the mass concen-
trations are located in the central point of the city. The mass 
concentrations of PM2.5 and PM10 are measured using beta 
attenuation method. The gas pollutants NO2, SO2 and CO are 
measured using the gas phase chemiluminescence method, 
ultraviolet fluorescence method and NDIR spectroscopy 
respectively. The data are publicly accessible and data used 
in this paper were obtained from the website (https://app.
cpcbccr.com/).

The hourly mean variations of PM2.5, PM10, NO2, SO2 
and CO in each season (Summer: March, April and May, 

Rainy: June, July, August and September, Autumn: October 
and November, Winter: December, January and February) 
during March 2018 - February 2019 at the present location 
were measured. 

RESULTS AND DISCUSSION

The annual mean PM2.5, PM10 and the gaseous pollutants 
NO2, SO2 and CO concentrations in Visakhapatnam are 
103.514.4±3.0 ,49.3±8.6 ,29.1±111.5 ,55.1± and 35.57.8± 
μg/m3, respectively for the year 2018-2019. Both PM2.5 and 
PM10 levels have exceeded the annual mean limit, posing 
a high health risk (Balakrishnan et al. 2013, CPCB 2009). 
Based on the annual average values, the worse air quality 
may be attributable to some specific feature of local/regional 
emission sources mixed with meteorological influences. The 
mean values of concentrations of PMs and air pollutants for 
different seasons are listed in Table 1.

Seasonal Variations

The hourly data were used to examine diurnal variability of 
PM2.5 and PM10 concentrations and major air pollutants in 
each season. The seasonal variability of PM2.5 (Fig. 1) and 
PM10 (Fig. 2) is lowest in summer and highest in winter. 
The higher concentrations of PM2.5 and PM10 were observed 
during winter (178.5, 150.7 μg/m3 respectively) and autumn 
(111.05, 115.6 μg/m3 respectively) than summer and rainy 
seasons (Latha & Badarinath 2005). The PM concentrations 
are high during daytime than night time. The peak value was 
observed at 11:00 a.m. and falls to lowest in afternoon hours 
at 1:00 p.m. It is evident from NO2 (Fig. 3) observations, that 
the increase in PM after 4:00 p.m. and before 11:00 a.m. is 
because of vehicle emissions as a result of transportation in 
rush hours. The heavy-duty vehicle traffic is more during 
the morning and night hours. As traffic-related emissions 
are less from 12:00 p.m. to 3:00 p.m., there is a significant 
decrease in NO2 and PM concentrations in all seasons. The 
emissions from heavy-duty vehicles are more than those of 
light weight vehicles. The decreasing boundary layer heights 
also contribute to an increase in PM concentrations after 4:00 
p.m. In all the seasons during night time, the high PM2.5 levels 

Table 1: Mean values of PMs and gaseous pollutants for different seasons in Visakhapatnam.

Summer Rainy Winter Autumn Annual Mean

PM2.5 58.24±10 66.46±6.2 178.57±41.8 111.05±22.5 103.58±55.1

PM10 84.74±10.8 95.10±5.8 150.77±37.8 115.68±20.9 111.57±29.1

NO2 42.37±10.7 49.49±9.29 61.48±25.8 43.97±15.3 49.33±8.6

SO2 16.74±8.19 12.96±2.07 17.23±6.2 10.78±2.5 14.43±3

CO 28.79±9.5 32.84±8.8 46.98±11.2 33.75±5.16 35.59±7.9
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are due to accumulation of emissions from automobiles and 
secondary PM formation.

The variation pattern of SO2 (Fig. 4) is similar in different 
seasons and exhibited unique high SO2 levels in summer. 
During summer, the major contributing factors for SO2 may 
be coal stocked in Port and used in thermal power plant 
and other industries and vehicle exhaust. It is well known 
that wind flows from south-west direction during summer 
and rainy seasons where all the industries are located while 
the airflow is from northeast direction during the remaining 
part of the year. The wind direction could be obstructing the 
pollutants to go into the atmosphere during winter.

The variations in CO concentrations (Fig. 5) peaks during 
morning and evening traffic hours and valley in afternoon 
shows a clear link to the boundary layer height evolution.

Pearson Correlation Coefficients

Correlation method is used to gauge the extent and nature 
of the relationship between each of the impacting (inde-
pendent) variables considered in the present study and PM 
levels. The results are presented in Table 2. The Pearson 
correlation coefficients between PMs and NO2 and SO2, 
as observed (Table 2) were either high or moderate in dif-
ferent seasons (PM2.5 with NO2: r =0.89-0.59; PM10 with 
NO2: r = 0.89 -0.79; PM2.5 with SO2: r = 0.85 -0.47; 
PM10 with SO2: r = 0.39-0.79, PM2.5 with CO: r =0.71-0.43; 
PM10 with CO: r =0.70-0.33). The correlation between PM2.5 
and CO is higher than the correlation between PM10 and CO. 

It may be observed that all the three independent variables 
exhibited the theoretically expected positive relationship 
with PM levels indicating that NO2, SO2 and CO contribute 

4:00 p.m. In all the seasons during night time, the high PM2.5 levels are due to accumulation of 

emissions from automobiles and secondary PM formation. 

 

Fig. 1: Diurnal variations of hourly PM2.5 concentrations. 
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Fig.  2: Diurnal variations of hourly PM10 concentrations.
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to the pollution levels recorded in Visakhapatnam city. The 
positive impact is visible through all the four seasons of the 
year. It could be further observed that the magnitude of the 
correlation coefficients varies across variables and seasons. 
In the summer season, all the three variables recorded high 
correlation with PM2.5 and PM10 levels excepting CO on 
PM2.5 with moderate correlation. During rainy season NO2 
recorded high correlation while SO2 and CO exhibited weak 
to moderate correlation. All the variables evinced a high cor-
relation with PM2.5 and PM10 levels in the winter season. In 
autumn NO2 and SO2 registered high correlation while CO 
recorded weak correlation with PM levels. All the coefficients 
are statistically significant across all the variables and sea-
sons. It may be concluded that the three variables considered 
in the study are significantly correlated with PM levels with 
varied magnitude across seasons and even variables.

The exact magnitude of the impact of each of the indepen-
dent variable on pollution levels could be further discerned 
through the following equation.
 Y = a+ bX1+cX2+dX3+U …(1)

Where Y = PM 2.5 and PM10 levels taken independently, 

X1 = NO2 mean levels, X2 = SO2 mean levels, X3 = CO 
mean levels, U = error term and a, b and c are the estimated 
coefficients of the three independent variables.

The variables are theoretically expected to possess a 
linear relationship with PM levels and hence multiple line-
ar regression method is adopted to estimate the coefficient 
values of the variables.

The regression results are presented in Tables 3-6 by 
season. It could be discerned (Table 3) that the consid-
ered variables explained 79 per cent of the variation in 
PM2.5 level in summer season in Visakhapatnam city as 
observed from adjusted . Both NO2 and SO2 registered 
expected signs. The coefficients of both NO2 and SO2 are 
significant at 5 and 1 per cent respectively. Further, one 
unit change in NO2 is likely to cause 0.43 unit change in 
PM2.5. Similarly, a unit change in SO2 may impact PM2.5 
by 0.74 units. It may, therefore, be inferred that NO2 and 
SO2 significantly impact PM2.5 during the summer season 
in Visakhapatnam city.

It is evident from Table 3 that the influence of the consid-
ered variables on PM10 for the same season. The results show 

Table 2: Pearson correlation coefficients between PMs and gaseous pollutants.

Pollutants

Seasons

Summer Rainy Winter Autumn

r (PM 2.5) r (PM 10) r (PM 2.5) r (PM 10) r (PM 2.5) r (PM 10) r (PM 2.5) r (PM 10)

NO2 0.767 0.889 0.591 0.793 0.870 0.825 0.891 0.804

SO2 0.855 0.750 0.475 0.396 0.771 0.719 0.752 0.789

CO 0.429 0.701 0.472 0.347 0.714 0.638 0.453 0.337

 

Fig.  3: Diurnal variations of hourly NO2 concentrations. 

 

Fig. 4: Diurnal variations of hourly SO2 concentrations. 

The variations in CO concentrations (Fig. 5) peaks during morning and evening traffic hours 

and valley in afternoon shows a clear link to the boundary layer height evolution. 

 

 

Fig. 5: Diurnal variations of hourly CO concentrations. 

Fig.  3: Diurnal variations of hourly NO2 concentrations.
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that adjusted  is 0.83 explaining 83 per cent of the variation 
in PM10 by the considered variables. All the coefficients 
bear expected signs, however, NO2 and SO2 turned out to 
be significantly determining PM10 levels in the city. A unit 
change in NO2 causes 0. 55 unit change in PM10. In the case 
of SO2, one unit change in SO2 leads to 0.40 unit change in 
PM10 level. Hence even in the case of PM10 only NO2 and 
SO2 are significant factors contributing to PM10 levels in 
summer in Visakhapatnam city.

Turning to the rainy season, as observed (Table 4),  is low 
explaining 29 per cent of the variation in PM2.5 level. Of the 
variables, none is significant as impacting PM2.5. However, 
all the variables have only a tendency to determine PM2.5 
positively. When it comes to PM10 the  is high (0.65) and NO2 
and CO are significant causative factors. Unexpectedly, CO 
impacts PM10 negatively albeit the magnitude of the variable 
is low (0.27). SO2 is not a significant determinant of PM10. 
Hence, NO2 is the only factor contributing to PM10 levels in 
rainy season in Visakhapatnam city. 

For winter (Table 5), high  for both PM2.5 and PM10 

indicate that the considered variables could explain 94 per 
cent and 91 per cent of variation respectively in pollution 
levels. All the variables registered expected signs and 
significant at the 1 per cent level.

The magnitudes of coefficients of both NO2 and SO2 are 
high indicating that one unit change in them impact PM2.5 
and PM10 by more than twice. However, CO is significantly 
contributing negatively to both PM2.5 and PM10. The negative 
sign could be due to a high correlation between NO2 and CO 
resulting in the biased estimate of CO.

In autumn (Table 6), PM2.5 is significantly impacted by 
all three variables. So is the case with PM10.  values are high. 
NO2 and SO2 are significant, so is CO but the sign is negative. 
It may be inferred that NO2 and SO2 are significant factors 
impacting both PM2.5 and PM10 levels. 

CONCLUSIONS

It is observed that the annual averaged PMs exceeded the 
WHO standards (10μg/m3) in all seasons. The PM concen-

Table 5: Regression analysis results for the winter season.

Dependent variable Intercept
Independent variable

NO2 SO2 CO

PM2.5
139.21 2.40*

(8.24)
2.20*
(5.18)

-3.11
(-4.97)

0.94

PM10
154.39 2.74*

(8.88)
1.46**
(3.23)

-4.20
(-6.33)

0.91

Note: Figures in brackets are ‘t’ values; *significant at 1% level, ** significant at 5% level

𝑅𝑅�2 

Table 4: Regression analysis results for the rainy season.

Dependent variable Intercept
Independent variable

NO2 SO2 CO

PM2.5
42.27 0.31

(1.96)
0.64
(0.85)

0.01
(0.06)

0.29

PM10
68.10 0.62

(5.92)
0.41
(0.83)

-0.27
(-2.09)

0.65

Note: Figures in brackets are ‘t’ values

𝑅𝑅�2 

 Table 3: Regression analysis results for the summer season.

Dependent variable Intercept
Independent variable

NO2 SO2 CO

PM 2.5
31.61 0.43**

(2.94)
0.74*
(4.78)

-0.15
(-1.10)

0.79

PM 10
48.10 0.55*

(3.97)
0.40**
(2.74)

0.21
(1.63)

0.83

Note: Figures in brackets are ‘t’ values; *significant at 1% level, ** significant at 5% level

𝑅𝑅�2 
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Fig.  3: Diurnal variations of hourly NO2 concentrations. 

 

Fig. 4: Diurnal variations of hourly SO2 concentrations. 
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trations showed a remarkable seasonal variability, highest 
during winter and lowest during the summer. The winter 
maximum is due to temperature inversion and stagnant 
weather. The diurnal variations of PM concentrations and 
gaseous pollutants were analysed. The concentration of PM 

and air pollutants showed significant correlation. The major 
contributing factors are NO2, a tracer for vehicle emissions 
and SO2, a tracer for combustion. It is clear from the study 
that high health risk is evident associated with fine particulate 
matter pollutions to the people living in Visakhapatnam city. 

Table 6: Regression analysis results for the autumn season.

Dependent variable Intercept
Independent variable

NO2 SO2 CO

PM 2.5
62.21 1.36*

(7.66)
2.48**
(2.95)

-1.33
(-3.02)

0.88

PM 10
82.77 1.11*

(5.59)
3.53**
(3.76)

-1.60
(-3.26)

0.83

Note: Figures in brackets are ‘t’ values; *significant at 1% level, ** significant at 5% level

𝑅𝑅�2 
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ABSTRACT

With astounding advances, China expressway construction has caused inevitable environmental 
destruction around the construction projects. A series of expressway construction-induced environmental 
problems is caused by the noise pollution of machinery and equipment in expressway construction, 
atmospheric pollution caused by fuel consumption, soil contamination caused by abandoned waste 
materials and gases generated by asphalt mixture during road paving, and increasing traffic volume. 
In this study, the literature regarding expressway construction-induced environmental pollution was 
combined by taking Changyu (Changchun-Yulin Lalin River) Expressway as an example. The impacts 
of expressway construction on the ecological environment were analyzed, and feasible treatment 
measures were proposed. Results show that the expressway construction in various countries 
across the globe aggravates the regional ecosystem damage unavoidably to a certain extent; The 
environmental impacts caused by Changyu Expressway are manifested at five aspects, namely, 
water environmental pollution, vegetation deterioration, heavy metal pollution, water and soil losses, 
and induction of geological disasters; The environmental impacts of expressway construction can 
be mitigated by reasonable route selection, strengthening planning and environmental protection, 
preventing water and soil losses, reinforcing atmospheric pollution detection, reducing sewage 
discharge, enhancing vegetation recovery, and relieving the impact on animal habitats. The study 
results serve as an important reference for identifying the sources of expressway environmental risks 
and lowering the environmental pollution caused by expressway construction to an acceptable level.  

INTRODUCTION

The expressway construction in China is developing at 
considerable speed. As shown in Fig. 1, the total mileage 
of China expressways has rapidly increased from 16,200 
km in 2000 to 149,600 km in 2019, and the annual average 
growth rate has reached 43%. However, the rapid advance-
ment of expressway construction has brought unavoidable 
environmental destruction around the construction projects. 
Under frequent human activities, the ecological environ-
ment experiences irreversible pollution and destruction and 
threatens human health and survival. Sustainable develop-
ment is advocated within the global scope at present. As a 
livelihood project, expressway engineering must consider 
environmental benefits when creating economic benefits. The 
high-speed construction of expressway projects has caused 
serious environmental problems in the affected zones along 
the expressways. These environmental problems include 
biodiversity degradation and disordered biological clock 

of animals and plants, water and soil losses, motor vehicle 
exhaust emission and noise generated by road traffic vehicles 
along the expressways, ecological and natural environmental 
quality problems and socioeconomic environmental phe-
nomenon, such as water environmental pollution, caused by 
transportation of dangerous chemicals. However, high filling 
and deep excavation are unavoidable during expressway 
construction, and bridging by tunnelling through mountains 
is common, resulting in environmental destruction. 

Given that wide black bituminous pavements commonly 
used on expressways have strong heat absorptivity, along 
with increased coverage area of roadside desertification land, 
the surface temperature along the expressways is elevating, 
thereby accelerating permafrost thawing within the express-
way region and leading to pavement drying and grassland 
degeneration. This condition accelerates the desertification 
progress within the expressway region and degrades its eco-
logical environment. The linear cutting action of expressways 
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aggravates the ecological environment deterioration. There-
fore, field investigation must be first conducted to deeply 
analyze the possible adverse effects of various engineering 
construction links on the surrounding environment and 
evaluate the severity of such effects following the involved 
scope of influence to achieve expressway environmental 
protection. A practical and feasible protection scheme can be 
formulated. Environmental protection should be prioritized 
in actual expressway construction links, such as construction 
design and technological application. Improving environ-
mental protection functions of highways can lengthen their 
service life and mitigate environmental destruction caused 
by engineering construction. 

PAST STUDIES

An expressway is an important mark of modernization of 
a country and its transportation and major infrastructure 
in national economic and social development. Expressway 
construction plays an important role in promoting national 
economic development, reasonable productivity distribution, 
and interregional cooperation, improving the investment 
environment, raising the living standard, promoting the 
domestic demand, and stimulating the economic develop-
ment and prosperity of regions nearby the expressways. 
However, expressway construction projects generate major 
and far-reaching influences on the wide-range ecological 
environment within a large region during the construction 
and operation periods. For the environmental impacts of 
expressways and their control measures, Foppen (1994) be-
lieved that road construction is a double-edged sword, where 
it accelerates economic development and transformation of 
transportation modes but causes immeasurable losses to the 
natural environment and results in environmental separation 
from landscapes. Reijnen et al. (1995) studied the influences 

of motor traffic on bird breeding density in deciduous and 
coniferous forests and the importance of automobile noise 
and visibility as possible factors influencing the bird breed-
ing density. Forman et al. (2000) thought that traditional 
transportation planning has an evident influence on eco flow 
and biodiversity. They estimated the influence positions and 
distances of nine processes by taking a suburban four-lane 
expressway with 24 km in length in Boston as an example. 
The study results indicated the impact of expressway traffic 
noise on bird communities and showed that the road extends 
outward for more than 100 m as the barrier disturbing the 
wildlife tourism aisle. Geneletti (2003) deemed that the road 
network is an important reason for the declining quantity and 
quality of natural habitats and proposed a road project BIA 
(Biodiversity Impact Assessment) method that can be used to 
directly analyze the expressway construction-induced direct 
ecosystem loss. Viard et al. (2004) monitored the heavy metal 
content in soil at the two sides of French A31 Expressway, 
and the results indicated that the maximum pollution ranges 
from 5 m to 20 m. Xu et al. (2006) elevated the expressway 
subgrade in permafrost region to mitigate the influence of 
freeze-thawing on the road stability of alpine steppe with 
low vegetation coverage. However, mostly sands and grits 
are found on the expressway slope, thereby improving the 
erosion potential of slope soil. Xia et al. (2007) found that 
vegetation destruction of the highway construction phase, 
linear road cutting, and automobile running limit the uti-
lization of wildlife aisles. The influence of transportation 
development on Tibetan antelope habitat and migration is 
the present and future primary factor threatening Tibetan an-
telopes. Hjortenkrans et al. (2008) analyzed the heavy metal 
content in exposed soil along the two highways in Sweden 
and pointed out that the heavy metal content in 0-10 cm soil is 
remarkably higher than that in 10-30 cm soil. Given that road 
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Fig. 1: Expressway mileages in China during 2000-2019. 
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is a linear source of pollution, the heavy metals in soil present 
highway-centred and two side-extended banding distribution 
laws. Bukowiecki et al. (2010) considered that non-exhaust 
emissions generated by highway operation generate a large 
load on the air environment in the road region. These emis-
sions mainly include particles formed by the resuspension 
of sedimentary road dusts, which are caused by automobile 
braking wear, tyre wear, pavement wear, and vehicles. Yan 
et al. (2013) investigated the heavy metal contents in surface 
soil within the road region distant from villages, towns, and 
region of industrial and agricultural activities. They found 
that the heavy metal concentration in surface soil exponen-
tially declines with lowered ecological risks with the increase 
in distance from the road boundary through field investigation 
and laboratory experiment. Karlson et al. (2014) believed 
that road construction exerts extensive impacts on terrestrial 
and aquatic ecosystems, and the road network is increasingly 
associated with biodiversity loss across the world (Karlson 
et al. 2014). Zhang et al. (2015) explored the heavy metal 
enrichment degree in soil along Tibetan expressways and 
found that the heavy metal content is the highest in soil on 
the alpine steppe, followed by those in alpine meadow and 
alpine desert. Zhang et al. (2017) investigated the heavy metal 
pollution and assessed the ecological risks along six roads of 
different land-use types in Sachsen State in Germany. The 
results showed that the surface load of Zn and Cu presents a 
declining trend from the city centre toward the urban fringe. 
Taking China as an individual case, Wu et al. (2019) dis-
cussed the governmentally perceived scope of environmental 
impacts and the transformation of concepts into management 
methods. The results showed that the government can effec-
tively improve the environmental and ecological protection 
level by strengthening the environmental management of 
expressways. Existing literature shows that the expressway 
construction has entered a rapid development phase across 

the globe, and the expressway construction has unavoidably 
aggravated the regional ecosystem destruction to a certain ex-
tent, thereby deteriorating the ecological environment along 
expressways and impacting their environmental quality. The 
environmental impacts of expressway construction were 
analyzed, and control measures were proposed by taking 
Changyu Expressway as an example. The findings serve 
as a reference for enriching the evaluation system for the 
environmental impacts of expressways and mitigating the 
environmental pollution caused by expressway construction 
and operation.

BASIC INFORMATION OF CHANGYU 
EXPRESSWAY

Natural Environment 

The Changyu Expressway project is located in Fuyu City, 
Jilin Province. The geographic position coordinates of the 
project are east longitude of 125°57’-126°05’ and northern 
latitude of 44°56’-45°08’. This area belongs to a mid-temper-
ate-zone continental monsoon climate with four distinctive 
seasons, which is dry and windy in spring and hot and rainy 
in summer with short autumn and long and cold winter. 
Changyu Expressway K1097+100–K1097+860 belongs to 
a soft soil foundation segment. A temperature monitoring 
equipment was buried at the right slope foot of K1097+200 
section to perform sustainable long-time monitoring to un-
derstand the change in surface temperature in the study area. 
The surface temperature data are shown in Fig. 2. As shown 
in the surface temperature profile, the study area enters the 
frost period at the beginning of November, the seasonally 
frozen ground is unthawed until the end of April, the earth 
freeze-up time lasts for 5.5 months, and the maximum depth 
of seasonally frozen ground reaches 1.8 m. Thus, it belongs 
to a severe cold area. 
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Engineering Geological Conditions 

The Changyu Expressway project belongs to the flood plain 
landform in the east of Songliao Plain. During the geological 
survey of this road segment, the drilling results show that 
the 0-15 m depth range is quaternary Holocene alluvium. 
The groundwater type within the range of surveying depth 
in this area is loose rock-type porewater. The groundwater 
level is shallow at the sand layer, ranging from 7.5 m to 8.5 
m. The strata in this area are described from top to bottom 
as follows: (1) Silty clay: yellow, plastic, and slightly wet. 
The moisture content is within 12.8%-29.0%, and the bur-
ial depth of the roof is 0-3.2 m. (2) Mucky soil: grey, with 
thickness ranging from 3.5 m to 7.5 m, moist, soft plastic or 
fluid plastic, and paddy field segment. The moisture content 
is within 31.9%-43.6%, and the strata thickness is within 3.5 
m-7.5 m. (3) Fine sand: grey, slightly dense, saturated, and the 
main components are quartz and feldspar. The burial depth 
of the roof is 3.2-7.8 m. In the drilling reconnaissance, a soil 
sampler was used to collect several groups of undisturbed soil 
samples at the silty clay and mucky soil layers. Physical and 
mechanical property laboratory experiment of the collected 
samples was performed following the geotechnical testing 
regulations, and the soil physical and mechanical test indexes 
of different strata were obtained, including moisture content, 
unit weight, natural density, void ratio, specific gravity, cohe-
sion, and internal friction angle, as presented in Table 1. The 
moisture content in mucky soil is high in the study area with 
weak soil mass strength. Thus, it belongs to a soft soil layer. 

ECOENVIRONMENTAL IMPACTS OF CHANGYU 
EXPRESSWAY CONSTRUCTION 

Water Environmental Pollution 

Changyu Expressway construction threatens drinking water 
safety in the water conservation areas and is closely related to 
people’s health and social stability. Some drinking water and 
surface water conservation areas are rivers and conveyance 
canals with large drainage area and long flowing length. 
Expressway construction certainly passes through or spans 
in some drinking water and surface water conservation areas. 
During the construction period, the generated pollutants and 
water and soil losses will be diffused into water sources, 
thereby leading to water pollution. The construction 

materials, such as asphalt, oil, and chemicals, will cause 
water environmental pollution if improperly kept and washed 
by rainwater to enter the water body during the construction 
period. In the construction period of the riverside road 
segment, the soil will be washed by rainwater into the river 
during subgrade and pavement construction, thereby causing 
partially high content of suspended matter in the river. 
Production wastewater in the construction period, domestic 
wastewater of the construction camps, and sewage from toll 
station and curing area in the operation period will generate 
adverse effects on the surrounding water body. 

Vegetation Damage 

Changyu Expressway is located in a flat area. Intensely dis-
turbed by human activities, natural vegetations are mainly 
drought-resistant, barren, and heliophilous herbs, along with 
some heliophilous undershrub, and the biomass is low. Dif-
ferent from plants, animals are mobile and can proactively 
avoid damage. Changyu Expressway project construction 
will not generate an extreme effect on the diversity or pop-
ulation quantity of bird and reptile-type wildlife species, 
especially on the degradation of bird diversity, and will not 
have any influence on wildlife habitats. The heaps of debris 
during the construction will induce rats, mosquitos, snakes, 
and frogs. However, these living organisms will seek hab-
itats again after the construction is completed. The noise, 
light, waste gas, vibration, and pavement runoff pollutants 
in the operation period will pollute the living environment 
of animals, break their original life pace, reduce their living 
environmental quality, and force them to seek for other ac-
tivity and living places. This expressway belongs to a closed 
project with a certain obstructing effect on animals. However, 
a certain quantity of bridges and culverts is reserved in the 
design phase for animals to pass through the expressway. 
The animals present two-side extended distribution along the 
expressway, which is taken as aisle. Thus, this expressway 
has a minor obstructing effect on normal animal communi-
cation and foraging. 

Heavy Metal Pollution 

The heavy metal pollution generated by expressway trans-
portation mainly derives from fuel consumption, wear of 
automobile metal parts and tyres, and chemical substances 

Table 1: The summary sheet of physical and mechanical indexes of foundation soil in the test segment.

Soil type Moisture content
Unit weight

gw (kN/m3)

Natural density

(g/cm3)
Void ratio

Specific 

gravity

Cohesion

(kPa)
Internal friction angle (°)

Silty clay 20.1% 17.2 1.96 0.83 2.75 40.95 21.5

Mucky soil 35.3% 15.9 1.79 1.25 2.56 14.95 7.9
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released by pavement materials and curing chemicals. The 
heavy metals are diffused in the particulate form together 
with atmospheric diffusion in tail gas form, pavement sput-
tering dust diffusion, and surface runoffs, and are accumu-
lated in the soil at the two sides of the road. The generated 
polluting metallic elements come from fuels, engine oil, tyre 
wear, braking wear, and vehicle exhaust catalysts. The mass 
monitoring data manifest that the soil at the two sides of 
Changyu Expressway is polluted by toxic metallic elements 
to different degrees where the pollution caused by Pb and 
Cd is the most serious, followed by Zn and Cu. 

Water and Soil Losses 

During the main construction process of Changyu Express-
way, the construction links, such as subgrade and mountain 
excavation, and construction of a large number of tunnels, 
bridges, and culverts generate many spoils and waste slags, 
resulting in farmland and vegetation damage and exposed 
surface and degradation of soil erosion durability. The sur-
face soil should be first peeled off and stored and backfilled 
when soil is collected in the borrow area, easily causing 
water and soil losses because of rainfall or gale weather. The 
slope formed by piling of spoils and waste slags will easily 
undergo water erosion and serious man-made water and soil 
losses and will induce debris flow disaster if not protected 
with engineering measures or afforestation measures. Many 
construction roads will be built in the construction period, 
and numerous heavy trucks running on the road during the 
construction will damage the pavement and generate a large 
quantity of raised dust. Stock ground, mixing field, and 
precast yard stacked with soils, stones, and sands will also 
experience serious water and soil losses if they are untimely 
protected as requested. 

Geological Disaster 

The expressway construction-induced landslide mainly oc-
curs during the construction process. For instance, mountain 
excavation reduces the supporting force of slope rock mass 
and triggers landslide. Taking earth at the slope foot may 
cause landslide at the fragile part of the slope. In the zone 
with unstable rock masses, engineering blasting activity 
will trigger landslides. In the mountainous area, a landslide 
triggered by expressway construction is the main geological 
disaster. Abandoning spoils and building structures at the 
trailing edge of ancient landslide enlarges the additional 
stress, and thrust load-type landslide is generated because 
of increasing gliding force. Excavating a large quantity of 
earthwork will intercept the shallow buried aquifer and 
destruct shallow groundwater system, making it impossible 
for underground water to flow toward lower reaches, causing 
outcrop of groundwater appearing at cutting slope or sub-

grade bottom, degrading the stability of highway subgrade 
and slope, and causing a landslide. A geological disaster, 
which is a common existence in the expressway construction 
process with strong destructive effect, is debris flow. During 
the expressway construction process, the vegetations along 
the expressway will be damaged, the bare area of soil mass 
will be increased, and enormous spoils will be generated 
because of earth excavation, these conditions result in many 
loose matter sources for the occurrence of debris flow, and 
heavy rainfall highly induces debris flow. 

ENVIRONMENTAL PROTECTION MEASURES IN 
CHANGYU EXPRESSWAY CONSTRUCTION 

Reasonable Route Selection and Strengthened 
Planning 

Reasonable route selection is the precondition for relieving 
the negative eco-environmental impacts of expressway 
construction. The route selection should evade areas with 
good forest cover or eco-environmentally sensitive areas 
with special functions and occupy less cultivated land, es-
pecially basic farmland. High-tech surveying methods and 
monitoring means, such as precise surveying and mapping 
and reconnaissance via 3S technology, should be adopted in 
reasonable route selection. The expressway should be kept 
away from segments with unstable geological conditions, 
such as fracture and karst cave, to prevent geological disas-
ters in the construction process. The route selection scheme 
should be optimized to obtain a route selection scheme con-
sidering economic and ecological benefits. Environmental 
protection and ecological experts can be invited to participate 
in the entire expressway planning and design and evade some 
foreseeable problems. The experience and lessons should 
be summarized and problem causes should be analyzed 
following the planning and design based on the construction 
conditions of the already completed project and the ecolog-
ical environmental status of the project to be constructed. 
The next stage of work should be concretely arranged after 
overall planning and coordination to ensure that ecological 
priority principle is conducted. The coordination with the 
surrounding environment should be realized as possible to 
promote the entire green expressway construction. 

Strengthen Environmental Protection and Prevent 
Water and Soil Losses 

The ecological environmental protection work must be timely 
tracked in the expressway construction process, including 
water and soil conservation and prevention of water and 
soil losses. Earth excavation and backfilling should not be 
conducted in the rainy season. The average precipitation is 
large in the south and small in the north of Jilin Province 
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where Changyu Expressway is located, and many mountains 
but few hills are found in this area. The precipitation is larger 
than those on plains and hills of the same latitude because 
of high altitude. The precipitation distribution is relatively 
nonuniform in Jilin Province in different seasons, and the 
rainy season in the south is different from that in the north. 
Therefore, the rainfall laws in different areas should be under-
stood in Changyu Expressway construction, earth excavation 
and backfilling should be completed, and water and soil 
conservation work should be conducted to prevent secondary 
disasters, such as water and soil losses before the rainy season 
comes. Slope protection measures, including slope cutting or 
graded slope cutting, should be taken. During the subgrade 
excavation process, temporary settling pond should be set 
where surface runoffs meet to intercept sediments brought 
by the surface runoffs. After the subgrade is built, the settling 
pond should be timely bulldozed for plant plantation or land 
reclamation. Different water and soil conservation measures 
should be taken in different stages in accordance with the 
project features. The soil and water conservation measures 
in the construction period should centre on engineering 
measures, assisted by biological control measures. The site 
of the borrow area should be reasonably planned and origi-
nal spoils should be scientifically utilized. In the operation 
phase, high importance should be attached to subgrade slope 
protection, and flexible slope protection-dominated biologi-
cal environmental engineering technologies should be used 
under most circumstances. These conditions can improve 
landscapes and contribute to ecological self-recovery in the 
natural recovery period. 

Enhance Atmospheric Pollution Detection and Reduce 
Sewage Discharge 

Atmospheric pollution is mainly controlled during the op-
eration period. Although the raised dust in the construction 
period will generate adverse effects on field constructors and 
periphery villagers, extremely good dust removal effect can 
be reached by watering on the construction site. The primary 
atmospheric pollution source in the expressway project is 
motor vehicle exhaust emission during the operation period. 
During the operation period, related departments should 
strictly conduct motor vehicle exhaust emission testing 
system and forbid vehicles with exhaust gas emission ex-
ceeding the limit to run on the road through spot check at toll 
stations. The quality of oil products should be strictly con-
trolled at gas stations in service areas along the expressway 
to reduce pollutant discharge from the source. The sewage 
discharge should be reduced through optimization design. 
The sewage discharge system in the expressway area and 
domestic sewage treatment scheme for supporting facilities 
have great water environmental impacts in the expressway 

project. Measures should be taken as early as the construction 
planning phase of Changyu Expressway. Surface drainage 
will be mixed with oil leaked by automobiles. Thus, pave-
ment sewage should be discharged into a biological pond 
for oil removal, sedimentation, and purification or it may be 
discharged into the urban sewage treatment system together 
with domestic sewage generated by supporting facilities. 

Reinforce Vegetation Recovery and Lessen Impacts on 
Animal Living Environment 

The existing roads should be used to transport building 
materials or earth as possible. All types of vehicles should 
strictly run on the existing roads or the built construction 
roads and should not take shortcuts because this may grind 
crops and surface vegetations. Crops and vegetations around 
the construction site should not be destructed, temporary 
facilities and temporary projects should be reasonably 
planned and designed, and arbitrary construction should be 
forbidden. The construction areas involving forest land and 
fire risk should be monitored during the construction period 
to prevent fire disasters. The trees should be moved out for 
afforestation at other places when deforestation is essential 
for the main construction and temporary land use. Plants 
should be cultivated on the slope and new plant communities 
can be established to reach the goals of recovering the ecol-
ogy and controlling water and soil losses. The afforestation 
project should highlight the characteristics of Anhui, centre 
on block plantation with prominent large colour lumps and 
large lines. Safety and environmental aesthetic effect should 
be considered, and attention should be paid to unification 
and coordination of road cultural and greenery landscapes. 
Wildlife aisle should be set below the main works to ensure 
normal foraging, reproduction, and interpopulation connec-
tions. The corresponding dedicated animal aisles should be 
set or the number of highway culverts should be increased 
and animal, deceleration, and no totting signs should be set 
at road segments where nationally protected wild animals 
come and go, including road segments where endangered 
species pass through. The forest region construction scheme 
should be optimized, the construction progress should be 
accelerated, the construction time in the forest region should 
be shortened, and blasting operation should be avoided to 
the greatest extent to avoid disturbing wild animals. The 
construction in the peak period of wild animal activities 
should be avoided, such as avoiding high-noise operations, 
such as blasting and piling in the morning, at dusk, and in 
the evening. Building materials, cement, oil products, and 
chemicals containing hazardous substances should not be 
stacked nearby water bodies, such as rivers and lakes, and 
wastes in the construction should not be locally poured or 
thrown into water bodies.



1201INFLUENCE OF EXPRESSWAY CONSTRUCTION ON ECOLOGICAL ENVIRONMENT

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

CONCLUSION

The ecological environmental impacts of expressway con-
struction projects in China are mainly manifested by surface 
vegetation damage in areas along the expressways and land 
occupation and ecological problems and water and soil losses 
arising out of the expressway construction. Taking reliable 
and feasible control measures in the expressway construction 
period can reduce the destruction of the ecological environ-
ment on the two sides of the expressway to the minimum 
level. Taking Changyu Expressway in China as an example, 
the literature regarding environmental pollution caused by 
expressway construction were combined, and the ecological 
environmental impacts of expressway construction were 
analyzed in this study. The study results manifest that the 
expressway constructions around the world have unavoidably 
aggravated the destruction of regional ecosystems. Changyu 
Expressway has formed environmental impacts in five as-
pects, namely, water environmental pollution, vegetation 
deterioration, heavy metal pollution, water and soil losses, 
and geological disaster. The proposed measures include 
strengthening expressway construction planning, preventing 
water and soil losses, enhancing waste gas and sewage detec-
tion, and reinforcing vegetation and animal protection. Future 
in-depth studies, including continuing grading evaluation of 
ecological environmental impacts of expressway construction 
projects, perfecting environmental evaluation index system 
and ecological environmental influence model of expressway 
region, and improving the evaluation method of ecological 
risk and human health risk caused by expressways, should 
be conducted. 
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ABSTRACT

Groundwater is the most important resource for human consumption and the support of habitat and for 
maintaining the feature of base flow to river courses, while its quality is necessary to ensure sustainable 
safe exploit of the resources for all purposes. The untreated or inappropriate industrial effluents 
discharge on the surface causes harsh groundwater pollution in the industrial area of the nation. 
Sixty groundwater samples have been collected from boreholes and water samples were analysed to 
examine the groundwater quality of Avinashi-Tirupur-Palladam region. The samples were examined for 
the physico-chemical parameters like pH, electrical conductivity (EC) and total dissolved solids (TDS), 
major cations like calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+)  and major anions 
like bicarbonate (HCO3

-), carbonate (CO3
2-), chloride (Cl-), nitrate (NO3

-) and sulphate (SO4
2-), along 

with fluoride. The abundance of major cations and anions was investigated. Spatial distribution map 
based on total dissolved solids indicates that the Noyyal and Nallar river basins, central regions of 
the study area, are more affected. The chemical parameter data of groundwater samples of the study 
area are plotted in Gibbs’s diagram. Based on the Piper diagram, different water types were identified. 
Hydro-chemically, the quality of the groundwater for human consumption was determined. The ion 
concentration distribution indicates that most of the groundwater sample locations in the study area are 
not suitable for domestic use. 

INTRODUCTION

Water is one of the most crucial factors determining the 
quality of life of the people. Change of climate and grow-
ing disruptions in the rainfall patterns, industrial activities 
and soil moisture directly affect the water availability and 
its quality for drinking and agriculture purposes. The latest 
patterns of climate changes and groundwater deficit reflected 
the depletion of water sources and deterioration of ground-
water quality in many regions of the world (Raju et al. 2014, 
Toumi et al. 2015). Recently due to rapid industrialization 
severe environmental problems in most of the regions, due 
to improper discharge of effluents into river site by industries 
such as textile, dyeing, paper processing industries have been 
found (Hwang et al. 2017). Groundwater quality is being 
modified when it is in the course of movement during the 
hydrological cycle and various processes such as transpira-
tion, evaporation, exchanges of cation/anion, dissociation 
of different minerals, mixing of local waters (Selvarani 
& Elangovan 2009). The disparity on the concentration 
of different hydro-geochemical constituents dissolved in 
groundwater resolves its usefulness for household, industrial 
and agricultural uses (Samson & Elangovan 2011). Study of 

aquifer hydro-chemical characteristics of water is critical 
for management plan and study skims in the study area and 
chemical species of groundwater are regarded as valuable 
information on the geological account of the aquifers and the 
suitability of various usages (Elangovan & Rani 2017). Eval-
uation and management of groundwater possessions require 
an understanding of hydro-chemical and hydro-geological 
properties of the aquifer (Umar et al. 2001). Groundwater 
quality refers to the physico-chemical and natural character-
istics of water (Santhosh & Revath 2014). Investigation on 
the geochemical processes to control groundwater chemical 
composition in and around the river path may lead to im-
proved understanding of the hydro-chemical system in such 
areas. The studies contribute to effective management and 
utilization of the groundwater resources. Textile processing 
plants generally employ synthetic and cotton fibres, include 
an integrated operation system of printing and dyeing, ap-
plying a broad variety of organic dyes and full assortment 
stages of fabric processes such as starching, singeing and fire 
retarding (Achwal 1997). Each stage requires water which is 
finally eliminated as wastewater carrying chemicals used in 
each state with it (Villegas-Navarro et al. 2001). New tech-
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nologies such as remote sensing and GIS have proved to be 
valuable for understanding the geological environment and 
geomorphologic conditions accompanied by conventional 
survey systems (Solomon & Quiel 2006). It is familiar that 
a contaminated environment has a detrimental effect on the 
health of people, life of animal and vegetation. During the 
last few years, there has been information about undesirable 
changes in the quality of groundwater by the people inhab-
iting the study area (Sujatha & Reddy 2003).

MATERIALS AND METHODS

The study area lies between latitudes 1100’10°” N-1130’12°” 
N and longitudes 7700’10°” E-7730’28°” E (Fig. 1) with a 
geographical area of 450 km2

. The study area accounts for 
90% of India’s cotton knitwear export value estimated as 
3,500 crores. Tirupur is the prime garment exporter in India 
and it is referred to as the textile valley of India. The study 
area covers Tirupur taluk, parts of Avinashi and Palladam 
taluks which are characterized by undulating terrain with the 
height ranging between 290 and 320 meters above the mean 
sea level and slanting gradually from west to east direction. 
The Noyyal river runs all across the study area, almost di-
viding it into two halves. The various types of soils of the 

study area are red calcareous, brown soil and non-calcareous 
soil.  Geologically, the area is underlain by a broad range 
of high-grade metamorphic gneissic complex (Arumugam 
et al. 2015). The drainage pattern is the dendritic form (Fig. 
2) and they have been found to continue from the Western 
Ghats. NE-SE trending lineaments are less in number and 
observed at wide intervals. The geomorphic units exposed 
from the study area are pediments, shallow pediments, 
duricrust and shallow buried pediments. The common rock 
type of the area is hornblende-biotite-gneisses (unclassified 
gneiss) pink granite, charnockite and complex gneiss along 
with alluvial rocks and limestones (Fig. 3).

For assessing the groundwater pollution, 62 groundwater 
samples from the boreholes have been collected and analysed 
for physico-chemical parameters such as pH, electrical 
conductivity (EC) and total dissolved solids (TDS), major 
cations viz., calcium (Ca2+), magnesium (Mg2+), sodium 
(Na+), potassium (K+)  and major anions viz. bicarbonate 
(HCO3

-), carbonate (CO3
2-), chloride (Cl-), nitrate (NO3

-) and 
sulphate (SO4

2-), in the laboratory by the standard methods 
given by the American Public Health Association (APHA 
1995). The groundwater sample locations were selected for 
covering the entire study area and attention was given to the 

 

Fig. 1: Sample locations of the study area.  

               
Fig. 2: Drainage network of the study area.               Fig. 3: Geology of the study area. 
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areas where toxic waste is expected. About one-third of the 
sampling stations are within the Tirupur city area and the re-
maining sampling stations are parts of Palladam and Avinasi 
taluks. Sampling was conceded using pre-cleaned polyeth-
ylene containers. The groundwater samples were evaluated 
following the drinking water quality standards given by the 
World Health Organization (WHO 1993) and Bureau of 
Indian Standards (ISI 2012).  The solution of groundwater 
should be electrically neutral. However, they are rarely equal 
in practice. The variation increases as the ion concentration 
value increases (Raju 2006). The exactness of the chemical 
analysis was verified by calculating ion-balance errors where 
the errors are generally about 10% (Subramani et al. 2005).

RESULT AND DISCUSSION

To evaluate the quality of subsurface water to find its suit-
ability for domestic purposes, groundwater samples were 
collected from the study area. The major issue which decides 
the quality of its groundwater in the study area is textile 
industrial units and their processes. The water quality may 
give information about the environment through which the 
water has disseminated. The results of the analytical data 
of the chemical parameters and the statistical parameters 
such as minimum, maximum, mean and median are given 
in Table 1. For understanding the distribution pattern of the 
different ion concentration of the parameters, contour maps 
were generated. Electrical conductivity (EC) values ranged 
from 847 µS/cm to 9,940 µS/cm  with mean and median 
values  of 2,738 µS/cm  and 2,235 µS/cm respectively. The 

large disparity in EC is mostly attributed to anthropogenic 
activities and the geochemical course prevailing the region. 
The values of pH ranged from 6.62 to 8.26 with an average 
value of 7.71.  The values show that the samples of the 
groundwater of the study area are mostly alkaline. However, 
in all the sample locations, the pH of the groundwater is 
within the permissible limits. 

To determine the appropriateness of groundwater for any 
purpose, it is essential to categorize the groundwater based 
on its hydro-chemical properties like TDS values (Davis & 
Dewiest 1996, Freeze & Cherry 1979). The total dissolved 
solids of the groundwater samples have ranged from 550 to 
5,998 mg/L with the average and median values of 1,771 mg/L 
and 1,552 mg/L. This overall evaluation of mean and median 
values indicates that the water in the study area is unfit for 
drinking purpose. The spatial distribution map for the TDS 
prepared using GIS software is illustrated in Fig. 4. The study 
indicates that all the groundwater samples exceed the desirable 
limit of 500 mg/L. Moreover, Noyyal and Nallar river basins 
are highly affected by different anthropogenic activities.  

The concentration of cations Ca2+, Mg2+, Na+ and K+ ions 
ranged from 2 to 915, 0 to 485, 25 to 1,123 and 7 to 271 mg/L 
with a mean of 168, 94, 226 and 69 mg/L respectively. The 
order of abundance of the cations is Ca 2+ > Mg2+ > Na+ > 
K+. The anion concentrations, HCO3

-, SO4
2-, Cl-, NO3

- and 
CO3

-  range from 140 to 789, 0 to 1215, 36 to 3195, 0 to 572 
and 0 to 282 mg/L with a mean of 413, 162, 548, 78 and 
54 mg/L respectively.  The order of dominance of anions is 
Cl- > HCO3

- > SO4
2- > NO3

- > CO3.  Hydro-geochemical 
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9,940 µS/cm  with mean and median values  of 2,738 µS/cm  and 2,235 µS/cm respectively. The 

large disparity in EC is mostly attributed to anthropogenic activities and the geochemical course 

prevailing the region. The values of pH ranged from 6.62 to 8.26 with an average value of 7.71.  

The values show that the samples of the groundwater of the study area are mostly alkaline. 

However, in all the sample locations, the pH of the groundwater is within the permissible limits.  

 

 

 

 

 

 

 

 

Fig. 4: Spatial variation of total dissolved solids. 
Fig. 4: Spatial variation of total dissolved solids.

Table 1: Drinking water specifications given by ISI (2012) and WHO (1993), and summary statistics of groundwater parameters.

Water quality parameters

ISI (2012) WHO (1993)
Minimum  
concentration

Maximum  
concentration

Mean MedianMaximum  
permissible

Maximum  
permissible

EC (µS/cm) - - 847 9,940 2,738 2,235

pH 6.5-9.2 6.5-9.5 6.62 8.26 7.71 7.55

TDS (mg/L)  1,500 1,500 550 5,998 1,771 1,552

TH as CaCO3 (mg/L) 600 500 214  3,610 788 627

Ca2+ (mg/L)  200 200 29 915 168 128

Mg2+ (mg/L)  100 150 0 485 94 75

Na+ (mg/L)  - 200 25 1,123 226 159

K+ (mg/L) - 12 7 271 69 52

HCO3
- (mg/L)  300 - 140 789 413 398

CO3
2- (mg/L)  - - 0 282 54 28

Cl- (mg/L) 1,000 600 36 3,195 548 396

NO3
- (mg/L) - 45 0 572 78 61

T. Alk (mg/L) 600 - 211 734 435 429

SO4
2- (mg/L) 400 400 0 1,215 162 99

F- (mg/L)  1.2 1.5 0 2.11 0.71 0.61

processes such as ion exchange processes, precipitation, 
and the residence instance along the flow path control the 
chemical composition of the region (Nwankwoala &  Udom  
2011). Process of evaporation increases salinity by increasing 
sodium and chloride with the increase of TDS. Lack of good 
drainage setting, semi-arid climate conditions, gentle slope, 
and residence time of the groundwater also contribute to the 
quality of groundwater  (Subba Rao 2006). According to 
Gibb’s diagram the ratio of Na+ : (Na+ + Ca2+) and Cl- : (Cl- + 

HCO3
- ) is a function of TDS. It is extensively used to review 

the functional sources of dissolved chemical parameters such 
as evaporation-dominance, precipitation-dominance and 
rock-dominance (Gibbs 1970). The data of the groundwater 
samples of the study area are plotted in Gibbs’s diagram. The 
distribution of the groundwater sample locations suggests 
that the chemical weathering of rock-forming minerals and 
evaporation control the quality of groundwater in the study 
region (Fig. 5). 
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Table  2:  Relative abundance of major cations and anions for groundwater samples.

Sl . No. Cations %  of samples Anions % of samples

1. Na > Ca > K > Mg 30.68 HCO3  > Cl  > SO4 > NO3 24.17

2. Na > Ca > Mg ≥ K 24.19 HCO3  >  C l > NO3 > SO4 20.97

3. Ca > Na > Mg > K 11.29 Cl  > HCO3  >  SO4  >  NO3 25.81

4. Na > K > Ca > Mg 09.68 Cl > HCO3 > NO3 > SO4 11.29

5. Ca > Na > K > Mg 01.62 NO3 > HCO3 > Cl > SO4 -

6. Ca > Mg > Na > K 12.90 HCO3 > NO3 > Cl > SO4 01.62

7. Mg > Ca > Na > K 03.22 HCO3 > SO4 > Cl > NO3 06.45

8. Na > Mg > Ca > K 04.80 Cl > SO4 > HCO3 > NO3 08.07

9 Mg > Na > K > Ca 01.62 SO4 > Cl  > NO3 > HCO3 01.62

The concentration of major ions of the groundwater sam-
ples has been used to categorize groundwater into different 
types based on main cations and anions. The majority of the 
graphical methods have been intended to simultaneously 
represent the TDS concentrations and the relative extent of 
certain major ions. Piper diagram is generally used graphi-
cally to understand the problem concerning the geochemical 
assessment of groundwater. The diagram (Fig. 6) shows 

the different water types such as calcium-sodium-bicarbo-
nate-chloride (Ca-Na-HCO3-Cl), sodium-bicarbonate-chlo-
ride (Na-HCO3-Cl), calcium-sodium-chloride (Ca-Na-Cl), 
calcium-bicarbonate-chloride (Ca-HCO3-Cl), calcium-bi-
carbonate (Ca-HCO3), calcium-sodium-bicarbonate (Ca-Na- 
HCO3) and calcium-chloride (Ca-Cl).  The abundance of the 
cations and anions based on dominance is given in Table 2.  
Substratum containing fluoride minerals is usually respon-
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sible for a high concentration of the ion in groundwater and 
industrial contaminations of the atmosphere and vegetation 
by fluoride have been a severe problem.  Small doses (0.5 to 
1.00 mg/L) have a significant influence on the dental system, 
while in higher doses (> 1.5 mg/L), causes issues of dental 
fluorosis and gastrointestinal fluorosis (Sahu & Vaishnav 
2006). The fluoride concentration of the groundwater samples 
ranges from 0 to 2.11 mg/L with the mean value of  0.71 mg/L. 

CONCLUSION

The hydro-chemical parameter analysis of the investigation 
reveals that the study region is alkaline.  Noyyal and Nallar 
river basins are more affected by anthropogenic activities. 
The order of abundance of the cations is Ca2+ > Mg2+ > Na+ 
> K+ and anions is Cl- > HCO3

- > SO4
2- > NO3

- > CO3. Based 
on the Piper diagram, the alkalies (Na+ and K+) significantly 
exceed the alkaline earths (Ca2+ and Mg2+), and strong acids 
(Cl- and SO4

2-) exceed the weak acids (HCO3
-  and CO3).  

The distribution of the groundwater sample locations proves 
that the chemical weathering of the rock-forming minerals 
and evaporation process control the quality of groundwater 
in the study region.  The investigation proves that most of 
the groundwater samples of the study area are not suitable 
for domestic use.
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ABSTRACT

This study explored Microbially Induced Calcite Precipitation (MICP) technology to improve the 
engineering properties [i.e., unconfined compressive strength (UCS)] of granite residual cemented-
soil through calcite precipitation. The influence of age and cement mixing ratio on strength, stiffness 
and the stress-strain relationship of MICP induced calcite precipitation in granite residual cemented-
soil was investigated. Scanning electron microscope (SEM) was used to analyse the microstructure 
characteristics of the cemented-soil. Based on the results, the cemented granite residual soil 
reinforcement mechanism was proposed. The following conclusions were obtained: (1) MICP 
technology can significantly enhance and improve the engineering properties such as strength, stiffness 
and toughness of cemented-soil. Compared with the control group, the maximum growth rate of the test 
group was 87.5%, and the maximum growth rate of the elastic modulus was 141.18%; (2) Soil particles 
were cemented through MICP technology, making the cemented-soil surface denser; (3) The MICP 
technology makes the cemented-soil treatment method more sustainable for its use in improving the 
stability of geo-structures.

INTRODUCTION

The granite reserves in the southern region, including Hong 
Kong and Macao, are widely distributed, mainly in low 
hilly areas (Chen 2007). Granite residual soil is a special 
type of soil with a small gap in its mineral composition in 
different regions. In Guangdong, the content of kaolinite in 
granite residual soil is between 70% and 94%. Besides, the 
granite residual soil also has engineering properties such 
as water disintegration, and strong hydrophilicity. Lin et 
al. (2011) performed a series of studies on the properties 
of granite residual soil with reduced strength and softening 
under different water contents (Zhang 2009, Liang et al. 
2015). This kind of property makes it a great safety hazard 
in the extreme climate, especially in the rainstorm season. 
At present, it is usually adding cement to improve the shear 
strength and resistance to disintegration ability. Liu et al. 
(2018) used fly ash to improve granite residual soil. The 
experimental results showed that adding a certain amount 
of fly ash to granite residual soil can significantly improve 

its water stability. However, most of the chemical slurries 
synthesized with external admixtures are toxic, which also 
cause environmental pollution (Karol 2003).

Microbially Induced Calcite Precipitation (MICP) is 
a new technology that has evolved in recent years along 
with the continuous development of discipline-crossing on 
environmental sciences and civil engineering. It is a series 
of biochemical reactions in bacterial metabolism to produce 
a cementation process of calcium carbonate, which does not 
produce toxic substances, is environmentally friendly and 
efficient. MICP technology has been applied in many fields, 
such as sewage treatment, concrete material repair, anti-seep-
age repair, soil remediation of heavy metal pollution, soft 
foundation reinforcement and improvement. The solutions 
used in MICP technology (including bacterial solution and 
cement solution) have lower consistency than traditional 
chemical slurries and are more likely to penetrate the interior 
of rock and soil (Chu et al. 2012), which has obvious effects 
on deep cracks or deep rock soils (Ivanov & Chu 2008).
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The application of Bacillus mixed nutrient solution and 
cement solution to degraded limestone can deposit calcium 
carbonate on the limestone surface and greatly reduce the 
water absorption coefficient of the limestone surface (Dick 
et al. 2006). 

Whiffin et al. (2007) first proposed the use of microbial 
induced calcium carbonate to cement sand and proved that 
the method is effective. Van et al. (2010) used MICP tech-
nology to carry out a large-scale in-situ sand test of 100m3, 
successfully cementing nearly 1/2 of the sand together, and 
proved that the mechanical strength of the sand treated by 
MICP technology improved substantially. In addition to the 
research on the strength, a large number of scientific research 
results have been obtained in terms of stiffness (Lin et al. 
2011), permeability (Fang et al. 2015, Jia et al. 2016), and 
durability (Huang et al. 2018, Peng et al. 2019).

At present, the use of MICP technology mainly focuses 
on the single use of the technology to reinforce the soil, while 
the MCP technology is less used in combination with other 
types of external additives such as cement, to strengthen 
the soil. Mukherjee et al. (2013) stirred bacteria and cement 
soil into cement bricks. The results showed that the water 
absorption and porosity of the cement bricks treated by MICP 
were significantly reduced, and the compressive strength 
was improved. Liang et al. (2019) investigated the effects 
of different calcium sources on the shear strength of granite 
residual soil. The results showed that the shear strength of 
granite residual soil treated by MICP technology was im-
proved. When calcium acetate was used as a calcium source, 
the curing effect of MICP was improved better.

Based on the above results, this study researched the 
engineering characteristics of cement-soil treated by MICP 

technology. It is expected that the strength of cement-soil 
can meet the engineering needs in the shorter curing age and 
lower cement dosage.

MATERIALS AND METHODS 

Materials

Soil preparation and physical and mechanical properties: 
The soil used in the test was granite residual soil and baked 
at 105°C for 24 h, crushed and passed through 2 mm sieve. 
The basic physical and mechanical indexes were determined 
according to the “Standard for Geotechnical Test Methods” 
(GB/T50123-1999), as given in Table 1. The kind of cement 
was P.O 42.5.

Preparation of bacterial solution and cement solution: 
The strain used in this experiment was Sporosarcina pasteurii 
(China General Microorganisms Collection and Management 
Center, No. CGMCC 1.3687). The culture medium was 
prepared according to the 0907 medium (Table 2) provided 
by CGMCC, and the pH was adjusted to 8.0. They were put 
then into the high-pressure steam sterilization pot, and later 
into the aseptic operating table and cooled. The activated 
bacteria were inoculated into 200 mL culture medium in a 
250 mL Erlenmeyer flask in a constant temperature shaking 
incubator (30°C, 150 r/min), and after culturing for 24 to 36 
hours, the OD600 = 0.8 was determined. The cement solution 
was 1 mol/L CaCl2 and 1 mol/L urea.

Methods

We set two groups, one group was ordinary cement-soil, and 
the other group was microbial cement-soil. The moisture 
content of each group of cement soil was 25%. Table 3 gives 
the mixing ratio of cement-soil in the test group, and Table 4 
the mixing ratio of cement-soil in the control group.Table 1: Basic physical properties of granite residual soil.

Physical index Value

Water content (%) 28.5

Density (g.cm-3) 1.93

Void ratio 0.78

Liquid limit (%) 34.2

Plasticity index 11.5

Table 2: 0907 Sporosarcina pasteurii medium.

Number 0907

Content

Peptone 5.0 g

Beef extract 3.0 g

Urea 20.0 g

Deionized water 1.0 L
Table 3: Cemented-soil mix proportion of the test group.

Soil mass (g) 1800

Water content (%) 25

Cement ratio (%) 10, 15, 20

Cement mass (g) 180, 270, 360

Total mass of solution (g) 540, 585, 630

Bacterial fluid mass (g) 360, 390, 420

Urea mass (g) 90, 97.5, 105

CaCl2 mass (g) 90, 97.5, 105

Table 4: Cemented-soil mix proportion of the control group.

Soil mass/g 1800

Water content (%) 25

Cement ratio 10, 15, 20

Cement mass (g) 180, 270, 360

Water mass (g) 540, 585, 630
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Three parallel samples were set for each group. The 
sample size was 3.91 cm in diameter and 8.0 cm in height. 
Knockout time was 24 hours, then they were sealed with 
plastic sealed bags, and placed in a standard curing room for 
further maintenance. The curing conditions were: temper-
ature (25 ± 2) °C, relative humidity ³ 95%, and the curing 
age 7d, 14d, 28d.

RESULTS 

Result Analysis

Analysis of the UCS test: Taking average UCS values of 
three parallel samples as the intensity value, the results of 
the UCS test and analysis are given in Table 7. It can be 
seen from Fig. 1 that under the same age, the UCS value of 

the microbial enhanced cement soil is greater than the UCS 
value of the ordinary cement-soil, and the growth rates were 
51.85%, 87.5% and 47.37% at 7d; the growth rates were 
19.77%, 50.3% and 23.26%, at 14d; and the growth rates 
were 22.81%, 64.46% and 41% at 28d.

It can be seen from Fig. 2 that under the same cement 
mixing ratio, the UCS values   of the cement soils of the two 
groups increased with the increase of the curing age and the 
UCS value of the cement-soil of the experimental group is 
larger than that of the control group. When the cement ratio 
is 10%, the difference between the two groups is not large, 
and the difference increases with the increase of cement ratio. 
In the control group, when the cement ratio increased from 
10% to 15%, the growth rates are significantly lower than 
that of the test group. From the overall view of Fig. 2, the 
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UCS values of the test group were significantly larger than 
that of the control group when the curing age was 7 days, 
and the UCS values of the control group are similar to that 
of the control group at 14 days, indicating that the MICP 
technology can also play a significant role in reinforcing the 
granite residual soil.

The general formula (1) is obtained by linear fitting the 
curves of Fig. 1 and Fig. 2. The values   of each parameter 
are given in Table 5 and Table 6. As provided in Table 5 
and Table 6, the strength of cement-soil treated by MICP 
increases. The law of strength growth is more in line with the 

linear relationship, and the fitting effect is more significant.

 f = a + b × x

Stress-strain curves and analysis: Fig. 3 is the stress-strain 
curve at the curing age of 28d. It can be seen from Fig. 3 
(a) and (b) that the stress-strain curves of the cement-soils 
in both groups have undergone the compaction process in 
the initial stage, but the stress changes of the test group are 
smaller than that of the control group at the same strain; after 
the upper concave section, a section of the approximately 
straight line appears, and the deformation of the cement-soil 
conforms to the linear elastic relationship; after this stage, 

cement-soil of the control group tends to become larger. When the cement mixing ratios are 10%, 

15% and 20%, the strains of ordinary cement-soils are 2.89%, 3.01% and 3.64%, respectively, 

while the strains corresponding to the peak stress of the cement-soil in the test group show a trend 

of decreasing, and the corresponding strains of cement-soil are 5.85%, 4.79%, 2.80%. It shows 

that the addition of cement can improve the toughness of the residual soil, and the MICP 

technology can further improve the toughness of the cement-soil in the condition that the cement 

content is not high. 

Fig. 4 is the stress-strain curve of the two groups when the cement content is 15%. It can be seen 

from Fig. 4 (a) and (b) that the values of the UCS test of the two groups are related to the age of 

the curing. The strain corresponding to the peak stress of ordinary cement-soil in the control group 

is smaller than that in the test group, and the strains corresponding to the peak stress at the age of 

7d, 14d and 28d are 3.13%, 3.16% and 3.07%, respectively. The strains corresponding to the peak 

stress of the test group were 4.06%, 3.77% and 4.79%, respectively. It shows that at the same 

curing age, MICP technology can improve the toughness of cement-soil. According to the strain 

values corresponding to the peak stress of the two groups, it can be found that the influence of 

curing age on the toughness of cement soil is smaller than the cement mixing ratio.  
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 Fig. 3: Stress-strain curve of cement-soil corresponding to 28d age.

Table 5: Fitting results of UCS of the test group and the control group (refer to Fig. 1).

Group e (%) a b R2

Test group

10 0.635 0.027 0.998

15 1.555 0.061 0.993

20 2.265 0.092 0.959

Control group

10 0.400 0.027 0.897

15 0.870 0.041 0.772

20 1.710 0.065 0.597

Table 6: Fitting results of the UCS of the test group and control group.

Group T/d a b R2

Test group

7 -1.113 0.198 0.988

14 -1.623 0.268 0.998

28 -1.93 0.338 0.995

Control group

7 -0.880 0.136 0.954

14 -1.555 0.229 0.931

28 -1.208 0.225 0.955
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the curve becomes curved before the stress reaches the peak 
stress, accompanied by plastic deformation. When the stress 
peak is reached, the curve begins to fall and, the sample 
begins to break. From the comparison of (a) and (b), when 
the cement mixing ratio changes from small to large, the 
strain corresponding to the peak stress of the cement-soil of 
the control group tends to become larger. When the cement 
mixing ratios are 10%, 15% and 20%, the strains of ordinary 
cement-soils are 2.89%, 3.01% and 3.64%, respectively, 
while the strains corresponding to the peak stress of the ce-
ment-soil in the test group show a trend of decreasing, and 
the corresponding strains of cement-soil are 5.85%, 4.79%, 
2.80%. It shows that the addition of cement can improve 
the toughness of the residual soil, and the MICP technology 
can further improve the toughness of the cement-soil in the 
condition that the cement content is not high.

Fig. 4 is the stress-strain curve of the two groups when 
the cement content is 15%. It can be seen from Fig. 4 (a) 
and (b) that the values of the UCS test of the two groups are 
related to the age of the curing. The strain corresponding 
to the peak stress of ordinary cement-soil in the control 

group is smaller than that in the test group, and the strains 
corresponding to the peak stress at the age of 7d, 14d and 
28d are 3.13%, 3.16% and 3.07%, respectively. The strains 
corresponding to the peak stress of the test group were 4.06%, 
3.77% and 4.79%, respectively. It shows that at the same 
curing age, MICP technology can improve the toughness of 
cement-soil. According to the strain values   corresponding 
to the peak stress of the two groups, it can be found that the 
influence of curing age on the toughness of cement soil is 
smaller than the cement mixing ratio. 

Deformation modulus: The stress-strain curve shows that 
the initial compaction phenomenon exists in the cement-soil 
samples, and stress-strain relationship increases approxi-
mately linearly. The elastic modulus (E) is an important 
parameter to reflect an object resisting the elastic defor-
mation. It can be calculated according to the ratio of stress 
and strain in the elastic-strain curve of the stress-strain 
curve. The slope can be obtained through linear fitting the 
linear elastic stage of the stress-strain curve, which can be 
regarded as the elastic modulus. The calculation results are 
provided in Table 8.Fig. 3: Stress-strain curve of cement-soil corresponding to 28d age. 
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Fig. 4: Stress-strain curve of cemented-soil for cement mixing ratio of 15%. 
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fracture. It also can be seen from Fig. 5(a) and (b) that the difference between the elastic modulus 

becomes larger and larger with the cement mixing ratio increasing, while the effect in the control 

group is not obvious. When the cement mixing ratio is 15%, the elastic modulus of the test group 
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Table 8: Elasticity modulus of cemented-soil samples.

T/d

7 14 28

e (%)

10
T-E/MPa 0.27 0.56 0.61

C-E/MPa 0.21 0.48 0.55

15
T-E/MPa 1.14 1.63 1.7

C-E/MPa 0.69 0.75 0.99

20
T-E/MPa 1.9 2.41 3.28

C-E/MPa 0.84 1.1 1.37

Note: T-E represents elastic modulus of the test group, C-E represents elastic modulus of the control group
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It can be seen from Fig. 5 that the elastic modulus (E) of 
the two groups increases with the increase of the curing age 
and the cement mixing ratio. The elastic modulus of the test 
group is significantly larger than that of the control group, 
and the samples are more likely to exhibit brittle fracture. 
It also can be seen from Fig. 5(a) and (b) that the difference 
between the elastic modulus becomes larger and larger with 
the cement mixing ratio increasing, while the effect in the 
control group is not obvious. When the cement mixing ratio 
is 15%, the elastic modulus of the test group is 3.22 times, 
1.91 times, 1.79 times than the cement mixing ratio 10%, 
respectively. When the cement mixing ratio is 20%, the elas-
tic modulus of the test group is 0.67 times, 0.48 times, 0.93 
times than the cement mixing ratio 15%, respectively. When 
the cement mixing ratio is 15%, the elastic modulus of the 
control group is 2.29 times, 0.56 times, 0.8 times than that of 
the cement mixing ratio 10%, respectively. When the cement 
mixing ratio is 20%, the elastic modulus of the control group 
is 0.22 times, 0.47 times, 0.37 times than the cement mixing 
ratio 15%, respectively. According to the results in Table 7, 

the elastic modulus of microbial enhanced cement soil is the 
largest compared with ordinary cement soil at 7d, while the 
overall growth rate at 14d is lower than that of the other two 
groups. The cement-soil with cement mixing ratio 20% has 
the largest elastic modulus (3.28MPa), which is 1.41 times 
than that of ordinary cement with the same mixing ratio.

CURING MECHANISM

Cement hydration process: The cement hydration is the 
coagulation and hardening of the cement. When the cement 
meets water, it produces gelling substances, which can ce-
ment the soil particles, thereby increasing the strength of the 
cement-soil. The addition of the microorganisms will affect 
the cement hardening process, and in general, it will develop 
in a direction that is conducive to increasing the strength of 
the cement soil.

Pozzolanic effect: The strong pozzolanic effect can increase 
the strength of the cement soil at various ages, and the free 
oxides in the granite residual soil such as SiO2 and Al2O3 

Table 7: Summary of measured UCS of the cemented-soil samples.

T/d

7 14 28

e (%)

10
T-UCS/MPa 0.82 1.03 1.4

C-UCS/MPa 0.54 0.86 1.14

15
T-UCS/MPa 1.95 2.45 3.24

C-UCS/MPa 1.04 1.63 1.97

20
T-UCS/MPa 2.8 3.71 4.78

C-UCS/MPa 1.9 3.01 3.39

Note: T-UCS represents the values of UCS of the test group, C-UCS represents the values of UCS of the control group.
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also have a pozzolanic effect, thereby further amplifying the 
reaction (Goldman & Bentur 1993, Hou et al. 2014).

Filling and cementation effect: Fig. 6 is a comparison of 
scanning electron microscopy (SEM) results between the test 
group and the control group when the cement mixing ratio is 
15% and the curing age is 7 days. Comparing the figures (a) 
and (b), we can see that the surface of the cement-soil of the 
control group has many pores which are also large, while 
the surface of the cement-soil of the test group has very 
few pores at this magnification, and the surface is denser 
than the control group. (a) There are already gelatinous 
substances between the soil particles, however, some of 
the soil particles are not cemented, and the cement-soil is 
generally loose; (b) the soil particles are tightly cemented, 
and the cement-soil is generally denser. Calcium carbonate 
deposited by microorganisms has a cementation effect 
to further bond the soil particles, thereby increasing the 
strength of the cement soil.

CONCLUSION

MICP technology can effectively reinforce granite residual 
soil. Compared with ordinary cement-soil, the values of 
UCS of cement-soil with the added bacterial solution are 
greatly improved, and the maximum growth rate is 87.5%. 
Also, the UCS at the 14-day of the test group exceeded the 
unconfined compressive strength at the 28-day age of the 
control group.

The strain corresponding to the peak stress of the ce-
ment-soil treated by MICP is generally larger than that of 
ordinary cement-soil. The strain corresponding to the peak 
stress of the cement-soil decreases with the increase of the 
cement mixing ratio. However, the UCS of ordinary ce-
ment-soil increases with the increase of cement mixing ratio, 

indicating that cement hydration will increase the toughness 
of residual soil, but microbes will change this direction of 
action. The experimental results of the two groups show that 
the effect of curing age on toughness is small.

The elastic modulus values   of the two groups were ob-
tained by fitting the line segments of the stress-strain curve. 
The results show that the MICP technology can increase the 
elastic modulus of the cement-soil compared with ordinary 
cement soil. The maximum growth rate is 141.18%.

The mechanism of MICP technology to treat cement soil 
is cement hardening, pozzolanic reaction and filling effect. 
Due to the fine soil of granite residual soil and small pores, 
it will limit the living space of microorganisms to a certain 
extent, so in the microbial-cement slurry-soil system, these 
effects interact and work together, so the curing mechanism 
is very complicated. The curing effect and mechanism of the 
fine-grained soil on the concentration of bacteria and water 
are to be further studied.

In this study, the MICP t e chnology was successfully 
applied to the reinforcement of granite residual soil, which 
proved that the strength c haracteristics of cemented-soil 
treated by MICP technology were significantly enhanced. 
In the future, the effects of factors such as bacterial liquid 
concentration, calcium salt types and water content on the 
strength characteristics of cemented-soil will be studied. 
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ABSTRACT

Rajasthan generates 1055 million litres per day as wastewater, out of which 27 million litres is treated and 
nearly 1028 million litres untreated wastewater is discharged in various water resources. The present 
study is based on the impact of Kota stone or limestone mining on water resources. Among those 
villages and census towns, experiencing mining activity, a total of 26 surface water and groundwater 
samples were tested and analysed. Mining waste often creates eutrophication, toxification, temporary 
hardness and sometimes permanent hardness. The mining belt was 17.54 km2 in the year 2000 which 
further increased to 24.25 km2 in the year 2018. The parameters analysed were pH, EC, TDS, alkalinity, 
total hardness, calcium and magnesium hardness, DO, COD, chloride, sodium and potassium. The 
predictive mapping for the mining belt was executed in Arc GIS software using Inverse Distance 
Weightage (IDW) method. The mean of pH was 9.13, TDS 457.12 mg/L, total hardness 593.52 mg/L, 
calcium hardness is 205.54 mg/L, magnesium hardness 387.53 mg/L, COD 442.2 mg/L, Na+ 139.9 
mg/L, K+ 19.40 mg/L, Cl- 318.29, DO 3.04mg/L and alkalinity 14.02 mg/L.

INTRODUCTION

Karr (1986) gave five principal factors which comprise the 
integrity of surface water. The factors are flow and hydrology 
focussing on land use, velocity, high and low extremes of 
flow, precipitation, groundwater recharge and discharge. The 
second factor is habitat and structure focussing on vegetation, 
siltation, sinuosity, current, instream cover, gradient, channel 
morphology and bank stability. The third factor is energy 
source including nutrients, sunlight, seasonal cycles, organic 
matter and productivity. The fourth factor is biotic parameters 
including disease predation, competition and parasitism. The 
last factor is chemical parameters like solubility, adsorption, 
alkalinity, temperature, dissolved oxygen, pH, turbidity, 
hardness, organics, nutrients and toxins (Novotny 2003). 
By 2025, it is expected that water withdrawals will increase 
by 50% in the developed countries and 18% in developing 
countries (UNEP 2013). Even if we study the past statis-
tics, the same phenomenon can be seen, in the year 2001 
a $4 million study of 175 scientists from around the globe 
sponsored by United Nations summarized few issues such 
as half of the world’s wetlands have been drained destroying 
their habitats; except for Russia and Canada, all the indus-
trial nations have cleared their natural forests; agricultural 
land nearly 40% has been degraded due to erosion, natural 
depletion and water stress (Novotny 2003). World water 
development report by the United Nations in the year 2019 

states India in the category of the nations facing 25 to 70% 
physical water stress. Nearly 780000 deaths occurred due to 
inadequate water and sanitation services all over the world in 
the year 2018. The waterborne diseases remain a significant 
disease burden among vulnerable and disadvantaged group 
worldwide, especially among low-income economies, 4% of 
the population estimated about 25.5 million, suffered from 
diarrhoea in 2015, among which 60% were under the age of  
5 years (UNESCO 2019).

Hydrochemical analysis is of great significance to the sus-
tainable management of water resource utilization, protection 
of the ecological environment. Zhang et al. (2019) worked on 
the surface hydrochemistry of Syr Darya River in Kazakh-
stan at 39 locations and analysed regional hydrochemical 
characteristics and evaluated irrigational suitability of the 
regions. The cations studied were Na+, Ca2+, and Mg2+ and 
anions studied were SO4 

2- and Cl-. The main hydrochemical 
type was Ca-Mg-SO4-Cl-. 

The pH value of the study ranges from 7.95 to 9.31 and 
the mean value of dissolved oxygen is 8.96. the salinity of the 
surface water varied from 342 mg/L to 4014 mg/L. 94.87% 
of samples were above the limit of 500 mg/L (Zhang et al. 
2019). Groundwater aquifers were studied in Regina, Canadi-
an prairies. A total of 14 parameters were selected including 
eight trace metals: arsenic (As), calcium (Ca), magnesium 
(Mg), manganese (Mn), potassium (K), sodium (Na), and 
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uranium (U), as well as seven anionic species and groundwa-
ter parameters: bicarbonate (HCO3

-), chloride (Cl-), sulphate 
(SO4

2-), total dissolved solids (TDS), total hardness (TH), 
pH and electrical conductivity (EC). A strong correlation is 
seen between sulphate and calcium, sodium and chloride, 
and sulphate and magnesium. Calcium and magnesium were 
also strongly correlated. 63.2 % of the samples fall in the 
doubtful to unsuitable and unsuitable according to Wilcox 
Diagram (Pan et al. 2019).

Soleimani et al. (2018) worked the groundwater qual-
ity for drinking and irrigational purpose in a rural area of 
Sarpol-e-Zahab city, Kermanshah province in Iran. Thirty 
samples were analysed for EC, TDS, TH, Na+, Mg2+, Ca2+, 
Cl- and SO4

2- ionic constituents. Water quality has been 
assessed according to the United States Department for 
Agriculture. 

Every 2-year monitoring says that the water quality for 
agriculture lies in the good or excellent category. Spearman’s 
Correlation analysis and factor analysis displays a good 
correlation between physio-chemical parameters.

The greed to look good, live good and portray good, 
often leave the natural environment in a dilemma as if it is 
just for one particular species. Humans are both the polluters 
and sufferers of environmental damage. It is the relationship 

between human and environment, which when becomes 
imbalanced, affects not only humans but also innumerable 
species existing in the environment. Environmental moni-
toring helps decision making for both the government and 
non-governmental organisations. 

Ramganjmandi is a tehsil of the district of Kota in the 
state of Rajasthan, in which lies the Ramganjmandi city 
(Fig. 1). It is known as a stone city and coriander city. It is 
73 km away towards the south of Kota on the Delhi Mumbai 
broad gauze railway line. The major minerals mined here are 
limestone or building stone (52 units), sandstone (2 units), 
and masonry stone (9 units) and stone gravels (Department 
of Mines and Geology 2014).

The area of Ramganjmandi and the undergoing most 
important activity of Kota stone and sandstone mining needs 
specific attention. Monitoring any industrial activity is the 
first step before finding any solution. The sustainability of 
any activity should be the key focus before even executing 
them. The area which is now a dump of a scrap of limestone 
has not lived in a preferable environment. The heaps of scrap 
contributing to land degradation; the slurry on soil affecting 
the soil quality; the continuous grinding; extraction of min-
eral making the air polluted; the dumpage of waste in the 
surface water and long term impact on groundwater; health 

cultivation is now famous for mines, extraction, poor air quality, water unfit for drinking, loss 

of agricultural land, deforestation and massive solid waste disposal. 

MATERIALS AND METHODS 

Study Area  

  

Fig. 1: Location of Ramganjmandi tehsil. 

The latitudinal extension of Ramganjmandi is 24°08’00” N to 24°11’10” N and the 

longitudinal extension is 75°13’04” E to 76°01’57” E. Its location is shown in Fig.1. The 

town is situated on the southwestern portion of Hadoti plateau at an altitude of 357.43 meters 

above mean sea level. The slope is south to the south-east in direction. The soil is black with 

some deposits of limestone. The mining belt extended in Kumbhkot, Julmi, Suket, Khemaj, 

Udupura, Chechat and Kamalpura region. The mining region in the area was 17.548 km2, 

which now extended to 24.205 km2. The mining area expanded by 6.657 km2.  

Water Quality Assessment  

Fig. 1: Location of Ramganjmandi tehsil.
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dilapidation because of the combined effect of ecosystem 
imbalance are sufficient reasons to make this research prob-
lem significant. Ramganjmandi once famous for coriander 
cultivation is now famous for mines, extraction, poor air 
quality, water unfit for drinking, loss of agricultural land, 
deforestation and massive solid waste disposal.

MATERIALS AND METHODS

Study Area 

The latitudinal extension of Ramganjmandi is 24°08’00” N 
to 24°11’10” N and the longitudinal extension is 75°13’04” 
E to 76°01’57” E. Its location is shown in Fig.1. The town 
is situated on the southwestern portion of Hadoti plateau at 
an altitude of 357.43 meters above mean sea level. The slope 
is south to the south-east in direction. The soil is black with 
some deposits of limestone. The mining belt extended in 
Kumbhkot, Julmi, Suket, Khemaj, Udupura, Chechat and 
Kamalpura region. The mining region in the area was 17.548 
km2, which now extended to 24.205 km2. The mining area 
expanded by 6.657 km2. 

Water Quality Assessment 

Twenty six water samples (Fig. 2) have been taken from 
24.250 km2 area of the mining belt. GPS location was taken 

along with Juno Trimble. The samples were taken in dark 
coloured, distilled water-washed bottles. The dissolved 
oxygen was fixed onsite. pH, electrical conductivity, total 
dissolved solids and temperature were measured using 
multi-parameter PC5 TEST R 35 series kit. The sensor was 
thoroughly washed with distilled water before immersing 
in the sample. Dissolved oxygen was checked by azide 
modification Winkler’s method. COD was determined with 
the help of COD reflux apparatus, wherein the wastewater 
was oxidized completely with potassium dichromate. Al-
kalinity was estimated by titrating with standard sulphuric 
acid. Sodium and potassium were determined with the help 
of flame photometer. Hardness was determined by titrating 
with standard EDTA reagent. Chloride was measured by 
Mohr titration method (APHA 1995).

Spatial Interpolation 

Interpolation is the process of predicting unknown values for 
the non-sampled locations from the known values of sampled 
locations. Most attempts at spatial predictions are mathematical, 
based on the geometry and also some attention to the physical 
nature of the phenomenon (Webster & Oliver 2007). A static 
model for water quality has been created for the concerned 
region with the help of inverse distance weightage method. A 
shapefile of 26 sampled sites was created as point file in Arc 

 
Fig. 2: Sample sites for water collection. 
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immersing in the sample. Dissolved oxygen was checked by azide modification Winkler’s 

method. COD was determined with the help of COD reflux apparatus, wherein the 

wastewater was oxidized completely with potassium dichromate. Alkalinity was estimated by 

titrating with standard sulphuric acid. Sodium and potassium were determined with the help 

of flame photometer. Hardness was determined by titrating with standard EDTA reagent. 

Chloride was measured by Mohr titration method (APHA 1995). 

Spatial Interpolation  

Interpolation is the process of predicting unknown values for the non-sampled locations from 

the known values of sampled locations. Most attempts at spatial predictions are mathematical, 

based on the geometry and also some attention to the physical nature of the phenomenon 

(Webster & Oliver 2007). A static model for water quality has been created for the concerned 

region with the help of inverse distance weightage method. A shapefile of 26 sampled sites 

Fig. 2: Sample sites for water collection.
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GIS. The attribute table was created for the 14 parameters. 
Inverse distance weightage method in Geostatistical Analyst 
tool was used for interpolation. The details are represented 
as a raster.

RESULTS AND DISCUSSION

The water quality with minimum and maximum values is 
given in Table 1. The correlational matrix as developed ac-
cording to Karl Pearson’s coefficient of correlation shows 
a high degree of positive correlation (Table 2) between 
TH-alkalinity (r=0.60), magnesium hardness and alkalinity 
(r=0.58), chloride-alkalinity (r=0.60), EC-TDS (r=0.88), 
COD-pH (r=0.55), TH-chloride (0.99), calcium hardness-TH 

(r=0.78), magnesium hardness-chloride (0.98), magnesium 
hardness-calcium hardness (r=0.75) and calcium hardness 
and chloride (r=0.79). 

The predictive mapping of water quality parameters- 
inverse distance weightage interpolation is shown in  
Figs. 3-14.

pH: The region shows pH values ranging from 6 to 10.9 (Fig. 
3). Low pH values are depicted in the southern part of the 
tehsil in Suket and Kumbhkot regions. The pH values must 
range between 6.5 and 8.5 as per BIS standards (Soleimani 
et al. 2018). Beyond this, the water will affect the mucous 
membrane and water supply systems. WHO guideline for 
pH is 8.5. 

Table 1: Water quality parameters and statistical representation.

Parameters Minimum Maximum St. Deviation Median Mean 

EC (µS) 367 939 140.1 692.3 675.29

TDS (mg/L) 261 666 87.212 450 457.12

Temperature (°C) 29 33.4 1.085 31.2 31.04

Total hardness (mg/L) 128 2740 755.46 275 593.52

Calcium hardness (mg/L) 58.8 588 148.54 187.5 205.54

Magnesium hardness (mg/L) 56 2183.5 619.23 143.6 387.53

COD (mg/L) 96 698 201.76 450 442.2

DO (mg/L) 1.8 5.8 0.865 3.7 3.04

Na (mg/L) 32.6 570 165.11 61 139.9

K (mg/L) 1.18 86.3 27.769 5.1 19.403

Chloride (mg/L) 57 1593.2 447.16 110 318.29

Alkalinity (mg/L) 8 20 3.35 14 14.02

Alkalinity -0.32 -0.50 -0.41 1.00        

TH -0.44 -0.84 -0.46 0.60 1       

Mg Hardness -0.44 -0.82 -0.48 0.58 1.00 1      

Chloride -0.48 -0.87 -0.48 0.60 0.99 0.98 1     

COD 0.20 0.55 0.29 -0.20 -0.44 -0.44 -0.48 1    

EC 0.24 0.35 0.88 -0.22 -0.43 -0.46 -0.45 0.44 1   

Ca Hardness -0.25 -0.71 -0.19 0.51 0.78 0.75 0.79 -0.32 -0.05 1  
DO 0.35 0.43 -0.12 -0.08 -0.24 -0.21 -0.30 -0.05 -0.18 -0.37 1 
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Table 2: Correlational matrix of water quality parameters.

Temp pH TDS Alkalinity TH Mg hardness Chloride COD EC Ca hardness DO

 Temperature 1

 pH 0.49 1.00

TDS 0.18 0.33 1.00

Alkalinity -0.32 -0.50 -0.41 1.00

TH -0.44 -0.84 -0.46 0.60 1

Mg Hardness -0.44 -0.82 -0.48 0.58 1.00 1

Chloride -0.48 -0.87 -0.48 0.60 0.99 0.98 1

COD 0.20 0.55 0.29 -0.20 -0.44 -0.44 -0.48 1

EC 0.24 0.35 0.88 -0.22 -0.43 -0.46 -0.45 0.44 1

Ca Hardness -0.25 -0.71 -0.19 0.51 0.78 0.75 0.79 -0.32 -0.05 1

DO 0.35 0.43 -0.12 -0.08 -0.24 -0.21 -0.30 -0.05 -0.18 -0.37 1

Alkalinity -0.32 -0.50 -0.41 1.00        

TH -0.44 -0.84 -0.46 0.60 1       

Mg Hardness -0.44 -0.82 -0.48 0.58 1.00 1      

Chloride -0.48 -0.87 -0.48 0.60 0.99 0.98 1     

COD 0.20 0.55 0.29 -0.20 -0.44 -0.44 -0.48 1    

EC 0.24 0.35 0.88 -0.22 -0.43 -0.46 -0.45 0.44 1   

Ca Hardness -0.25 -0.71 -0.19 0.51 0.78 0.75 0.79 -0.32 -0.05 1  
DO 0.35 0.43 -0.12 -0.08 -0.24 -0.21 -0.30 -0.05 -0.18 -0.37 1 
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Electrical conductivity: The values of EC range from 367 
to 939 µS (Fig. 4). The mean value is 675.29 µS and standard 
variation is 140.1 µS depicting a high variability (Table 1). 
Most of the samples lie in the excellent, good and permissible 
category of agricultural suitability (Richards 1954). Wherein, 
79.8 % of samples lie in the permissible category and rest 
lie under the good and excellent category.

Total dissolved solids: The values of TDS vary from 261 
to 666 mg/L (Fig. 5). High TDS concentration lies in the 
southeastern region. The TDS values above 500 mg/L are 
unacceptable according to BIS standards, beyond this the 
palatability decreases and water may cause gastrointestinal 
irritation. 25% of the samples lie under the unsuitable cate-
gory of drinking water. The mean value is 457.12 mg/L(Table 

1). WHO reports on TDS and health in areas surveyed like 
Australia and the Soviet Union indicate that the high TDS 
causes inflammation of gallbladder and stones increased over 
a period of 5 years. High TDS level often results in scaling 
of water pipes, water heaters, boilers, household equipment 
like kettles as it increases the corrosive ability of the water. 

COD: Chemical Oxygen demand is the amount of oxygen 
required for oxidation of most organic matter and oxidiza-
ble inorganic substances with the help of a strong chemical 
oxidant. The higher the COD, more is the water organically 
polluted. The COD content for the region varies from 96 to 
698 mg/L. The mean value of COD is 442.2 mg/L (Table 1). 
The IDW interpolated sites show water with a high value of 
COD in the southeastern section, wherein River Aru flows 
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on the boundary of the Tehsil between Kota and Jhalawar 
districts of Rajasthan (Fig. 6). The river shows high COD 
content which is indicative of dumpage of inorganic waste 
from the mining industry.

Dissolved oxygen: The dissolved oxygen in the region varies 
from 1.8 to 5.8 mg/L and the mean value is 3.04 mg/L (Table 
1). The standard deviation of DO is 0.865 showing less varia-
bility. For class A streams, 6 mg/L is required (CPCB 1979). 
A level of 5-8 mg/L is suitable for healthy fish growth. The 
DO concentration is minimum in the pre-monsoon period 
due to high temperature (Fig. 7).

Sodium: Sodium is ubiquitous in water. A taste threshold 
value of 30 to 60 mg/L is accepted by US EPA. BIS standards 
state 200 mg/L as sodium concentration limit. The sodium 
concentration in the Tehsil has a maximum value of 570 
mg/L in the southern part and the minimum value of 36 mg/L 
(Table 1). The standard deviation is high as 165.11, showing 
a higher degree of variability in the sampled sites (Fig. 8). 
The river water shows appropriate sodium concentration 
throughout its flow. High Na in the water in the form of 
chloride and sulphate makes the water unfit for consumption. 
High Na concentration also leads to hypertension (Maiti 
2011). Increased intake of sodium content is detrimental 
to people suffering from hypertension, heart diseases and 
kidney problems (Kundu & Nag 2018).

Potassium: The potassium concentration varies from 1.18 
to 86.3 mg/L. The sampled sites show a higher degree of 
variability with a standard deviation of 27.76 (Table 1). The 
mean value is 19.40 mg/L (Fig. 9). The southern part shows 
a higher potassium concentration. 

Total hardness: The water of the region turns out to be hard(-
Fig. 10). The values range from 140 to 2740 mg/L (Table 
1). BIS standards for TH is 200 mg/L and relaxation is till 
600 mg/L in case of absence of an alternative source. Low 
hardness is seen in the upper course of the River Aru wherein 
it flows through the reserved forest. 92.3% of the samples 
are unfit for drinking as per BIS standards. Since the region 
has limestone-based geology, the hardness increases in such 
cases. All the samples lie in the hard to very hard category.

Calcium hardness: The calcium concentration should be 75 
mg/L or may extend to 200 mg/L in case of absence of an 
alternative source. The calcium hardness in the region varies 
from 58.8 to 588 mg/L (Table 1). 92.3% of the samples are 
unfit for drinking purpose.

Magnesium hardness: The required limit for magnesium 
hardness is 30 mg/L and the tolerance limit is 100 mg/L. 
The region has a maximum of 2183.5 mg/L and a minimum 
of 56 mg/L (Table 1). The region shows high variability in 
the magnesium hardness. The southern part shows a higher 
magnesium concentration (Fig. 12).

Alkalinity: It is measured as the buffering capacity of bases 
to neutralize acids. It depicts the capability of water to resist 
change in pH. The alkalinity in the region varies from 8 to 20 
mg/L (Fig. 13). Alkalinity in itself is not harmful to human 
beings but water supply with less than 100 mg/L is desirable. 
At higher levels, alkalinity imparts a bitter taste to the water.

Chloride: The chloride level should be less than 200 mg/L 
as per WHO standards. 30.76% of the sampled sites exceed 
this criterion. The maximum value of chloride is 1593.24 
mg/L and the minimum value is 57 mg/L (Fig. 14).

 
Fig. 9: Potassium   Fig. 10: Total Hardness  Fig. 11: Calcium Hardness 
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DISCUSSION 

pH: The region shows pH values ranging from 6 to 10.9 (Fig. 3). Low pH values are depicted 

in the southern part of the tehsil in Suket and Kumbhkot regions. The pH values must range 

between 6.5 and 8.5 as per BIS standards (Soleimani et al. 2018). Beyond this, the water will 

affect the mucous membrane and water supply systems. WHO guideline for pH is 8.5.  

Electrical conductivity: The values of EC range from 367 to 939 µS (Fig. 4). The mean value 

is 675.29 µS and standard variation is 140.1 µS depicting a high variability (Table 1). Most of 

the samples lie in the excellent, good and permissible category of agricultural suitability 

(Richards 1954). Wherein, 79.8 % of samples lie in the permissible category and rest lie under 

the good and excellent category. 

                             Fig. 9: Potassium Fig. 10: Total Hardness                                      Fig. 11: Calcium Hardness



1225IMPACT OF KOTA STONE MINING ON DRINKING WATER QUALITY

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

CONCLUSION

The study depicts a high degree of correlation between the 
TH-alkalinity, magnesium-alkalinity, chloride-alkalinity, EC-
TDS, COD-pH, TH-chloride, calcium-TH, magnesium-chlo-
ride, magnesium-calcium and calcium-chloride. Such type 
of correlation can be attributed to limestone-based geology 
in case of groundwater and limestone mining in case of 
surface water. The alkalinity levels in the region seem to be 
under control. The chloride level is considerably high in the 
Kumbhkot region. In terms of hardness, most of the samples 
are unfit for drinking purpose. The level of dissolved oxygen 
is adequate among all the samples. Water seems to be alkaline 
as per the pH values of the samples. Sodium and potassium 
levels are under the prescribed limit, but in the southern part 
of the tehsil, it is as high as 560 mg/L. High COD levels are 
seen in the water samples of Aru river, indicating mining 
waste disposal in the river. 
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ABSTRACT

Carbon dots could significantly change the property of a normal material and have received wide 
attention in the recent decade. In this research, glucose as a carbon source, carbon dots decorated 
medical stone (CD-MS) was successfully synthesized for efficient adsorptive removal of organic 
pollutants. Pyrolytic temperature and glucose concentration for the adsorbent preparation were proved 
to have a significant impact on the adsorptive performance. The optimal pyrolytic temperature and 
glucose concentration were found to be 300°C and 0.5 M, yielding the optimized adsorbent 0.5CD-
MS-300 superior to other carbon dots decorated MS. Surface morphology analysis demonstrated 
that the carbon dots were successfully immobilized on the surface of MS while the atomic ratio of C 
increased from 2.6% of the raw MS to 11.25% of the 0.5CD-MS-300. Three organic pollutants including 
p-nitrophenol, orange II and methylene blue with different charge properties were employed to explore 
the adsorptive performance of the 0.5CD-MS-300. The results indicated that the surface of 0.5CD-
MS-300 was negatively charged while carbon dots had significantly improved the adsorption capability 
of the raw MS. As such, the resulting adsorbent 0.5CD-MS-300 can be considered as a powerful 
adsorbent for the removal of some organic contaminants from wastewater.

INTRODUCTION

With the development of industry and agriculture, a large 
number of organic contaminants, such as dyes, endocrine-dis-
ruptors, and pharmaceutical and personal care products, have 
come into the natural environment along with the discharge of 
effluents (Westerhoff et al. 2005, Crini 2006). These organic 
pollutants existing in wastewater can cause a severe hazard 
to human and animal health due to the delivery of the food 
chain. To date, there are many treatment technologies, includ-
ing coagulation, sonocatalytic degradation, photocatalytic 
degradation and adsorption, to be applied to the removal of 
the organic pollutants (Polubesova et al. 2006, Li et al. 2014, 
Mahata et al. 2007, Zhang et al. 2006). Among these tech-
nologies, the adsorption process is considered as a promising 
and reliable method due to its ease of operation, low energy 
consumption, low cost and high efficiency (Qu 2008).

Medical stone (MS) is one kind of natural silicate min-
eral without toxicity. Its main mineral components include 
Na(AlSi3O8), Na(AlO2)(SiO2)3, K(AlSi3O8), K(AlO2)
(SiO2)3, Ca(Al2Si2O8) and Mg(Al2Si2O8) (Gao et al. 2011). 
MS has a tetrahedron structure of [SiO4]

2–bonding to metal 
ions (such as K, Na, Ca, Mg, Cu and Al, etc.), contributing 
to the formation of a large internal surface area (Gao et al. 
2012). Therefore, a series of excellent performances for MS 

are expected, such as biological activity, the ability of dis-
solving and adsorbing and adjusting pH capacity. Meanwhile, 
it is widely used for food preservation, water purification 
and medical care. In recent years, MS had been studied as 
an adsorbent material, which achieved remarkable advances 
on the adsorption of heavy metals in wastewater (Gao et al. 
2011, Zhou et al. 2015). Even though, to our best knowledge, 
there have been few reports about the adsorption removal of 
organic contaminants.

Carbon dots are novel carbon-based nanomaterial. They 
contain abundant oxygen-containing functional groups (-OH, 
-COOH and -C=O) on the surfaces, with good solubilities 
and optical properties. As such, carbon dots are widely imple-
mented for bioimaging, chemical sensors, and photovoltaic 
devices, etc. (Ding et al. 2014, Shen et al. 2012). In recent 
years, CDs have been considered an ideal candidate material 
for organic or inorganic pollutants removal due to their rich 
functional groups, ease of preparation and low toxicity (Hsu 
& Chang 2012). However, some significant disadvantages 
of CDs based adsorbent focused on the dissolution of CDs 
as well as difficulties of separation and regeneration (Liu et 
al. 2017). Consequently, it is a necessity of combining CDs 
with other constituents to synthesize CDs-functionalized 
adsorbents.
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In this research, we prepared the carbon-dots decorated 
medical stone (CD-MS) for the efficient adsorption of or-
ganic pollutants. Glucose, with numerous hydroxy groups 
and formyl groups, was chosen as the precursor of CDs and 
can provide more active adsorption sites on the surfaces 
of the MS (Hsu & Chang 2012). The effects of pyrolytic 
temperature and glucose concentration for the adsorbent 
preparation were emphatically studied. At the same time, 
p-nitrophenol (PNP), orange II (ORII) and methylene blue 
(MB) with different charge properties in a neutral aqueous 
solution were selected as target organic pollutants to inves-
tigate the adsorptive performance and adsorption capacity 
of the CD-MS. 

MATERIALS AND METHODS

Chemicals: Orange II (ORII) (mass fraction > 95%) was 
purchased from Beijing Chemical Reagents Company. 
Methylene blue (MB) (mass fraction > 98.5%, chemical pure) 
was purchased from Tianjin Chemical Reagent Research 
Institute. P-nitrophenol (PNP) used was of analytical grade 

and provided by Tianjin Guangfu Fine Chemical Research 
Institute, China. Other chemicals were of analytical grade 
and used without further purification. Deionized (DI) water 
was used throughout the research. The molecular structures 
of ORII, MB and PNP are shown in Fig. 1.

Adsorbent preparation: The natural medical stone (MS) 
was obtained from the Hunan Province of China. It was 
shattered with a multi-function pulveriser and subsequently 
sieved to a particle size between those of 80-mesh screens 
and 100-mesh screens. Firstly, 10 g of the powdered MS was 
immersed to 200 mL of 0.5 M or 0.05 M glucose solution 
and the mixture was shaken at a speed of 120 rpm for 12 h. 
Then, the resulting samples were rinsed with DI water for 
five times and oven-dried overnight at 80°C. The prepared 
carbon dots decorated medical stone (CD-MS) are denoted 
as 0.5CD-MS and 0.05CD-MS in the following studies.

  Desired amounts of MS, 0.5CD-MS and 0.05CD-MS 
were tightly placed in a ceramic crucible with a lid and 
pyrolyzed in a muffle furnace under oxygen-limited condi-
tions. The pyrolysis temperature was raised to the desired 
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Fig. 1: The molecular structures of ORII (a), MB (b), and PNP (c).
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values of 200°C, 300°C and 400°C at a heating rate of 
10°C min-1 and held constant for 2 h. After pyrolyzation, the 
samples were allowed to cool down to room temperature in 
the furnace. These pyrolyzed 0.05CD-MS were denoted as 
0.05CD-MS-200, 0.05CD-MS-300 and 0.05CD-MS-400, 
respectively, while the pyrolyzed 0.5CD-MS are denoted 
as 0.5CD-MS-200, 0.5CD-MS-300 and 0.5CD-MS-400, 
respectively. Similarly, the adsorbent MS-200, MS-300 and 
MS-400 were also prepared.

Batch adsorption studies: Batch experiments were con-
ducted in a series of 250-mL conical flasks. In the flasks, 20 
mg of the adsorbent was added to 100 mL solution with an 
initial PNP, ORII or MB concentration of 20 mg/L. Then, 
the flasks were sealed and shaken at 298 K at a speed of 
120 rpm for 24 h to achieve equilibrium. Solution pH was 
maintained at neutral unless otherwise stated. To examine 
the effect of glucose concentration, 5 mg adsorbent (0.5CD-
MS or 0.05CD-MS) was used to adsorb PNP with an initial 
concentration of 5 mg/L. 

Characterization: The morphology and superficial element 
compositions of MS and 0.5CD-MS-300 were characterized 
by a Hitachi S-4800 field scanning electron microscope 
(FESEM) coupled with an energy dispersive spectrometer 
(EDS).

Analysis methods: All the samples were collected and fil-
tered by microporous membranes (0.45μm) before analysis. 
The concentration of PNP, ORII and MB was measured 
using UVmini-1240 spectrophotometer (Shimadzu, Japan) 
at the wavelength of maximum adsorption of 317 nm, 483 
nm, and 664 nm, respectively (Cheng et al. 2019, Mi et al. 

2016). The adsorption capacity was calculated using the 
following equation:

                        qe=(C0-Ce)V/M                                    …(1)

Where, qe (mg/g) is the adsorption capacity at equi-
librium; C0 and Ce (mg/L) are the initial and equilibrium 
concentrations of PNP, ORII, and MB, respectively; V (L) is 
the solution volume, and M (g) is the weight of adsorbents.

RESULTS AND DISCUSSION

Effect of Pyrolytic Temperature and Glucose 
Concentration on PNP Adsorption

Both the pyrolytic temperature and glucose concentration 
were important for adsorbent preparation. It was observed 
from Fig. 2 that the CD-MS pyrolyzed at 300°C had a 
comparatively higher adsorption capacity for PNP removal. 
The concentration of glucose for the adsorbent preparation 
was expected to have a significant impact on the uptake of 
contaminants as well. As illustrated, it was noted that the 
adsorption capacity of PNP by 0.5CD-MS was higher than 
that by 0.05CD-MS under the same pyrolytic temperature. 
Further, at the pyrolytic temperature of 300°C, the adsorption 
capacities by the 0.5CD-MS and 0.05CD-MS were 4.16 mg/g 
and 1.88 mg/g, respectively. This might be attributed to the in-
creasing bonding sites on the CD-MS surfaces resulted from 
the increase of glucose concentration. Similar experimental 
results were also observed by Xue et al. (2013). As such, 
0.5CD-MS-300 was used for the following experiments.

  On the other hand, as the structure of pore canals and 
surface area of internal pores of CD-MS varied as a conse-
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Fig. 2: Effect of glucose concentration and pyrolytic temperature on adsorption of PNP. PNP 5.0 mg/L, neutral solution pH.
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quence of the different pyrolytic temperatures, the adsorption 
capacity of PNP by the resulting adsorbents was expected to 
vary accordingly. The relationship between pyrolytic tem-
perature and adsorption capacity of PNP is presented in Fig. 
2. It shows that the adsorption capacity of PNP by 0.5CD-
MS-300 reached the maximum of 4.16 mg/g, which might be 
attributed to the removal of crystal water in the pore canals 
and the increase of the surface area of internal pores as the 
pyrolytic temperatures rose. However, continuous increase 
of pyrolytic temperature was not helpful for the uptake of 
PNP and the adsorption capacity declined, which might be 
attributed to the collapse of pore canals.

Characterization of the Carbon Dots Decorated 
Medical Stone 

As stated above, the 0.5CD-MS-300 demonstrated the 
highest adsorption capacity for PNP in comparison to other 
adsorbents. The surface morphology of the 0.5CD-MS-300 
and the raw MS was characterized by SEM and presented 
herein. From Fig. 3a and c, it was observed that the raw MS 
presented a natural crystal structure, although it was difficult 
to find some pore canals from the MS surfaces. Differently, 
the surface structure of the 0.5CD-MS-300 became loose 
after pyrolysis, and some sponge pores were scattered onto 

the surfaces of the adsorbent, which might facilitate the ad-
sorption of contaminants (Yu et al. 2013). This demonstrated 
pyrolysis treatment can change the surface structure of MS. 
From Fig. 3b and d, many fine particles aggregated on the 
surfaces of MS, which were deduced to be carbon dots im-
mobilized on the surfaces of MS.

To further explore whether carbon dots had decorated on 
the surfaces of MS, EDS analysis was conducted. As illus-
trated in Fig. 4a and b, comparing to the atomic ratio of C 
increased from 2.6% of the raw MS to 11.25% of the 0.5CD-
MS-300, which was reasonably attributed to the introduction 
of CDs on the surfaces of MS. Accordingly, the atomic ratio 
of O decreased from 57.97 % of the raw MS to 53.70% of 
the 0.5CD-MS-300. Pyrolysis under different temperatures 
and immobilization of carbon dots had significantly altered 
the surface properties of the raw MS.

Effect of Adsorbent Dosage on PNP Adsorption

The effect of adsorbent (0.5CD-MS-300) dosage from 100 
mg/L to 800 mg/L was investigated and presented in Fig. 
5. The plot showed that uptake of PNP decreased gradually 
with an increase of adsorbent dosage. One reason was that 
the unsaturated adsorption sites increased with increasing 
adsorbent dosage at a fixed concentration and volume of 
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 Fig. 3: SEM images of the raw MS (a, b) and the 0.5CD-MS-300 (c, d).
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PNP. The other was attributed to the decrease of surface area 
and the increase of diffusion path length of adsorbent due 
to the particle aggregation (Shirmardi et al. 2016, Kumar 
et al. 2010).

Adsorptive Performance of Carbon Dots Decorated 
Medical Stone

The surface charge property of an adsorbent always plays 
an important role during the adsorptive removal of organic 
contaminants. Three organic pollutants with different charge 
properties including PNP, ORII and MB were selected to 

explore the adsorptive performance of the 0.5CD-MS-300. 
The initial concentration of the three contaminants was 
fixed at 20 mg/L. As illustrated in Fig. 6, it was noted that 
the adsorption capacity of PNP and MB by 0.5CD-MS-300 
was much higher than that of ORII. The adsorption capacity 
of PNP, MB, and ORII was 27.87 mg/g, 15.37 mg/g, and 0 
mg/g, respectively. This indicated that the 0.5CD-MS-MS 
had a high adsorption selectivity for organic pollutants with 
different charge properties.

  To our knowledge, PNP (pKa = 7.15) in water solution 
exists in two species of molecule and anion, and molecular  
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Fig. 4: EDS analysis results of the raw MS(a) and the 0.5CD-MS-300 (b).
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Fig. 5: Effect of adsorbent dosage on PNP adsorption. PNP 5.0 mg/L, neutral solution pH.
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Fig. 6: Adsorption of PNP (a), ORII (b) and MB (c) onto the raw MS and the 0.5CD-MS-300. 
Contaminant concentration 20.0 mg/L, neutral solution pH.
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PNP can convert to anions at pH > 7.15 due to dissociation 
(Sarkar et al. 2010). Meanwhile, MB is moderately alkaline 
in water and produces cation (C+ or CH+) (Gobi et al. 2011). 
By contrast, ORII (pKa= 10.6 and pKa= 1) has three different 
forms depending on the pH of the aqueous solution, noted 
H2L which is doubly protonated and dominant at pH < 1, 
HL- which is mono protonated and dominant at pH 1-10.6, 
L2- which is non-protonated and dominant at pH > 10.6 
(Abramian & El-Rassy 2009). Therefore, the three pollutants 
have different electrical characteristics in a neutral aqueous 
solution and the predominant species of PNP, MB and ORII 
are molecule, cation (C+ or CH+), and anion (HL-), respective-
ly. Accordingly, from the results mentioned above, it could be 
deduced that the surface of 0.5CD-MS-300 was negatively 
charged, which was beneficial to MB adsorption due to an 
electrostatic attraction. Meanwhile, the results indicated that 
electrostatic attraction/repulsion was an important adsorp-
tion mechanism for 0.5CD-MS-300, which also facilitated 
the high adsorption selectivity for these organic pollutants. 
However, an interesting phenomenon was that the adsorption 
capacity of PNP is excellent. As mentioned, most of PNP 
exists as molecules in a neutral solution, which indicated that 
the effect of electrostatic force was not dominant. Therefore, 
considering the abundant O-containing functional groups of 
carbon dots on the 0.5CD-MS-300, the higher adsorption 
capacity of PNP might be attributed to H-bond interaction 
between PNP molecules and the surface functional groups of 
the adsorbent, p-p interaction, and p-stacking forces (Zheng 
et al. 2017). 

  In addition, the 0.5CD-MS-300 demonstrated a higher 
adsorption capacity towards PNP and ORII than the raw 
MS in general, indicating that the introduction of carbon 
dots was beneficial to the adsorption capability for PNP and 
ORII. By contrast, the introduction of carbon dots declined 
the adsorption of MB. Therefore, the surface of the 0.5CD-
MS-300 was predominantly negatively charged.

CONCLUSION

Carbon dots decorated medical stone (CD-MS) was creative-
ly prepared by immobilizing carbon dots on the surfaces of 
medical stone (MS). Compared to the raw MS, the 0.5CD-
MS-300 demonstrated an excellent adsorption capability 
for PNP. Bach experiments for the adsorption of the three 
pollutants including PNP, ORII and MB with different charge 
properties, indicated that the surface of 0.5CD-MS-300 was 
negatively charged. Furthermore, 0.5CD-MS-300 had a high 
adsorption selectivity for different organic pollutants, which 
was attributed to the electrostatic attraction/repulsion as one 
of the fundamental adsorption mechanisms. In a word, carbon 
dots had successfully decorated the raw medical stone and 

the resulting adsorbent 0.5CD-MS-300 can be considered as 
a powerful adsorbent for the removal of organic pollutants 
from wastewater.
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ABSTRACT

The study aims to understand the influence of pollinator visitation rate to coffee plantations located 
along the riparian zones of river Cauvery in Karnataka, using distance as a criterion. Plots were fixed 
at 10 m, 30 m and 60 m points from the edge of riparian zone towards the coffee plantations. In 
each of these three points, five plants were selected. In each plant, four branches with approximately 
six inflorescences per branch were observed for 15 minutes and the visitation rate of selected floral 
visitors to Coffea canephora was recorded. To understand if a riparian zone was a suitable pollinator 
habitat, bee colonies in the riparian zone were identified through a transect of approximately 500 m 
adjacent to the study plot. The total number of bee visits for Apis dorsata, Apis cerana, Tetragonula 
iridipennis and Apis florea was 18,100 for an observation time of 9540 minutes. A. dorsata and A. 
cerana were the main contributors to the total number of visits. The visitation rate of pollinators, A. 
cerana and A. dorsata decreased with increase in distance from the riparian zone. Additionally, colonies 
of A. cerana and A. dorsata were found in the riparian zones indicating riparian zones as potential 
pollinator habitats. A negative relationship has been observed between total species visits and distance 
indicating a reduction in species visits with increased distance from the riparian zone. Conservation 
of riparian zones increases pollination service to adjacent coffee plantations along with a multitude of 
other ecosystem services. 

INTRODUCTION

Riparian zones are interfaces between terrestrial and aquatic 
ecosystems. They cannot be delineated easily (Gregory et al. 
1991) and the width varies up to several metres. They are 
ecotones with high biodiversity and productivity in contrast 
to the larger landscape (Naiman et al. 1998). Moreover, they 
are high energy systems, which are favoured by humans 
for food, water, dwelling sites, recreation and other uses 
(Johnson & Haight 1984). Further, they provide multiple 
ecosystem services such as water purification, nutrient 
removal, riverbank stabilization, act as corridors, habitat 
provider, fodder, fuelwood and others (Jose 2009, Naiman et 
al. 2010). This diverse ecosystem is under threat and is one 
of the major areas where biodiversity is being lost (Sparovek 
et al. 2002), which in turn affects the delivery of ecosystem 
services. Riparian zones are threatened by agricultural land 
expansion (Sunil et al. 2010), extraction of water, grazing, 
waste dumping and expanding human habitations (Naiman 
et al. 2010). 

Food production is an ecosystem service which depends 
on water, soil formation, pollination and others. Changes in 

pollination service will affect food production and impact 
human well-being (Millennium Ecosystem Assessment 2005, 
Potts et al. 2016). There is a global decline in managed and 
wild pollinators in agricultural landscapes (Roubik et al. 
2018) even though animal pollinators contribute 15-30% 
of global food production and bees (Apis) being one of the 
important pollinators of most crops (Roubik 1995, Potts et 
al. 2010). Agricultural crop productivity depends at least 
partially on unmanaged or wild pollinators from semi-natural 
habitats (Kremen et al. 2002, Kremen et al. 2004). Natural 
landscapes like riparian zones could be potential sources of 
pollinators to nearby agricultural land. But studies consid-
ering riparian zones as exclusively pollinator sources are 
limited probably because of the complex nature of riparian 
zones such as varying width, habitats, flowering pattern, 
accessibility and others. Most studies tend to combine other 
natural habitats like forests along with riparian zone to study 
pollination. For instance, in California pollination services 
to hybrid sunflower (Helianthus annuus), almond (Prunus 
dulcis) and muskmelon (Cucumis melo) was higher when the 
farmland was located close to natural habitats, such as ripar-
ian, oak woodland, chaparral and mixed oak (Greenleaf & 
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Kremen 2006, Ricketts et al. 2008). Similarly, in Costa Rica 
pollinator visits from riparian zones and forest fragments 
to coffee farms reduced with increasing distance (Ricketts 
2004), while in Portugal, riparian scrubland and riparian 
forest supported higher pollination services in comparison 
to other land uses such as agricultural land, mixed forest, 
coniferous forest and eucalyptus forest (Santos et al. 2018). 

In India, there are no specific studies on assessment 
of riparian ecosystem services but fewer studies restricted 
to the biodiversity of the riparian zone (Sunil et al. 2016). 
Besides, there are no specific guidelines/policies governing 
riparian zones in India (Sunil et al. 2011). Studies on the 
riparian zone as a potential pollination services provider to 
adjacent agricultural systems are limited in India and hence 
an attempt is being made to study the same along the riparian 
zones of river Cauvery in Kodagu district, Karnataka. With 
this background, the study addresses the research question; 
does the proximity of riparian zone influence visitation rate 
of pollinators to Coffea canephora? 

MATERIALS AND METHODS

Study Area

Cauvery is one of the major rivers of peninsular India and 
supports huge populations in Karnataka and Tamil Nadu for 

domestic, irrigation, industries and hydropower generation. 
It originates (12°25’ N, 75°34’ E, 1341 m)  in the Western 
Ghats in Karnataka and flows through the state of Tamil Nadu 
before entering the Bay of Bengal (GOI 2014). It flows for 
about 320 km in Karnataka, while its total length is approxi-
mately 800 km. Its basin (81,155 km2) is spread across Tamil 
Nadu and Pondicherry (54%), Karnataka (42%) and Kerala 
(4%) (Jayaram 2000). The upstream of the river in Karnataka 
flows through the district of Kodagu well-known for its coffee 
plantations. Area of Kodagu district is approximately 4,102 
km2 and  33% of it is under coffee-agroforestry (Garcia et 
al. 2010). Two popular varieties of coffee, Coffea arabica 
and Coffea canephora are cultivated, with the latter having 
the highest area under cultivation (56,000 ha) according to 
Coffee Board of India. Rest of the land area in the district is 
under paddy cultivation and protected areas either as sacred 
grooves, reserve forest, wildlife sanctuaries and national 
park. In coffee-agroforestry system, coffee is cultivated under 
the shade of native or exotic tree species, additionally, pepper 
vines are grown on shade trees as a supplementary crop. 

Methods

The study was carried out during March 2017 in cof-
fee-agrosystems located along river Cauvery, Kodagu district, 
India. Suitable coffee-agroforests were selected at every 8 km 
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interval (n=11) along the riparian zone which was spread on 
both left (n=6) and right (n=5) bank of the river (Fig. 1).  The 
study used distance as a criterion to understand pollination 
service to crops (Ricketts 2004, Winfree & Kremen 2009). 
In each sampling plot, from the edge of riparian zone 10, 
30  and 60 m points were fixed to understand the pollinator 
visitation to Coffea canephora inflorescence. In each of these 
three points, five plants (each at 20 m interval) were marked 
(Fig. 2). In each plant, four branches with approximately 
six inflorescences per branch were observed for 15 minutes 
(Boreux et al. 2013). 

During the observation period, the visitation rate of 
selected floral visitors to Coffea canephora was recorded. 
A bee visit meant a bee visiting a flower for more than one 
second duration (Kremen et al. 2004) which could be for 
either collecting resources or pollination (Ricketts 2004). 
The number of visits was very low before 07:00 and after 
13:00 hrs, hence the sampling time was standardised to 
07:00 to 13:00 hrs. These observational plots are suitable 
for studying pollinator abundance and richness in a specified 
area (Westphal et al. 2008).

The entire study was carried out only in irrigated coffee 
plantations because during mass flowering no bee visits were 
observed in almost half of the plantations studied by Boreux 
et al. (2013) in Kodagu. Plots beyond 60 m were not chosen as 
blooming was not observed on the day of the study, because 
of the variation in irrigation patterns. Also, with increasing 
distance, there could be chances of bees visiting from the 
nearby forest fragments which could hamper the objective 
of the study. Furthermore, these coffee-agroforests did not 
have any bee boxes in the surroundings that could hamper 
the objective of the study.

The pollination service rendered by riparian forest along 
river Cauvery was studied by using indicator species, coffee 
plants (Coffee canephora) and bees. Coffee canephora, an 
evergreen shrub or small tree is cultivated extensively in 
Kodagu district. It is locally known as Robusta coffee and 
can grow up to 10 m with a shallow root system. It requires 
an average rainfall of 1800 mm/year, temperature between 
24°C and 30°C and well-drained, loamy, slightly acidic and 
rich in humus soil. It begins yielding 2-3 years after planting. 
It requires about 4-8 weeks of a dry period, which builds 
water stress and helps in initiating flowering (Nair 2010).

In Kodagu district, flowering is initiated due to summer 
rains in February and March. If rains are delayed, irrigation 
is adopted to initiate flowering. One to three inflorescences 
are borne on each leaf axil, with each inflorescence consisting 
of three to six flowers, stalkless to stalked, with stalks up to 
7 mm. The blooming attracts many pollinators such as bees, 
butterflies and other insects. It is a wind-pollinated crop but 
entomophilous pollination enhances fruit set and increases 
yield (Roubik 2002).

Previous studies by Ricketts (2004) and Krishnan et al. 
(2012) found Apis species to be the highest visitor to Coffee. 
Hence, Apis cerana (Asiatic honey bee), Apis dorsata (Giant 
honey bee), Apis florea (Dwarf honey bee) and Tetragonula 
iridipennis (Stingless bee) were selected for the study. To 
understand if the riparian zone was a suitable pollinator 
habitat, bee colonies in the riparian zone were identified 
through a transect of 500 m adjacent to the study plot. Tran-
sect method shows species richness as well as composition 
(Westphal et al. 2008). The data related to coffee pollinators, 
location of bee colonies, yield, etc., were also collected from 
coffee farmers and workers through informal interviews to 
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could hamper the objective of the study. Furthermore, these coffee-agroforests did not have 

any bee boxes in the surroundings that could hamper the objective of the study. 
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and rich in humus soil. It begins yielding 2-3 years after planting. It requires about 4-8 weeks 

of a dry period, which builds water stress and helps in initiating flowering (Nair 2010). 

In Kodagu district, flowering is initiated due to summer rains in February and March. If rains 

are delayed, irrigation is adopted to initiate flowering. One to three inflorescences are borne 

on each leaf axil, with each inflorescence consisting of three to six flowers, stalkless to 

stalked, with stalks up to 7 mm. The blooming attracts many pollinators such as bees, 

Fig. 2: Sampling design for pollination study in the coffee-agrosystem landscape of River Cauvery.
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understand community perception towards bee pollination 
and its habitat.

RESULTS AND DISCUSSION

The total number of bee visits for the four selected species 
was 18,100 for an observation time of 9,540 minutes. Klein 
et al. (2003) recorded 2269 individuals with an observation 
time of 1125 minutes and the trend is almost similar to the 
present study. Species abundance based on bee visits was in 
the following order: Apis dorsata, Apis cerana, Tetragonula 
iridipennis and Apis florea (Table 1). Apis dorsata and Apis 
cerana were the main contributors to the total number of 
visits. It was also observed that apart from Apis species, lep-
idopterans and dipterans also visited coffee inflorescence but 
their numbers were very low. Krishnan et al. (2012) observed 
58% of Apis dorsata visits to Coffea canephora in Kodagu.

The distance of coffee plants from the riparian zone 
had a significant impact on the pollinator abundance for 
two species A. cerana and A. dorsata. The average number 
of visits for 15 min per branch for A. cerana decreased 

with increasing distance (10 m to 60 m) from the riparian 
zone. A. dorsata showed consistent visits for 10 m and 30 
m, while for 60 m there was a decrease in visits. However, 
T. iridipennis exhibited increasing visits with increase in 
distance. At 10 m distance, the visits were nil, while at 30 
m and 60 m the visits were just one. A. florea exhibited low 
visitation rate (£1 visit) at all the three distances. Thus, A. 
cerana and A. dorsata species abundance was higher closer 
to the edge of the riparian zone (Fig. 3). Total species visits 
were log-transformed to reduce the space between units. A 
negative relationship has been observed between total species 
visits and distance indicating a reduction in species visits 
with increased distance from the riparian zone. A similar 
observation was recorded in Costa Rica, bee species richness 
in coffee farms reduced as the distance from the riparian 
forest increased (Ricketts 2004).

In the colony count study, for a total of 5500 m transect 
in the riparian zone, colonies of A. dorsata, A. cerana and 
A. florea were observed (Table 2). T. iridipennis was absent 
in the transect studied. Higher number of colonies have been 
observed for A. dorsata, while A. florea least. Colonies of  

Table 1: Species wise bee visits to Coffea canephora inflorescence.

Bee species No. of visits (%)

Apis cerana Fabricius 8543 47

Apis dorsata Fabricius 9070 50

Apis florea Fabricius 158 1

Tetragonula iridipennis Smith 329 2

Total 18100
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transect studied. The higher number of colonies have been observed for A. dorsata, while A. 
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bridges. Paar et al. (2000) also recorded A. dorsata colonies were restricted to forests due to 

their habit of nesting at greater heights such as tall trees. Thus, riparian zones are found to be 

suitable nesting habitat for A. dorsata species.  

Table 2: Bee colonies found in the riparian zone adjacent to study 
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Study species No. of colonies Nesting site in the riparian 

Fig. 3: Proximity-wise mean bee visits/15 minutes to Coffee canephora at increasing distance from the edge of the riparian zone.
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A. dorsata were found on branches of tall trees and under 
the bridges. Paar et al. (2000) also recorded A. dorsata col-
onies were restricted to forests due to their habit of nesting 
at greater heights such as tall trees. Thus, riparian zones are 
found to be suitable nesting habitat for A. dorsata species. 

Qualitative interviews with coffee farmers and workers 
revealed A. dorsata built colonies in riparian zones during 
summers which were the flowering season for coffee. A 
mixed response was obtained towards the presence of colo-
nies during rains, some mentioned that the colonies moved 
towards forests, while some were not aware of it. Majority of 
the respondents strongly agreed coffee fruit set was enhanced 
by bee pollination particularly A. dorsata. Awareness among 
communities on pollinators and their habitats will increase 
their income from coffee as well as promote pollinator habitat 
conservation in the riparian landscape. 

Unlike other coffee-agroforests in the region, the ones 
that are adjacent to the river have multiple advantages in 
terms of water availability as well as pollinators. Hence, 
promoting riparian habitat heterogeneity such as increasing 
floral and nesting resources, wildflower margins and hedge-
rows increases pollinator (Santos et al. 2018) richness and 
abundance, further increasing crop productivity. Further 
studies could compare the crop productivity to the number 
of bee visits in the riparian landscape. 

CONCLUSION

Natural habitats and agricultural landscapes are ecologically 
interconnected as pollinator diversity is essential for entomo-
philous crops (Kremen et al. 2002). Among other factors such 
as species of natural pollinators, foraging range, attractive 
flowers, etc., farmland distance to the natural habitat of wild 
pollinators plays a significant role in pollination success. The 
study concludes (i) Coffee-agrosystems adjacent to riparian 
zones observed higher A. dorsata visits, a significant polli-
nator of Coffea canephora, (ii) Riparian zones are important 
habitat for pollinators mainly A. dorsata and A. cerana, apart 
from other forest fragments present across Kodagu district. 
Thus, the conservation of riparian zones can increase polli-
nation service to the coffee farms, enhance crop productivity 
and increase economic gains. 
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ABSTRACT

This paper explores the macroscopic permeability characteristics, pore distribution, mineral 
composition, and microstructure changes in remoulded silty clay under different concentrations and 
different back pressures through flexible-wall triaxial permeability tests, nuclear magnetic resonance 
tests, X-ray diffraction tests, and scanning electron microscope tests. The results of the flexible-wall 
triaxial permeability tests indicate that the hydraulic conductivity of the landfill leachate with different 
concentrations increases to the peak value in 108-132 h period and then decreases to a stable value 
in 252–264 h period under the action of different back pressures. The nuclear magnetic resonance 
tests show that the pore distribution of the remoulded silty clay is macropore after it is corroded by 
the leachate. Increasing the concentration of landfill leachate and reducing the back pressures can 
reduce the overall development effect of pores. The X-ray diffraction tests show that the weakly acidic 
corrosive environment provided by remoulded silty clay and landfill leachate reduce respectively the 
contents of montmorillonite, muscovite, and illite by 33.52 %, 23.57 % and 63.51 %, while kaolinite and 
albite increase by 283.40 % and 188.64 %. Finally, scanning electron microscope tests show that the 
corrosion of landfill leachate and the plugging of organic pollutants in the infiltration process reduce the 
apparent pore ratio of the microstructure of remoulded silty clay and the hydraulic conductivity gradually 
decreases.

INTRODUCTION

Currently, compacted clay is widely used as an impervious 
material for landfills in China. Its permeability is key, and 
it must comply with the requirements of the Chinese code 
which states that the hydraulic conductivity should not be 
greater than 1.0×10-7 cm/s (CJJ176-2012). The leachate 
produced by the landfill site has complex components, high 
dissolved concentrations of heavy metal ions and various 
other ions, and it contains aromatic hydrocarbons and other 
industrial organic compounds (Kjeldsen et al. 2002). When 
leakage occurs, the leachate corrodes the impermeable layer 
at the bottom of the landfill site, changes the microstructure 
of the clay layer at the bottom, destroys the stability of the 
impermeable layer, and can lead to serious pollution of sur-
face water and groundwater.

In recent years, there have been numerous experimental 
explorations and theoretical results on the macroscopic char-
acteristics and microstructure of clay. Some scholars explored 
the changes in the conventional parameters of pollutants and 
the relationship between the mechanical properties and the 

microstructure of compacted clay after the landfill leachate 
eroded, which can help evaluate the applicability of liner 
materials. The possibility of high concentration leachate 
blocking compacted clay was simulated. Combined with 
SEM photos, it is shown that the compacted clay has hydrau-
lic blockage under leachate erosion (Li et al. 2013, Zhao et al. 
2016, Met & Akgün 2015, Zhan et al. 2017, Razakamanant-
soa & Djeran-Maigre 2016, Safari & Valizadeh 2017). 
Researchers have investigated the effects of bentonite, lime, 
zeolite, and other materials as well as ion concentration and 
valence on clay permeability (Dontsova & Norton 2015, 
Roth & Pavan 1991, Zhou et al. 2015, Varank et al. 2011, 
Li et al. 2008). The permeability characteristics of original 
clay, recomposed clay and improved clay are explored, and 
a more suitable calculation expression for consolidation hy-
draulic conductivity of remoulded clay is calculated, which 
has important guiding significance for practical engineering 
(Gu et al. 2003). Although there have been many research 
works on the erosion of compacted clay using the landfill 
leachate, there are few studies on the relationship between 
the mineral composition, pore distribution, microstructure 
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changes, and macroscopic permeability characteristics of the 
remoulded silty clay by landfill leachate corrosion; therefore, 
the correlation needs to be further explored.

To study the relationship between the macro permeability 
and microstructure of remoulded silty clay corroded by land-
fill leachate, this paper analyses the change of hydraulic con-
ductivity curve of remoulded silty clay through flexible-wall 
triaxial permeability tests. Then, through nuclear magnetic 
resonance (NMR) tests, X-ray diffraction (XRD) tests, and 
scanning electron microscope (SEM) tests, pore distribu-
tion, mineral composition, and microstructure changes in 
the remoulded silty clay were respectively studied. Finally, 
the macro permeability characteristics and microstructure 
changes in remoulded silty clay corroded by landfill leachate 
were analysed to illustrate the relationship between them.

MATERIALS AND METHODS

Materials

The buried depth of the soil used for the test is about 2 m, 
which is taken from a construction site in Huangpi District, 
Wuhan, China, and it is utilized for independent sealed 
storage. Its basic physical characteristics are provided in 
Table 1, and its basic chemical and mineral composition are 
listed in Table 2. Fresh landfill leachate used in the test was 

obtained from the Chenjiachong Landfill Site in Xinzhou 
District of Wuhan City, with a concentration of 100 %. Its 
basic physical and chemical characteristics are summarized 
in Table 3. 1 L and 5 L distilled water was added to each litre 
of fresh landfill leachate to prepare 50 % and 16.7 % landfill 
leachate for the tests.

Methods

Flexible-wall triaxial permeability tests: These tests are 
carried out according to the standard ASTM D5084-2010. 
The instrument adopts the PN3230M environmental geotech-
nical flexible wall permeameter (triple type) manufactured 
by GEOEQUIP. It adopts the cell pressure of 350 kPa, and 
back pressures of 100, 200, and 300 kPa. The cylindrical soil 
sample with a diameter of 50 mm and a height of 100 mm 
is corroded by landfill leachate with concentrations of 100 
%, 50 %, and 16.7 %, and the variation rule of the hydraulic 
conductivity of each layer is observed and obtained. Accord-
ing to the standards (ASTM D5084-2010, SL237-1999), the 
hydraulic conductivity is calculated by:

 

4 

to the standards (ASTM D5084-2010, SL237-1999), the hydraulic conductivity is calculated by: 

                   …(1) 

Where, k is the hydraulic conductivity, cm/s; Q is the amount of water seepage in penetration time t, ml; L is the 

height of the sample, cm; ρ is the solution density, g/cm3; A is the cross-sectional area of the sample, cm2; and ΔP is the 

backpressure, kPa. 

Nuclear magnetic resonance (NMR) tests: The NMR apparatus model was PQ-001 Mini NMR (Shanghai Niumai 

Electronic Technology Co. Ltd.). The magnetic field strength was 0.5±0.08 T and the operational test area was 60 mm × 

60 mm. To generate a stable and uniform magnetic field, the temperature of the magnet unit was set to 32 ± 0.01°C, 

and a polytetrafluoroethylene ring cutter that has a diameter of 45 mm and a height of 20 mm was used for sample 

preparation. First, three layers of cylindrical soil samples were cut from the bottom to the top at 0-20 mm, 40-60 mm, 

and 80-100 mm, respectively, after the flexible-wall triaxial permeability tests. Then, the central soil samples of each 

layer were collected by polytetrafluoroethylene ring cutters for NMR tests. Finally, the transverse relaxation time T2 is 

provided by the Carr–Purcell-Meiboom-Gill (CPMG) sequence and the pore distribution of the remoulded silty clay is 

obtained.  

T2 can be expressed by the T2 surface relaxivity ρ2, S/V that is the ratio of the pore surface area S to the pore water 

volume V and pore radius R as: 

                 …(2) 

Further, Eq. (2) is simplified as:  

                    …(3) 

In the formula, the value of a is a constant, which is 2.25 ms/μm. According to Eq. (3), pore distribution can be set up 

according to the T2 distribution curves (Tian et al. 2013, Li et al. 2008). 

X-ray diffraction (XRD) tests: According to the Chinese code (SY/T 5163-2010), under the condition of 5°C, the lower 

 
…(1)

Where, k is the hydraulic conductivity, cm/s; Q is the 
amount of water seepage in penetration time t, ml; L is the 

Table 1: Basic physical characteristics of remoulded silty clay used in the tests.

Optimum water 
content (%)

Maximum dry density 
(g·cm-3)

Liquid limit (%) Plastic limit (%) Plasticity index Porosity ratio Specific gravity (g·cm-3)

18.5 1.71 34.4 18.8 15.6 0.36 2.65

Table 2: Basic chemical and mineral composition of remoulded silty clay used in the tests.

pH Soluble salt (%) Organic matter (%)
Mineral composition (%)

Quartz Montmorillonite Kaolinite Albite Muscovite Illite

5.5 0.6 1.8 23.41 20.94 4.76 6.69 21.09 23.10

Table 3: Basic chemical characteristics of landfill leachate.

Contaminants Parameter values  (mg·L-1) Determination method Contaminants Parameter values  (mg·L-1) Determination method

pH 6.1 GB/T 6920-86 COD 4107 HJ/T 399-2007

DO 3.7 GB/T 7489-87 TOC 692.5 HJ 501-2009

N-NO3 16.57 HJ/T 346-2007 SO4
2- 5.8 GB/T 13196-91

N-NO2 0.50 HJ/T 197-2005 Cl- 2022.9 GB/T 11896-89

N-NH4+ 2779.9 HJ 666-2013 Na+ 1855.6 GB/T 11903.89

P-PO4 21.2 HJ 669-2013 Zn 276 GB 7472-1987

TP 25.5 HJ 671-2013 Cu 891 HJ 485-2009

BOD5 1457.1 HJ 505-2009 Ni 370 GB 11912-1989
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height of the sample, cm; r is the solution density, g/cm3; A 
is the cross-sectional area of the sample, cm2; and DP is the 
backpressure, kPa.

Nuclear magnetic resonance (NMR) tests: The NMR ap-
paratus model was PQ-001 Mini NMR (Shanghai Niumai 
Electronic Technology Co. Ltd.). The magnetic field strength 
was 0.5±0.08 T and the operational test area was 60 mm × 
60 mm. To generate a stable and uniform magnetic field, the 
temperature of the magnet unit was set to 32 ± 0.01°C, and a 
polytetrafluoroethylene ring cutter that has a diameter of 45 
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In the formula, the value of a is a constant, which is 2.25 
ms/μm. According to Eq. (3), pore distribution can be set up 
according to the T2 distribution curves (Tian et al. 2013, Li 
et al. 2008).

X-ray diffraction (XRD) tests: According to the Chinese 
code (SY/T 5163-2010), under the condition of 50°C, the 
lower soil samples (0-20 mm) with various concentrations of 
corrosion are dried to constant quality and then ground into 
powder by mortar. After passing through a 200-mesh sieve, 
the samples are diffracted by an X-ray diffractometer with 
the model of EMPYREAN at a speed of 4°/min (2q) and a 
diffraction angle of 5-85° (2q).

Scanning electron microscopy (SEM) tests: In the tests, 
an SEM model S-3000 N was used. First, the lower soil 
samples (0-20 mm) with various concentrations of corrosion 
are placed at 105°C and dried until the quality is constant 
to prevent the moisture in the soil samples from affecting 
the display of scanning images. Then, the soil with a size 
of about 1 cm × 1 cm × 1 cm is selected and placed in the 
vacuum. Finally, the magnification of the SEM is adjusted 
to 2,000 times. Scanning photographs are taken and images 
analysis is performed.

RESULTS AND DISCUSSION

Permeability characteristics: The hydraulic conductivity 
curves of different concentrations of leachate corrosion 
remoulded silty clay under different back pressures are 
shown in Figs. 1-3, all of which meet the requirements of the 
Chinese code that it should not be more than 1.0 × 10-7 cm/s 
(CJJ176-2012). With different landfill leachate concentra-
tions and different back pressures, the hydraulic conductivity 
curve shows the phenomenon of first increasing to the peak 
value and then decreasing to a stable value with time. For 
the same concentration of the leachate, the larger the back 
pressure at the same time, the greater is the hydraulic con-
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ductivity. The leachate concentration is different; however, 
the time for the hydraulic conductivity to reach the peak 
value is between 108 and 132 h, and the time for reaching 
the stable value is between 252 and 264 h. With the same 
back pressure at different concentrations, the more dilute 
the concentration, the longer is the increase in the time of 
hydraulic conductivity and shorter is the time to reach the 
stable value; the peak value and stable value are also higher.

When the concentration is 100 %, 50 % and 16.7 %, the 
peak value and stable value of hydraulic conductivity are 
respectively in the range of 19.54-20.42 × 10−9 cm/s and 
0.78-3.67 × 10−9 cm/s under the action of 100 kPa back 
pressure; under the action of 200 kPa back pressure, the peak 
value and stable value of hydraulic conductivity are in the 
range of 25.36-30.07 × 10−9 cm/s and 1.47-8.11 × 10−9 cm/s, 
respectively; under 300 kPa back pressure, the peak value and 
stable value of hydraulic conductivity is respectively in the 
range of 27.14-32.29 × 10−9 cm/s and 2.29-11.29 × 10−9 cm/s.

The hydraulic conductivity curves show an upward trend 
at first, which may be explained by the fact that the sample 
is not completely saturated when the vacuum saturation 
procedure is adopted, and the hydraulic conductivity is 
related to the saturation. When the test is started, the bubble 
and the soil particles move relatively slowly, and the liquid 
flows around the soil particles through the bubble (Liang 
& Liu 2012). Therefore, when the soil column is initially 
pressurized, the leachate can quickly pass through the soil 
sample, and the hydraulic conductivity curves show an up-
ward tendency. After 100 h, there is almost no air in the soil 
column, and it is almost completely saturated. The applied 
cell pressure consolidates the soil column. Simultaneously, 
the effective pores of the soil column are gradually reduced 

by the leachate. Anaerobic microorganisms metabolize inside 
the soil sample to form biofilms and inorganic precipitates. 
Thus, this increases the permeability difficulty and decreases 
the hydraulic conductivity curve (Zhang et al. 2012).

Pore distribution: The pore distribution of the remoulded 
silty clay can be obtained according to the T2 distribution 
curve of the saturated soil samples. As showing in Figs. 
4-6, under the different back pressures, the pore distribution 
curves of each layer of remoulded silty clay after being cor-
roded by the leachate of different concentrations have two 
peaks, according to International Union of Pure and Applied 
Chemistry (IUPAC) standard, which are mainly distributed in 
the range of 0.01-1.03 μm (peak 1) and 14.55-89.30 μm (peak 
2). This indicates that the pore distribution characteristics of 
each layer of remoulded silty clay are macropores. Under the 
100 kPa back pressure, the total pore volume distribution of 
remoulded silty clay corroded by 100 % leachate is 24.48 
% less than that of 50 % leachate corrosion, and the total 
pore volume distribution of 50 % leachate and 100 kPa back 
pressure is 34.65 % less than that of 16.7 % leachate and 300 
kPa back pressure. This shows that increasing the landfill 
leachate concentration and reducing back pressure can reduce 
the overall pore volume distribution and the development 
effect of the overall pore structure.

Under the same back pressure, the pore volume of the 
bound water corresponding to peak 1 increases gradually and 
the pore volume of the free water corresponding to peak 2 
decreases gradually in the remoulded silty clay layer from 
the bottom to the top with the same concentration. Under 100 
kPa back pressure, when the landfill leachate concentration is 
100 % and 50 %, the pore volume distribution of the bound 
water in the remoulded silty clay from the bottom to the top 
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Fig. 4: Pore distribution curve of remoulded silty clay corroded by 100% landfill leachate under 100 kPa back pressure. 
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Fig. 5: Pore distribution curve of remoulded silty clay corroded by 50% landfill leachate under 100 kPa back pressure. 
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Fig. 6: Pore distribution curve of remoulded silty clay corroded by 16.7% landfill leachate under 300 kPa back pressure. 
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increases by 220.92 % and 107.60 %, respectively, and the 
pore volume distribution of the free water decreases by 68.90 
% and 71.46 %, respectively. 

When the landfill leachate concentration is 16.7 %, the 
pore volume distribution of bound water increases by 85.00 
% and that of free water decreases by 80.21 % under 300 
kPa back pressure. Therefore, the volume distribution of 
bound water pores in the lower soil sample is less than 
that in the upper layer, and the volume distribution of free 
water pores is more than that in the upper layer. This is due 
to the infiltration process of the landfill leachate from the 
bottom to the top. On the one hand, the lower soil sample 
first passes through the landfill leachate, and the corrosion 
effect of internal pores in the lower layer is more serious 
than that in the upper layer, resulting in more free water 
pores in the lower layer than that in the upper layer. On 
the other hand, the activities of organic pollutants and 
anaerobic microorganisms in landfill leachate will first 
block the bound water pores in the lower layer, resulting 
in a decrease in the bound water pores in the lower layer, 
which also explains the phenomenon that the hydraulic 
conductivity curve increases first and then decreases from 
the microscopic pore distribution.

Mineral composition and microstructure: To explore 
the difference in the mineral composition and micro-
structure of remoulded silty clay after being corroded by 
the leachate of different concentrations, the NMR test 
results show that the pore changes in the lower layer of 
the remoulded silty clay are the most obvious under the 
corrosion of landfill leachate. Therefore, it is considered 
to select a representative lower layer remoulded silty clay 
for XRD and SEM tests, and the XRD curves obtained 

are shown in Fig. 7; the mineral composition changes are 
illustrated in Fig. 8; and the SEM scanning images of 2000 
times are shown in Fig. 9.

The main mineral composition of the lower remoulded 
silty clay corroded by the leachate of different concentra-
tions is similar, which comprises quartz, montmorillonite, 
kaolinite, albite, muscovite and illite. Before and after the 
leachate of different concentrations was corroded, the content 
of quartz did not change, which accounts for 23.41-23.97 %. 
When the leachate concentration is 100 %, the content of 
each mineral component decreases or increases most obvi-
ously. The contents of montmorillonite, muscovite, and illite 
decrease by 33.52 %, 23.57 %, and 63.51 %, respectively, 
while those of kaolinite and albite increase by 283.40 % 
and 188.64 %, respectively. This is because the soil sample 
comes from the near-surface soil, and the montmorillonite 
is formed in an alkaline environment, with strong adsorption 
capacity and cation exchange capacity. When the pH value 
of the remoulded silty clay is 5.5 and the pH value of landfill 
leachate is 6.1, the permeability test is in a weak acidic en-
vironment, the montmorillonite content is reduced, and illite 
also releases K+ ions into the solution resulting in a decrease 
in content (Tucker 1964); aluminosilicate gradually converts 
into kaolinite in an acidic environment. The K+ migration 
generated by the dissolution of aluminosilicates such as 
feldspar is faster than that generated by dissolution, and it 
cannot reach the K+ concentration value required to generate 
illite. The acidic solution provided by flexible-wall triaxial 
permeability tests is more favourable for the dissolution of 
associated kaolinite by aluminosilicates, and kaolinite has a 
relatively weak adhesion. The migration will occur during 
the infiltration process to block the channels connected be-
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tween pores, which will lead to a decrease in the hydraulic 
conductivity (Jin et al. 2018).

Lower remoulded silty clay originally had irregular 
lamellar structure after being corroded by the landfill leachate 
of different concentrations. It showed irregular honeycomb 
and structural aggregates. According to XRD and SEM test 
results, the formation of aggregates in the SEM images is 
a product of the cementation of organic pollutants in the 
landfill leachate and soil particles, in the form of edge-to-
face combination. With an increase in the infiltration time, 
the macropores in remoulded silty clay gradually change 
into micropores and the apparent void ratio gradually de-
creases, which can well explain the phenomenon that the 
hydraulic conductivity curve shows a gradual decreasing 
trend. The higher the concentration of landfill leachate, the 

more intense is the corrosion of the remoulded silty clay. The 
phenomenon of cementation and agglomeration is obvious. 
The soil particles aggregate tightly, and the number of loose 
micro-particles reduces. The irregular honeycomb is obvious 
in SEM images, and the hydraulic conductivity decreases.

CONCLUSIONS

To study the permeability characteristics and microstructure 
changes of remoulded silty clay caused by landfill leachate 
corrosion, this paper analysed the permeability characteris-
tics of remoulded silty clay based on flexible-wall triaxial 
permeability tests. Based on NMR, XRD, and SEM tests, 
pore distribution, mineral composition, and microstructure 
changes of remoulded silty clay were studied, and the fol-
lowing conclusions were drawn:
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Fig. 7: XRD curves of lower remoulded silty clay corroded by different concentrations of landfill leachate. 
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Fig. 8: Mineral composition changes in lower remoulded silty clay corroded by landfill leachate of different 

concentrations. 
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 1. The saturated hydraulic conductivity of remoulded silty 
clay measured by flexible-wall triaxial permeability 
tests is not more than 1.0×10-7 cm/s, which shows the 
phenomenon of increasing the peak value and then de-
creasing it to a stable value. The value of the hydraulic 
conductivity is related to the back pressure and the 
concentration of the landfill leachate. The larger the back 
pressure and the smaller the concentration, the larger is 
the value of hydraulic conductivity.

 2. The pore size of the remoulded silty clay corroded by the 
leachate is distributed in the range of 0.01-1.03 μm and 
14.55-89.30 μm. The pore distribution is macropores, 
and the pore volume of the bound water in the remoulded 
silty clay increases gradually from the bottom to the 
top, while the pore volume of the free water decreases 
slightly. The concentration of the landfill leachate in-

creases and the back pressure reduces, and the overall 
pore volume distribution decreases.

 3. The main mineral composition of the lower remoulded 
silty clay after the leachate of different concentrations 
is basically unchanged, with quartz accounting for the 
largest percentage, and the content remains unchanged 
before and after corrosion. When the leachate concentra-
tion is 100 %, the change of each mineral composition is 
the most obvious, with the contents of montmorillonite, 
muscovite, and illite decreasing while kaolinite and 
albite increasing. During the process that the landfill 
leachate corrodes the remoulded silty clay, while the 
mineral composition changes, the soil particles will be 
cemented into irregular aggregates, the leachate concen-
tration increases, the aggregates become more compact, 
and the hydraulic conductivity gradually decreases.
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Fig. 9: SEM images (magnified 2000 times) of lower remoulded silty clay corroded by different concentrations of landfill 

leachate. 

 

 

Fig. 9: SEM images (magnified 2000 times) of lower remoulded silty clay corroded by different concentrations of landfill leachate.
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ABSTRACT

To study the characteristics of air quality and the relationship between air quality and weather factors, 
based on daily meteorological data from 2016 to 2019 in Beijing using information diffusion technology, 
the probability distribution of air quality index in different seasons and the development trend of air 
quality have been studied, and the relationship between weather factors and air quality discussed. 
The results show that: 1) According to the air quality, the order of the four seasons is summer, spring, 
autumn and winter. In summer, the frequency of moderate air pollution and above is about 2.54%, and 
the frequency of serious air pollution is about 0%. In winter, the frequency of moderate air pollution and 
above is 17.83%, and the frequency of serious air pollution is 2.93%. 2) The air quality of Beijing has 
been improving in recent years, which shows that with the strengthening of air pollution control efforts, 
certain results have been achieved. 3) Quantitative analysis of the relationship between winter air quality 
index and temperature and wind in Beijing shows that the degree of air pollution in winter increases 
with the increase of temperature and decreases with the increase of wind force. The frequency of mild 
air pollution and above is about 8.91% when the daily maximum temperature is below 0°C and 48.78% 
when the daily maximum temperature is above 9°C. The frequency of mild air pollution and above is 
about 45.17% when the daily maximum wind force is level 0, and 20.89% when the daily maximum 
wind force is level 3 and above. Examples show that the information diffusion technology can make 
full use of the location information of the sample points by transforming the traditional sample data 
points into fuzzy sets, and achieves good results in frequency statistics and trend fitting. The model 
established in this paper has the value of popularization and application.

INTRODUCTION

People all over the world have suffered or are suffering from 
the haze, including China, the United States, Germany, Japan 
and so on. Haze pollution has become an important threat to 
the global environment. Along with the rapid development 
of economy in China, air pollution problems arise and lead 
to frequent haze in different degrees, which not only affects 
people’s lives and health but also makes the environmental 
problems more and more serious in the future.

Air pollution and haze weather do great harm to human 
beings. Air pollution directly leads to a significant increase 
in the incidence of respiratory diseases, affecting physical 
and mental health. Haze pollution leads to reduced visibility, 
increased traffic accidents, affecting daily activities such as 
travel. Haze causes serious losses to agricultural production, 
aquaculture production and tourism development, and affects 
ecosystems.

In the autumn and winter of 2016, China’s air pollution 
became more serious. The haze pollution problem extend-
ed from some areas to all parts of the country, covering 25 
provinces. More than 100 large and medium-sized cities had 
haze weather of varying degrees, which not only affected 
the sea, land and air traffic conditions but also caused direct 
harm to people’s physical and mental health. As the capital 
of China, Beijing is the political, cultural and economic 
centre of the whole country. However, in recent years, haze 
weather has occurred frequently. It is necessary to analyse 
the characteristics of air quality in-depth, which can provide 
a decision-making basis for the prediction and prevention of 
haze pollution weather.

The London smog event in Britain and the Los Angeles 
photochemical smog event in the United States appeared 
earlier than the haze weather in China and were the first to 
suffer from haze pollution. The results show that sulphur 
oxides and dust produced by coal combustion in the process 
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of industrial development were the direct causes of London 
smog events, and the accumulation of air pollutants with 
time due to the existence of inversion layer was the indirect 
cause (Davis et al. 2002). Primary pollutants from motor 
vehicles and chemical plants and secondary pollutants from 
photochemistry caused photochemical smog in Los Angeles, 
USA (Hinton et al. 2006). Minguillon (2012) used a positive 
definite matrix to analyse the main components and forma-
tion factors of PM2.5 in Switzerland. Through a comparative 
study of PM10 in residential and industrial areas in Calcutta, 
India, Chalouolakou et al. (2003) found that soot and motor 
vehicle emissions had the greatest impact on haze pollution 
in the region. With the continuous occurrence of haze weather 
in China, many Chinese scholars have conducted in-depth 
studies on the weather characteristics during the occurrence 
of haze. Wang (2011) found that the sharp increase of PM2.5 
concentration in Beijing in 2008 was due to the slow movement 
of atmospheric clouds, which made the air unable to circu-
late rapidly, and the accumulation of atmospheric pollutants 
caused haze pollution. Wang (2002) studied the distribution 
and evolution of visibility in Beijing under haze pollution.  
Jiang et al.  (2017) studied the meteorological factors of haze 
weather with the worst visibility in Zhengzhou City. The re-
sults showed that the meteorological conditions during haze 
pollution were low-level wind, relatively stable atmospheric 
structure and low-level inversion layer. Qian et al. (2006) 
analysed the time distribution characteristics of fog and haze 
weather in Guangdong Province, and found that the visibility 
of fog and haze weather is different from seasonal variation. 

There are also many studies on haze prediction. Jian et 
al. (2012) used the autoregressive integral moving average 
model to predict the PM10 concentration in heavy traffic 
areas of Hangzhou, China. Dong et al. (2009) proposed a 
hidden Markov model to predict high PM2.5 concentration 
in haze-polluted weather. Li (2017) predicted PM2.5 concen-
tration by multivariate statistical methods. Su et al. (2008) 
established a haze prediction model based on the Chi-square 
test and BP neural network. Mishra et al. (2015) combined 
with neural network and fuzzy logic regression to predict 
PM2.5 concentration in haze weather in India. 

For a long time, many scholars have done many studies 
on the causes, hazards and control of haze, and have achieved 
rich results. At present, there are many characteristic analy-
sis models of haze, such as regression, statistics and neural 
networks and so on. When there are contradictory samples 
or small samples in data processing, the effect of traditional 
methods is unsatisfactory.  Information diffusion technology 
is a data processing method rising in recent years. By trans-
forming data points into fuzzy sets, the location information 
of samples can be fully utilized, especially for data analysis 

under incomplete conditions of samples (Huang 2018, Chen 
2012). Regional air quality data are usually short in length 
and not abundant in quantity. The non-linear relationship re-
gression and stable probability distribution among factors can 
be well realized by using information diffusion technology.

Taking Beijing as a typical research area and air quality 
index as research index, this paper uses information dif-
fusion technology to analyse the evolution characteristics 
of air quality in different seasons in Beijing, calculates 
the probability distribution of haze occurrence in different 
seasons, and studies the evolution trend of air quality and 
air quality in recent years. To provide a scientific basis for 
prevention, early warning and control of local air pollution, 
the relationship between air pollution and temperature, wind 
force factors is discussed.

DATA AND METHODS

Survey of Research Area

Beijing is the capital of China, located in the northwest end 
of the North China Plain, adjacent to Tianjin in the east, 
surrounded by Hebei Province in the west, south and north. 
The total area of the city is about 16410 km2, of which the 
mountainous area accounts for about 60% and the plain area 
accounts for about 40%. Beijing has 16 districts under its 
jurisdiction, of which 6 are in the urban area, namely Dong-
cheng District, Xicheng District, Haidian District, Fengtai 
District, Chaoyang District and Shijingshan District. There 
are 10 suburban districts, including Yanqing District, Huairou 
District, Miyun District, Changping District, Shunyi District, 
Pinggu District, Mentougou District, Tongzhou District, 
Fangshan District and Daxing District (Fig. 1). The climate 
in Beijing is a typical warm temperate humid continental 
monsoon climate. The seasonal variation of precipitation is 
great. The precipitation is mostly concentrated in summer 
and the annual average precipitation is about 585 mm.

Beijing is the political, economic and cultural centre 
in China, which attracts worldwide attention. However, in 
recent years, haze weather has frequently appeared. In Jan-
uary 2013, Beijing experienced the most haze intrusion in 
59 years. It experienced four haze attacks for 25 days. The 
maximum PM2.5 index reached 755. According to the air 
pollution index published by relevant departments, the pollu-
tion situation has reached the “serious pollution” level. Since 
the beginning of winter in 2015, the haze has appeared fre-
quently, lasting for up to two weeks. In December, the “red” 
warning of fog was issued.  Haze has become a common 
weather condition in Beijing, causing huge adverse effects 
on the citizens. Although all parties have made great efforts 
to control the haze, no significant effect has been achieved.
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Data Sources

The assessment of air quality grade is based on the technical 
regulations of the Environmental Air Quality Index (AQI) 
(HJ633-2012) in China. Air pollution index is divided into 
six grades: 0-50, 51-100, 101-150, 151-200, 201-300 and 
more than 300. The bigger the index and the higher the level, 
the more serious the pollution is, and the more obvious the 
impact on human health is. 

When the air pollution index belongs to the interval (0, 
50], the air quality level is 1, and the air quality is excellent. 
There is no air pollution. All kinds of people can move 
normally.

When the air pollution index belongs to the interval (50, 
100], the air quality level is 2, and air quality is good. Air 
quality is acceptable, but some pollutants may have a weak 
impact on the health of a very small number of abnormally 
sensitive people. It is suggested that abnormally sensitive 
people should reduce outdoor activities.

When the air pollution index belongs to the interval (100, 
150], the air quality level is 3, and the air quality condition 
belongs to mild pollution. The symptoms of susceptible 
people are slightly aggravated, and the irritation symptoms 
are found in healthy people. It is suggested that children, 
the elderly people and patients with heart and respiratory 
diseases should reduce intensive outdoor exercise.

When the air pollution index belongs to the interval (150, 
200], the air quality level is 4, and the air quality condition 
belongs to moderate pollution. The haze will further aggra-
vate the symptoms of susceptible people and may affect the 

heart and respiratory system of healthy people. It is suggested 
that patients with diseases should avoid high-intensity out-
door exercise and that the general population should reduce 
outdoor exercise.

When the air pollution index belongs to the interval (200, 
300], the air quality level is 5, and the air quality condition 
belongs to heavy pollution. The symptoms of patients with 
heart disease and pulmonary disease are significantly ag-
gravated, exercise tolerance is reduced, and symptoms are 
common in healthy people. It is suggested that children, the 
elderly and patients with heart disease and pulmonary disease 
should stay indoors, stop outdoor exercise, and the general 
population should reduce outdoor exercise.

When the air pollution index is more than 300, the air 
quality level is 6, and the air quality is seriously polluted. 
It is suggested that children, the elderly and patients should 
stay indoors to avoid physical exhaustion and the general 
population should avoid outdoor activities.

ANALYSIS MODEL OF AIR QUALITY 
CHARACTERISTICS BASED ON INFORMATION 
DIFFUSION TECHNOLOGY

Air Quality Index Frequency Distribution Based on 
Information Diffusion

Information diffusion is a new way to study function approx-
imation by using the method of fuzzy sets. The advantage of 
this method is that its estimation accuracy is higher than that 
of the traditional histogram. In particular, when the overall 
hypothesis of a given sample is not guaranteed to be correct 
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and the sample size is small, this new method is very useful 
to avoid the artificial destruction of the data structure and 
make full use of the information carried by each knowledge 
sample point.

Suppose that the discourse domain is U. A single ob-
served sample point can diffuse the information it carries 
to all the points in the universe according to the following 
formula:
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Where, p(uj) is the exceeding probability of uj. 
According to the air quality index data in spring (March to May), summer (June to August), 
autumn (September to November) and winter (December to January of the following year), the 
probability distribution of air quality index in each season can be analysed by using the above 
information diffusion method. 
 
Trend Analysis of Air Quality Based on Information Diffusion Approximate Reasoning  
 
Regression analysis based on information diffusion technology is not only easy to calculate, but 
also can better reflect the overall trend of the data changes. Without grouping data artificially, it 
can automatically fit local trend changes and finally get a smooth, fluctuating regression curve. 
Approximate reasoning based on information diffusion is a non-linear regression model between 
two variables. The main steps are as follows: 
(1) Suppose that there are L samples {(x1,y1),(x2,y2),…,(xl,yl)}. According to the distribution of 
sample values, the discrete domains of input variable x and output variable y can be determined 
respectively U={u1,u2…,us}, V={v1,v2,…,vr}.  (xi,yi) can be transformed into a fuzzy set according to 
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Where, hx and hy are information diffusion coefficients of input and output samples respectively, 
calculated according to equation (2). 
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The nonlinear regression relationship between air quality index and time is established by the 
information diffusion approximate reasoning method to describe the changing trend of air 
condition. 
 
ANALYSIS OF AIR QUALITY CHARACTERISTICS IN BEIJING 
 
Analysis of Air Quality Index Distribution in Different Seasons 
 
According to the daily air quality data in different seasons, the air quality distribution in each 
season is analysed by information diffusion technology. The probability distribution of air quality 
grades in each season is shown in Table 1 and Figs. 2-6. 
 
Table 1:  Probability distribution of air quality in each season. 
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interval Winter Spring Summer Autumn 

(0, 50] 0.3933 0.1882 0.2752 0.3669 
(50, 100] 0.2952 0.4135 0.5184 0.3171 

(100, 150] 0.1332 0.2333 0.1811 0.1901 
(150,200] 0.0757 0.0999 0.0254 0.0637 
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  Where, hx and hy are information diffusion coefficients 
of input and output samples respectively, calculated 
according to equation (2).

Table 1:  Probability distribution of air quality in each season.

Index interval Winter Spring Summer Autumn

(0, 50] 0.3933 0.1882 0.2752 0.3669

(50, 100] 0.2952 0.4135 0.5184 0.3171

(100, 150] 0.1332 0.2333 0.1811 0.1901

(150,200] 0.0757 0.0999 0.0254 0.0637

(200, 300] 0.0733 0.0470 0.0000 0.0586

(300, 500] 0.0293 0.0181 0.0000 0.0037
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 (2) According to the fuzzy set Ai and Bi transformed from 
the sample point (xi, yi), the fuzzy relations Ri can be 
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condition. 
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grades in each season is shown in Table 1 and Figs. 2-6. 
 
Table 1:  Probability distribution of air quality in each season. 

Index 
interval Winter Spring Summer Autumn 

(0, 50] 0.3933 0.1882 0.2752 0.3669 
(50, 100] 0.2952 0.4135 0.5184 0.3171 

(100, 150] 0.1332 0.2333 0.1811 0.1901 
(150,200] 0.0757 0.0999 0.0254 0.0637 

 …(14)

  The nonlinear regression relationship between air 
quality index and time is established by the information 
diffusion approximate reasoning method to describe the 
changing trend of air condition.

ANALYSIS OF AIR QUALITY CHARACTERISTICS 
IN BEIJING

Analysis of Air Quality Index Distribution in Different 
Seasons

According to the daily air quality data in different seasons, 
the air quality distribution in each season is analysed by 
information diffusion technology. The probability distribu-
tion of air quality grades in each season is shown in Table 
1 and Figs. 2-6.

According to the calculation results, the air quality is the 
best in summer and the worst in winter.  The air quality index 
in summer is less than 200, and there is no heavy pollution 
or serious pollution. The frequency of moderate pollution is 
about 2.54% in summer. In winter, the frequency of serious 
pollution is 2.93%, and the frequency of moderate air pol-
lution and above is 17.83%.

Analysis of Change Trend of Air Quality in Winter

Air quality is the worst in winter. The trend of winter air 
quality in Beijing was studied by information diffusion 
technology. After fitting the daily air quality data in winter, 
the trend of air quality was obtained.

After processing the original data by information diffu-
sion technology, it can better reflect the changing trend of air 
quality. From the overall trend, the air quality index shows 
a decreasing trend, that is to say, air quality has improved 
to a certain extent.

Correlation Analysis Between Air Quality Index and 
Meteorological Factors

Based on the winter air quality data in Beijing, the relation-
ship between air quality index and daily maximum tempera-
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ture and daily maximum wind power was analysed by using 
information diffusion technology.  Because of the uncertainty 
of the correlation, this paper studies the correlation through 
probability analysis. Firstly, meteorological factors are 
graded. The daily maximum temperature is divided into 1~4 
grades according to the distribution range of the measured 
data, and the daily maximum wind force is divided into 0~5 
grades according to the relevant meteorological classification 
standards. The higher the grade value of meteorological fac-
tors is, the greater the corresponding value is. Then, the prob-
ability distribution of air quality corresponding to different 
meteorological factor levels is calculated, and the uncertainty 
relationship between air quality and meteorological factors 
is analysed from the perspective of probability. According to 
the calculation, the distribution of winter air quality index in 
Beijing at different temperature levels is shown in Table 2:

As can be seen from the data in the table above, the higher 
the winter temperature is, the worse the air quality is.  When 
the air temperature belongs to grade 1 (0°C or below), the 
distribution of the air quality index is mainly excellent and 
good. No heavy pollution or serious pollution has occurred. 
The frequency of mild air pollution or above is about 8.91%. 

When the air temperature belongs to grade 4 (9°C or above), 
the frequency of mild air pollution or above is 48.78%, and 
heavy pollution and serious pollution occur more frequently, 
reaching 11%.

The distribution of winter air quality index in Beijing at 
different wind force levels is shown in Fig. 7:

As can be seen from the data in Fig. 7 that the higher 
the winter wind force is, the better the air quality is. The 
frequency of mild air pollution and above is about 45.17% 
when the daily maximum wind force is level 0, and 20.89% 
when the daily maximum wind force is level 3 and above.

CONCLUSIONS

Information diffusion technology was applied to the study 
of air quality characteristics. The example shows that the 
information diffusion technology can make full use of the 
position information of the data by fuzzing the sample data 
and obtaining a good result of probability calculation and 
regression analysis. Based on the analysis of air quality 
in Beijing by information diffusion model, the following 
characteristics are found: The probability of air pollution is 
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Table 2:  Probability distribution of air quality in different daily maximum temperature levels.

Air quality level Temperature level 1 Temperature level 2 Temperature level 3 Temperature level 4

(0, 50] 0.6656 0.4188 0.2879 0.2350

(50, 100] 0.2453 0.3476 0.2853 0.2770

(100, 50] 0.0324 0.1086 0.1578 0.2752

(150,200] 0.0562 0.0410 0.1037 0.1035

(200, 00] 0.0005 0.0596 0.1135 0.0930

(300, 00] 0.0000 0.0244 0.0518 0.0161
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the highest in winter. In recent years, air quality has been 
improving to some extent. The air quality of Beijing in 
winter has a certain relationship with meteorological factors 
such as air temperature and wind force. The higher the air 
temperature is, the smaller the wind force is, the greater the 
probability of air pollution.
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ABSTRACT

Proteases have a broad range of applications in pharmaceuticals, detergents and food processing 
industries. Protease producing strains are used profusely in industrial applications and the bioremediation 
process of wastewaters. In the present research work, efficient protease producing strain was isolated 
from dairy industry effluent. Screening of protease activity by isolates was checked by growing them on 
milk agar (skimmed) by spot inoculation method and further estimation was performed using quantitative 
protease assay. The efficient protease producing strain was identified based on morphological as well 
as biochemical characteristics as per standard keys of Bergey’s Manual of Determinative Bacteriology, 
later confirmed by 16s rRNA sequencing and BLAST analysis as Bacillus isronensis strain KD3. The 
maximum protease was produced at 42°C; pH 7-8; 200 rpm; and 7% inoculum concentration after 48h 
of the incubation period. 

INTRODUCTION

Enzymes are the biocatalysts, which catalyse multiple 
biochemical reactions within a short time. Proteases are 
hydrolases (E.C.3.4.21.14) which breakdown the peptide 
bonds of amino acids of a protein (Sathyavrathan & Kavitha 
2013). Proteases have wide applications in pharmaceutical, 
detergent and food processing industries (Gupta et al. 2005, 
Verma et al. 2011). Proteases can be defined as enzymes de-
grading substrate, catalysing complete hydrolysis of proteins 
(Baroudi et al. 2000). Casein is a major protein occupying 
80% of total milk protein. It is a phosphoprotein and dif-
ferent forms of casein depend on the number of phosphate 
groups attached (Caprita 2008). There are different sources 
found in nature for protease production like market waste, 
dairy industrial waste and sewage wastewater (Vasantha & 
Subramanian 2012). Kolhe & Pawar (2011) reported that 
the dairy industry effluent has a large amount of protein 
(especially casein), which may be a good source for isola-
tion of proteolytic bacteria. Patil & Kurhekar (2018a) has 
reported that bacterial protease has more significance in 
the industry as compared to animal and fungal proteases. 
Appleby (1955) isolated proteolytic bacteria from rumen of 
sheep. Kamoun et al. (2008) have reported some protease 
producing bacterial strains namely Bacillus subtilis, Bacil-
lus alcalo, Bacillus licheniformis, Bacillus thuringiensis, 
Bacillus firmus and fungal strains such as Aspergillus miller, 
Penicillium griseofulvin, Aspergillus flavus and Aspergillus 

niger. Patil & Kurhekar (2018b) screened caseinase produc-
ing bacteria from dairy industry effluent and further studied 
them quantitatively. 

Commercially available proteases are stable at variable 
pH and are highly active (Maurer 2004). Mostly produced 
by different Bacillus species, especially alkaline proteases 
have wide substrate specificity and purification cost is very 
low (Haddar et al. 2010). Protease producing strains have a 
large range of applications in food, detergent, textile, tan-
ning, leather and pharmaceutical industries (Prakasham et 
al. 2005). To check the effect of physiological parameters 
on production of protease, various factors like medium pH, 
temperature, agitation speed, inoculum concentration, incu-
bation time and nutrient supplements like sources of carbon 
as well as nitrogen were taken into the consideration (Badhe 
et al. 2016). The present investigation aimed to screen strain 
producing protease from dairy industry effluent and to op-
timize protease production for different cultural conditions. 

MATERIALS AND METHODS

Dairy Industry Effluent 

The dairy industrial effluent was obtained from the Effluent 
Treatment Plant (ETP) of a dairy industry located in Pune 
district, Maharashtra, India. The effluent samples for analysis 
were collected and kept in clean and sterile glass containers, 
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stored in an icebox at low temperature and immediately 
transported to the laboratory, for further analysis. Before use, 
the effluent samples were maintained at low temperature, i.e. 
4°C in a refrigerator to avoid any physicochemical change 
(APHA 2005, Trivedy & Goel 1984). 

Isolation and Screening of Protease Producing Bacteria

The protease producing bacteria were isolated from dairy 
industry effluent by the enrichment method. It was performed 
in a 250 mL of Erlenmeyer flask with 100 mL sterile nutrient 
broth, inoculated with 10 mL of effluent sample. The flasks 
were placed overnight on a rotary shaker at 150 rpm at 37°C. 
A loop full of enriched culture streaked on sterile nutrient 
agar plates was incubated at 37°C for 24 h. Morphologically 
different isolated colonies were streaked on nutrient agar 
plates, for obtaining pure cultures. Cultural characteristics 
of isolates were studied. Nutrient agar slants were used for 
maintaining pure cultures at 4°C. The screening was done to 
find out the most potential bacterial isolate with proteolytic 
activity. For this study, colonies with different morpholo-
gies were marked for future study. Protease activity was 
qualitative detected using Skimmed Milk Agar (Skimmed 
Milk Powder - 10 %, Peptone - 0.5 %, Agar Agar - 2.5%, 
pH - 7.2). The halo casein hydrolysis zone was seen on the 
plate after the incubation at 30°C for 24 and 48 h. The zone 
diameter for each isolate was measured after 24 hours of the 
incubation period. The strain with maximum protease activity 
(qualitatively) was used for further study. 

Protease Assay

The protease enzyme assay was performed with some 
modifications in the protocol suggested by Tsuchida et al. 
(1986) involving casein as substrate. The bacterial isolate 
was grown in Nutrient Broth with 1% casein as a substrate 
and then incubated for 24 h at 30°C. Cell-free supernatant 
was subjected to enzyme assay. Enzyme solution, i.e. su-
pernatant (100 μL) was added to 900 μL substrate (2 mg/
mL (w/v) solution of casein in Tris-HCl buffer (10 mM) 
with pH 8.0. Incubation of the mixture was carried out for 
30 min at 45°C. The reaction was stopped with the addition 
of chilled trichloroacetic acid 10 (w/v) in equal volume 
and kept for 15 min, which allowed the insoluble proteins 
to precipitate. By centrifugation for 10 min, at 10000 rpm 
at 4°C, neutralization of supernatant was carried out with 
5 mL 0.5 M Na2CO3 solution (0.5 M). With the addition 
of 3-fold diluted Folin-Ciocalteu reagent, optical density 
was measured at 600 nm in triplicate. One protease unit 
can be defined as the enzyme amount that produces 1 μg 
tyrosine per mL per min, under standard assay conditions 
(Lowry et al. 1951).

Identification of Protease Producing Isolate

Bacterial isolate exhibiting highest zone of protein hy-
drolysis was used further for study. The efficient protease 
producing strain was identified based on morphological as 
well as biochemical characteristics as per standard keys of 
Bergey’s Manual of Determinative Bacteriology (Bergey et 
al. 1974), and later confirmed by 16s rRNA sequencing and 
BLAST analysis. 

Optimization of Protease Production for Different 
Cultural Conditions

For optimization of protease production at different pH, the 
bacterial isolate was grown separately in Nutrient Broth 
supplemented with 1% casein and pH of 4, 5, 6, 7, 8, 9, 10 
and 11 at 37°C. To optimize the temperature conditions, the 
temperatures were set as 20, 25, 30, 37, 42 and 50°C. The 
highest caseinase production was recorded in a quantitative 
mode and the same was continued for further study. To 
investigate the impact of different speeds of agitation, the 
efficient bacterial isolates were allowed to grow separately 
in Nutrient Broth supplemented with 1% casein at variable 
shaking conditions of 100, 150, 200, 250, 300 and 350 rpm 
at optimum pH and temperature value recorded earlier. In-
oculum concentration of 1% to 10% was tested separately 
in Nutrient Broth medium having 1% casein with optimum 
conditions as per the earlier study. To observe the impact of 
incubation time, the isolate was tested separately in Nutrient 
Broth medium supplemented with 1% casein with all the 
optimum conditions and tubes were incubated separately for 
the period of 8, 16, 24, 32, 40, 48, 56, 64 and 72 h. Further, 
the suitable incubation time was recorded based on protease 
assay and continued for further study. Carbon sources were 
tested as 1%, i.e. maltose, glucose, starch and sucrose sep-
arately. Different nitrogen sources were screened for 1% 
ammonium sulphate, tryptone, beef extract and malt extract. 
The physicochemical parameters were selected as per the 
earlier study. The production of protease was determined 
by quantitative assay.

Statistical Analysis

The experimental data were analysed using Bonferroni’s 
multiple comparison test.

RESULTS AND DISCUSSION

Isolation and Screening of Protease Producing Bacteria

Thirty morphologically distinct bacterial colonies were iso-
lated on Nutrient Agar medium from selective enrichment of 
dairy industry effluent samples. To screen protease producing 
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Table 1: Diameter of clear hydrolysis zone surrounding the bacterial isolates on Milk Agar plates 
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Fig. 2: Bacillus isronensis strain KD3 on milk agar showing zone of proteolysis. 

Bacterial isolates Diameter of zone 
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Protease activity 
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Fig. 2: Bacillus isronensis strain KD3 on milk agar showing  
zone of proteolysis.

Statistical Analysis 

      The experimental data were analysed using Bonferroni’s multiple comparison test. 

RESULTS AND DISCUSSION 

Isolation and Screening of Protease Producing Bacteria 

      Thirty morphologically distinct bacterial colonies were isolated on Nutrient Agar medium 

from selective enrichment of dairy industry effluent samples. To screen protease producing 

strains; individual culture of each isolate was spot inoculated in centre of Milk Agar plates. 

Positive strains were evaluated by observation of clear hydrolysis zone surrounding the colony. 

In all, twelve bacterial strains namely KD1, KD2, KD3, KD4, KD5, KD6, KD7, KD8, KD9, 

KD10, KD11 and KD12 (Assigned names for laboratory use only) were identified as protease 

producers due to their clear zone of casein hydrolysis around the colony. The casein hydrolysis 

zone was measured for each isolate and results are given in Table 1. As per qualitative test 

results isolate KD3 showed high protease activity as compared to remaining isolates (Fig. 1). So, 

isolate KD3 was used for further study. 

 

Fig. 1: Bacillus isronensis strain KD3 on the nutrient agar plate. 

 

 

Fig. 1: Bacillus isronensis strain KD3 on the nutrient agar plate.

strains; individual culture of each isolate was spot inoculated 
in centre of Milk Agar plates. Positive strains were evaluated 
by observation of clear hydrolysis zone surrounding the 
colony. In all, twelve bacterial strains namely KD1, KD2, 
KD3, KD4, KD5, KD6, KD7, KD8, KD9, KD10, KD11 
and KD12 (Assigned names for laboratory use only) were 
identified as protease producers due to their clear zone of 
casein hydrolysis around the colony. The casein hydrolysis 
zone was measured for each isolate and results are given in 
Table 1. As per qualitative test results isolate KD3 showed 
high protease activity as compared to remaining isolates (Fig. 
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morphological as well as biochemical characteristics as per 

standard keys of Bergey’s Manual of Determinative Bacteri-
ology (Bergey et al. 1974) and by molecular characterization 
(16s rRNA sequencing) (Fig. 2). The 16s rRNA sequence 
of Bacillus isronensis strain KD3 was compared with NC-
BI-BLAST data bank and then deposited in NCBI data bank 
(Accession No. LC260011) for the phylogenetic analysis. 
DND file obtained from CLUSTAL alignment was employed 
for phylogram built up by using the MEGA5 software. The 
built phylogram was documented with close homology of the 
bacteria isolated with the best matched bacterial sequence 
and highlighted by marking in a phylogram (Fig. 3).   

Optimization of Protease Production for Different 
Cultural Conditions

Effect of pH on the production of protease: pH strongly 
affects ion transport and nutrients across the cellular mem-
brane. It also plays an important role in multiple enzymatic 

Table 1: Diameter of clear hydrolysis zone surrounding the bacterial isolates on Milk Agar plates for 24 hours at 30°C. 

Bacterial isolates Diameter of zone surrounding the colony (mm) Protease activity (U/mL)

KD1

KD2

KD3

KD4

KD5

KD6

KD7

KD8

KD9

KD10

KD11

KD12

7

10

18

12

13

8

7

14

15

12

11

10

50

81.5

120.4

94.5

96.8

54.2

50

101

107

95

85

81.5
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processes (Moon & Parulekar 1991). In the present study, 
production of protease was observed as negligible in isolate, 
set at pH 4, 5, 10 and 11 while best protease production was 
noted at pH 7 and pH 8 (Fig. 4). Bacillus isronensis strain 
KD3 was preferred as it produced higher protease (P<0.0001) 
at alkaline pH with 41±0.51 U/mL. The production was 
observed to prefer neutral to mildly alkaline conditions for 
protease production. In a related study, Kembhavin et al. 
(1993) reported that thermostable alkaline protease, isolated 
from Bacillus subtilis NCIM No. 64, was capable of growing 
in a medium set at varying pH of 5-11 and in all these condi-
tions it was able to produce protease successfully. According 
to Nascimento et al. (2004), thermophile Bacillus sp. was 
able to produce optimum protease activity at pH 8 and it was 
reduced when pH was set at 5.5 and 9, after incubating crude 

enzyme for 24 h. In another report, alkalophilic Bacillus sp. 
JB 99 was able to produce protease activity at pH 11 with the 
temperature set at 70°C and confirmed to be serine alkaline 
protease in feature (Johnvesly & Naik 2001). 

Effect of temperature on production of protease: Induc-
tion of protease production in the medium inoculated with 
isolate was allowed to manifest by providing incubation at 
different temperatures ranging 20, 25, 30, 37, 42 and 50°C 
sets. Bacillus isronensis strain KD3 was reported with 
maximum production at temperature 42ºC with 59± 0.81 
U/mL value and later on with further increase or decrease 
in temperature, a sharp fall in activity was recorded (Fig. 
5). According to Nascimento et al. (2004) protease activity 
in a thermophilic Bacillus subtilis grown in liquid medium 

mildly alkaline conditions for protease production. In a related study, Kembhavin et al. (1993) 

reported that thermostable alkaline protease, isolated from Bacillus subtilis NCIM No. 64, was 
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supplemented with trisodium citrate was able to produce 
optimum protease at 60°C since the bacterium was a ther-
mophile. In the case of our study, we deduced that protease 
production remained at its best with the temperature of 
37°C-42°C considering that our isolates are mesophilic. 
In a similar study and report, which was very close to our 
findings, Kanekar et al. (2002) showed that isolates of genera 
Bacillus, Staphylococcus, Micrococcus, Pseudomonas and 
Arthrobacter exhibit optimum protease activity when the 
medium was maintained at 30°C under shaking conditions. 
Kumar (1999) reported the production of protease by Bacillus 
species was 84.09 U/mL at 45°C. 

Effect of speed of agitation on the production of protease: 
In the present investigation, protease production was shown 
to be affected by agitation speeds applied to the medium. Ag-
itation speed was set at 100-350 rpm, recorded that between 
150 and 250 rpm it was able to produce better protease in 
all media (Fig. 6). Bacillus isronensis strain KD3 showed 
maximum protease production at 200 rpm with 49±0.058 U/
mL and second best was shown at 150 rpm (26±0.32 U/mL). 
As the revolution increased, activity lowered down speedily 
and reached to the minimum of 8.8±0.26 U/mL at 350 rpm. 
As per the results, agitation speed set at 150-200 rpm was 
most optimum for protease production in the study. As per 
Escobar & Barnett (1993) enzyme production remained in 
direct proportion to shaker speed when they investigated the 
recovery of mould acid protease from Mucor miehei CBS 
370.65. Genckal & Tari (2006) reported while studying 
Bacillus sp. strain I18, L18, and L21 that better protease and 
growth could be achieved when conditions were set at 30°C 
(strain I18) and 37°C for L18 and L21 strains. Similarly, 
agitation speed was 100 rpm for I18 and 180 rpm for L18 

and L21. This study is similar to our finding, where the use 

of 150-200 rpm is the normal range reported.

Effect of inoculum concentrations on production of 
protease: Optimization of protease production was carried 
out for different inoculum concentration set as 1% to 10%. 
Bacillus isronensis strain KD3 reported better production 
with 6% with 39±0.68 U/mL and showed improved activity 
for 7% inoculum concentration which gives 42±0.3 U/mL 
of activity (Fig. 7). Later on, a decrease in the value was 
recorded. A significant difference from 1% to 10% bacterial 
inoculation of protease production showed better activity 
with 7% inoculation significantly (p<0.05). In the present 
investigation, the effect of concentration of inoculum on the 
production of protease has been put forth. It was noted that 
inoculum in the range of 5-7% improved caseinase produc-
tion at its best as compared to 1-3% and 8-10% concentration.

Impact of time of incubation on the production of pro-
tease: Bacillus isronensis strain KD3 was reported to be 
better protease producer at 48 h (42±0.56 U/mL) (Fig. 8). 
It was negligible during the first 16 h and decreased beyond 
56 h till 80 h. That was the incubation time last recorded. As 
observed, the highest production of protease was obtained at 
48-56 h of incubation by the isolates. In a similar study, Beg 
et al. (2003) reported that in a shake flask culture Bacillus 
mojavensis was able to produce protease within 24 h with 
an activity of 558 U/mL and it was further reduced down 
in a bioreactor to 10-12 h. In a similar study, production of 
alkaline protease in Bacillus species was investigated in the 
fermentation of solid-state type and increased protease ac-
tivity was reported at 24 h when lentil husk and wheat bran 
were used as substrate (Uyar & Baysal 2004). 
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Effect of various sources of nitrogen on the production 
of protease: Among the all nitrogen sources (1%) tested, 
production of protease was observed to get affected by the 
supplement such as ammonium sulphate, tryptone, beef 
extract and malt extract (Fig. 9). As compared to control, 
Bacillus isronensis strain KD3 not get induced by any nitro-
gen source and value of protease production was reported to 
be either low or constant to control. This indicated a neutral 
effect of source of nitrogen on protease production. Use of 
ammonium sulphate was found improving protease produc-
tion as reported by Varela et al. (1996) working with Bacillus 
subtilis. Rahman et al. (2005) also strongly supported the 
finding that strain K of Pseudomonas aeruginosa was able 
to produce stable protease when nitrogen source as tryptone, 
soybean and yeast extract was provided. 

Effect of various sources of carbon on the production 
of protease: During the carbon source optimization study, 
Bacillus isronensis strain KD3 was not affected by the car-
bon source addition as no stable increase in protease was 
observed in any set of carbon source (Fig. 10). In the present 
study, carbon source glucose was reported better for protease 
activity. In a similar study, glucose with a concentration of 2 
mg/mL was reported as the optimum concentration for pro-
duction of protease in Bacillus mojavensis when studied in 
14 L bioreactor, as predicted by the statistical model. It was 
also reported that >2 mg/mL level of glucose turned out to 
be responsible for catabolic repression in protease production 
(Beg et al. 2003). Kole et al. (1988) advocated for simulta-
neous control of ammonium and glucose concentrations in 
Bacillus subtilis in fermentation conditions for better protease 
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Fig. 7: Effect of inoculum concentration on the production of protease. 
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Fig. 8: Impact of incubation time on the production of protease.     
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production. In a report, glucose supplemented in a medium 
with a pH range of 9.5-11.5 and temperature 65°C, was able 
to induce protease production in Microbacterium sp. isolated 
and identified from Ethiopian alkaline soda lake. This study 
also supports our finding that glucose acts as a promoter for 
better protease activity (Gessesse & Gashe 1997). Similarly, 
starch has been reported positive for better protease produc-
tion as reported by Naidu & Devi (2005), Reddy et al. (2008) 
and Feng et al. (2001) while investigating the Bacillus sp.; 
Bacillus sp. RKY3 and Bacillus pumilus strain respectively.

REFERENCES

APHA-AWWA-WPCP  2005. Standard Method for Examination of Wa-
ter and Wastewater. (21st ed.), American Public Health Association, 
Washington.

Appleby, C.J. 1955. The isolation and classification of proteolytic bacteria 
from the rumen of the sheep. J. Gen. Microbiol., 12: 526-533. 

Badhe, P., Joshi, M. and Adivarekar, R. 2016. Optimized production of 
extracellular proteases by Bacillus subtilis from degraded abattoir 
waste. J. Bio. Sci. Biotechnol., 5: 29-36.

Bayoudh, A. Gharsallah, N. Chamkha, M. Dhouib, A. Ammar, S. and  
Nasri, M. 2000. Purification and characterization of an alkaline protease 

Contro
l

Ammonium Sulphate

Tryp
tone

Bee
f E

xtr
ac

t 

Malt
 Extr

ac
t

0

10

20

30

40

Nitrogen source

Un
its

 p
er

 m
l

 
Fig. 9: Effect of sources of nitrogen on the production of protease.  

Effect of various sources of carbon on the production of protease: During the carbon source 

optimization study, Bacillus isronensis strain KD3 was not affected by the carbon source 

addition as no stable increase in protease was observed in any set of carbon source (Fig. 10). In 

the present study, carbon source glucose was reported better for protease activity. In a similar 

study, glucose with a concentration of 2 mg/mL was reported as the optimum concentration for 

production of protease in Bacillus mojavensis when studied in 14 L bioreactor, as predicted by 

the statistical model. It was also reported that >2 mg/mL level of glucose turned out to be 

responsible for catabolic repression in protease production (Beg et al. 2003). Kole et al. (1988) 

advocated for simultaneous control of ammonium and glucose concentrations in Bacillus subtilis 

in fermentation conditions for better protease production. In a report, glucose supplemented in a 

medium with a pH range of 9.5-11.5 and temperature 65°C, was able to induce protease 

production in Microbacterium sp. isolated and identified from Ethiopian alkaline soda lake. This 

study also supports our finding that glucose acts as a promoter for better protease activity 

(Gessesse & Gashe 1997). Similarly, starch has been reported positive for better protease 

Fig. 9: Effect of sources of nitrogen on the production of protease. 

production as reported by Naidu & Devi (2005), Reddy et al. (2008) and Feng et al. (2001) while 

investigating the Bacillus sp.; Bacillus sp. RKY3 and Bacillus pumilus strain respectively. 

Contro
l

Malt
ose

Gluco
se

Star
ch

Sucro
se

0

10

20

30

40

Carbon source

U
ni

ts
 p

er
 m

l

 
Fig. 10: Effect of various sources of carbon on the production of protease. 

 

REFERENCES 

 APHA-AWWA-WPCP  2005. Standard Method for Examination of Water and Wastewater. 

(21st ed.), American Public Health Association, Washington. 

Appleby, C.J. 1955. The isolation and classification of proteolytic bacteria from the rumen of the 

sheep. J. Gen. Microbiol., 12: 526-533.  

Badhe, P., Joshi, M. and Adivarekar, R. 2016. Optimized production of extracellular proteases 

by Bacillus subtilis from degraded abattoir waste. J. Bio. Sci. Biotechnol., 5: 29-36. 

Bayoudh, A. Gharsallah, N. Chamkha, M. Dhouib, A. Ammar, S. and Nasri, M. 2000. 

Purification and characterization of an alkaline protease from Pseudomonas aeruginosa 

MN1. Ind. Microbiol. Biotechnol., 24: 291-295. 

Beg, Q., Sahai, V. and Gupta, R. 2003. Statistical media optimization and alkaline protease 

production from Bacillus mojavensis in a bioreactor. Process Biochemistry, 39(2): 203-

209. 

Bergey, D., Buchanan, R. and Gibbons, N. 1974. Bergey’s Manual of Determinative 

Bacteriology. (8th ed.), The Williams and Wilkins Co., Baltimore, USA, pp. 15-36. 

Fig. 10: Effect of various sources of carbon on the production of protease.



1264 N. S. Patil and J. V. Kurhekar

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

from Pseudomonas aeruginosa MN1. Ind. Microbiol. Biotechnol., 
24: 291-295.

Beg, Q., Sahai, V. and Gupta, R. 2003. Statistical media optimization and 
alkaline protease production from Bacillus mojavensis in a bioreactor. 
Process Biochemistry, 39(2): 203-209.

Bergey, D., Buchanan, R. and Gibbons, N. 1974. Bergey’s Manual of 
Determinative Bacteriology. (8th ed.), The Williams and Wilkins Co., 
Baltimore, USA, pp. 15-36.

Caprita, R. and Caprita, A. 2008. Comparative study on milk casein assay 
methods. Lucrari Stiintifice Zootechnie si Biotechnologii, 41(1): 
758-762. 

Escobar, J. and Barnett, S. 1993. Effect of agitation speed on the synthesis 
of Mucor miehei acid protease. Enzyme and Microbial Technology, 
15(12): 1009-1013.

Feng, Y., Yang, W., Ong, S., Hu, J. and Ng, W. 2001. Fermentation of 
starch for enhanced alkaline protease production by constructing an 
alkalophilic Bacillus pumilus strain. Applied Microbiology and Bio-
technology, 57(2): 153-160.

Genckal, H. and Tari, C. 2006. Alkaline protease production from alkalo-
philic Bacillus sp. isolated from natural habitats. Enzyme and Microbial 
Technology, 39(4): 703-710.

Gessesse, A. and Gashe, B. 1997. Production of alkaline protease by an 
alkaliphilic bacteria isolated from an alkaline soda lake. Biotechnology 
Letters, 19(5): 479.

Gupta, A., Roy, I., Patel, R., Singh, S., Khare, S. and Gupta, M. 2005. One 
step purification and characterization of an alkaline protease from halo 
alkaliphilic Bacillus sp. J. Chromatography A., 1075: 103-108.

Haddar, A., Fakhfakh, Z., Noomen, H., Fakher, F., Moncef, N. and Alya 
Sellami, K. 2010. Low-cost fermentation medium for alkaline protease 
production by Bacillus mojavensis A21 using hulled grain of wheat 
and sardinella peptone. Journal of Bioscience and Bioengineering, 
110(3): 288-294.

Johnvesly, B. and Naik, G. 2001. Studies on production of thermostable 
alkaline protease from thermophilic and alkaliphilic Bacillus sp. JB-99 
in a chemically defined medium. Process Biochemistry, 37(2): 139-144.

Kamoun, A., Haddar, A., Ali, N., Basma, F., Kanoun, S. and Nasri, M. 2008. 
Stability of thermostable alkaline protease from Bacillus licheniformis 
RP1 in commercial solid laundry detergent formulations. Microbiologi-
cal Research, 163(3): 299-306.

Kanekar, P., Nilegaonkar, S., Sarnaik, S. and Kelkar, A. 2002. Optimization 
of protease activity of alkaliphilic bacteria isolated from an alkaline 
lake in India. Bioresource Technology, 85(1): 87-93.

Kembhavi, A., Kulkarni, A. and Pant, A. 1993. Salt-tolerant and thermo-
stable alkaline protease from Bacillus subtilis NCIM No. 64. Applied 
Biochemistry and Biotechnology, 38(1-2): 83-92.

Kole, M., Draper, I. and Gerson, D. 1988. Production of protease by Ba-
cillus subtilis using simultaneous control of glucose and ammonium 
concentrations. Journal of Chemical Technology & Biotechnology, 
41(3): 197-206.

Kolhe, A. and Pawar, V. 2011. Physico-chemical analysis of effluents from 
dairy industry. Recent Research in Science and Technology, 3(5): 29-32.

Kumar, C., Tiwari, M. and Jany, K. 1999. Novel alkaline serine proteases 
from alkalophilic Bacillus species: Purification and some properties. 
Process Biochemistry, 34(5): 441-449.

Lowry, O., Rosebrough, N., Farr, A. and Randall, R. 1951. Protein meas-
urement with Folin phenol reagent. J. Bio. Chem., 193(1): 265-275.

Maurer, K. 2004. Detergent proteases. Curr. Op. Biotechnol., 15(4): 330-334. 
Moon, S. and Parulekar, S. 1991. A parametric study of protease production 

in batch and fed-batch cultures of Bacillus firmus. Biotechnol. Bioeng., 
37: 467-83.

Naidu, B. and Devi, K. 2005. Optimization of thermostable alkaline 
protease production from species of Bacillus using rice bran. African 
Journal of Biotechnology, 4(7): 724-726.

Nascimento, D. and Martins, L. 2004. Production and properties of an 
extracellular protease from thermophilic Bacillus sp. Brazilian Journal 
of Microbiology, 35(1-2): 91-96.

Patil, N. and Kurhekar, J. 2018a. Development of microbial consortia for 
biodegradation of dairy industry effluent. International Journal of 
Research and Analytical Reviews, 5(4): 47-50.

Patil, N. and Kurhekar, J. 2018b. Potential applications of Aeromonas 
hydrophila in biodegradation of dairy industry effluent. International 
Journal of Advanced and Innovative Research, 5(3): 85-91. 

Prakasham, S., Rao, S. and Sarma, P. 2005. Green gram husk- an inex-
pensive substrate for alkaline protease production by Bacillus sp. in 
solid state fermentation. Bioresource Technol., 97(13): 1449-1454. 

Rahman, A., Geok, L., Basri, M. and Salleh, A. 2005. An organic sol-
vent-tolerant protease from Pseudomonas aeruginosa strain K: Nu-
tritional factors affecting protease production. Enzyme and Microbial 
Technology, 36(5-6): 749-757.

Reddy, A., Wee, J., Yun, S. and Ryu, W. 2008. Optimization of alkaline 
protease production by batch culture of Bacillus sp. RKY3 through 
Plackett-Burman and response surface methodological approaches. 
Bioresource Technology, 99(7): 2242-2249.

Sathyavrathan, P. and Kavitha, M. 2013. Production of alkaline protease 
from Bacillus licheniformis (NCIM 2044) and media optimization for 
enhanced enzyme production. International Journal of Chem. Tech. 
Research, 5(1): 550-553.

Trivedy, R.K. and Goel, P.K. 1984. Chemical and Biological Methods 
for Water Pollution Studies. Environmental Publications, Karad, 
pp. 1-251.

Tsuchida, O., Yamagota, Y., Ishizuka, J., Arai, J., Yamada, J., Takeuchi, 
M. and Ichishima, E. 1986. An alkaline protease of an Alkalophilic 
Bacillus sp., Current Microbiology, 14(1): 7-12. 

Uyar, F. and Baysal, Z. 2004. Production and optimization of process 
parameters for alkaline protease production by a newly isolated 
Bacillus sp. under solid state fermentation. Process Biochemistry, 
39(12): 1893-1898.

Varela, H., Ferrari, M. D., Belobrajdic, L., Weyrauch, R. and Loperena, 
L. 1996. Effect of medium composition on the production by a new 
Bacillus subtilis isolate of protease with promising unhairing activity. 
World Journal of Microbiology and Biotechnology, 12(6): 643-645.

Vasantha, S. and Subramanian, A. 2012. Optimization of cultural condi-
tions for the production of extracellular protease by Pseudomonas 
species. International Current Pharmaceutical Journal, 2(1): 1-6. 

Verma, O., Kumari, P., Shukla, S. and Singh, A. 2011. Production of al-
kaline protease by Bacillus subtilis (MTCC 7312) using submerged 
fermentation and optimization of process parameters. Euro. J. Exp. 
Bio., 1: 124-129.



Simulation of Nitrogen Pollution in the Shanxi Reservoir Watershed Based on 
SWAT Model
A-long Li*, Chen Haitao*, Liu Yuanyuan**, Lin Qiu* and Wang Wenchuan*†
*School of Water Conservancy, North China University of Water Resources and Electric Power, Zhengzhou City,  
Henan Province, 450045, PR China
**Henan Huarun Engineering Design Co., Ltd., Zhengzhou City Henan Province, 450045, PR China
†Corresponding Author: Wang Wenchuan; liuyuan_hs@sina.com

ABSTRACT

This study applied the Soil and Water Assessment Tool (SWAT) to the Shanxi Reservoir watershed, 
a drinking water source in Zhejiang Province, China. The important sources of non-point source 
pollution (NPS) in Shanxi reservoir watershed are agricultural fertilizer application, domestic sewage 
and livestock breeding, this brings new challenges to water source management. The simulated runoff 
and water quality parameters total nitrogen (TN) were compared to those of the observed values in 
the watershed. The Nash-Suttcliffe efficiency (NSE) was 0.94 for monthly runoff during the calibration 
period 2007-2010, and 0.84 during the validation period 2011-2012. The model can well satisfy the 
simulation of runoff. For monthly TN of Sancha water quality monitoring station, the NSE is 0.7 in 
the calibration period of March 2009 to April 2011, and 0.75 in the verification period of May 2011 to 
December 2012. For the Jiujiang water quality monitoring station, the model index parameters are 
slightly lower than Sancha, but it is also very good for water quality simulation. The four parameters 
of total nitrogen, organic nitrogen (ORGN), nitrate-nitrogen (NO3-N) and ammonia nitrogen (NH4-N) 
were used to analyse the nitrogen pollution of Shanxi Reservoir watershed. The multi-year monthly 
average results of nitrogen pollutant loadings show significant differences, with large fluctuations every 
month. ORGN and NH4-N showed a consistent trend, showing a steady growth trend from January 
to June, peaking in August and continuing to decline in other months, and NO3-N peaked in March. 
The pollution load of TN in Shanxi reservoir watershed ranged from 142.27 kg/km2 to 725.31 kg/km2, 
showing a large spatial difference. The pollution load of the tributary basin is weaker than that of the 
main stream, which generally shows an increasing trend from upstream to downstream. Overall, the 
pollutant load is consistent with land use and agricultural production and living conditions, showing 
typical characteristics of non-point source pollution. Through the establishment of regional nitrogen 
pollution model and the study of pollutant distribution characteristics, this study puts forward some 
suggestions for controlling the nitrogen pollution load of the Shanxi Reservoir watershed, optimizes the 
agricultural planting mode, and intercepts the pollution sources that are not directly discharged into the 
water body.

INTRODUCTION

For a long time, as an important source of water pollution in 
river basins, non-point source pollution (NPS) has received 
more and more attention. Due to the effects of excessive 
fertilization and pesticide abuse in agricultural production 
activities, in the absence of management measures, pollut-
ants such as nitrogen and phosphorus will be eutrophicated 
with runoff into the water bodies of the basin, resulting in 
environmental hazards such as blooms (Brezonik et al. 1999). 
In the surface water of Europe, nitrogen and phosphorus 
pollutants account for more than 50% of the water entering 
the basin with agricultural production (Gao & Zhang 1999). 
As the key to NPS, nitrogen pollution is more prominent in 
the management of reservoir water source. In China, more 

than 15 million tons of nitrogen is lost each year outside the 
farmland. There are eutrophication problems in 85% of lakes 
in China, and the important source of water deterioration is 
also NPS (Hu et al. 2002). Because NPS has the character-
istics of strong randomness, extensiveness, and long latency 
period, the difficulty of governance is greatly increased (He 
et al. 1998).

Water quality models play an important role in NPS 
research. The mechanistic model can better simulate the 
basic situation of the basin, such as the case of land surface 
hydrology, agricultural production (Wang & Jin 2016). But 
there are difficulties in calibration parameters. As a large NPS 
model, SWAT model has a good effect on NPS simulation 
and has built-in a variety of scenario management measures. 
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It is an effective tool for determining the best management 
measures (BMPs) in the basin (Wang et al. 2003).

The important sources of NPS in drinking water in Shanxi 
reservoir watershed are agricultural fertilizer application, 
domestic sewage and livestock breeding, this brings new 
challenges to water source management. As a primary water 
source protection site, although the water quality of the main 
stream in the reservoir area of Shanxi is Class II is according 
to Chinese Water Quality Standard (GB3838-2002), the water 
quality of some of the tributaries is not optimistic. The main 
objective of this study was to: 1) Establishing SWAT model 
of Shanxi reservoir watershed; 2) Simulation of runoff and 
nitrogen pollution in the basin; 3) Analyse nitrogen pollution 
to clarify its temporal and spatial characteristics.

MATERIALS AND METHODS

Study Area

The Shanxi Reservoir watershed is located in the south of 
Zhejiang Province, China, where the dam was completed 
in 2000 and began to impound. The reservoir as a drink-
ing water source in Wenzhou City, providing drinking 
water for 7 million people. There are several tributaries 
within the basin, the tributaries are steep and steep flow, 
belonging to mountainous rivers, with a total watershed 
area of 1529 km2. JN, WC, TS three counties are located 
in the basin. The multi-year average precipitation and 
temperature are 1876.9 mm and 19.6℃, respectively. The 

rainfall is concentrated in April and September, accounting 
for 74.7% of the whole year. The average number of years 
of precipitation is 149 days, the minimum year is only 80 
days. Between July and September, under the control of 
the subtropical high ridge, prevailing southerly winds, hot 
weather, frequent typhoon activities, more thunderstorms 
and typhoons, causing greater floods. The land use in the 
catchment area is mainly forest land, grassland, agricul-
tural land and residential land (Mei et al. 2016). Study 
area location is shown in Fig. 1.

Application of SWAT, Calibration and Validation

The SWAT (Soil and Water Assessment Tool) model is a 
distributed, mechanistic hydrological water quality model 
based on GIS developed by the US Department of Agriculture 
(USDA). The model can simulate runoff, sediment, nutrients, 
pesticides, etc.

Arc SWAT 2012 was used as a tool for this study. The 
collected data was applied to complete SWAT modelling fol-
lowing the principle of first runoff and then pollution loads, 
and construct, calibration and validation of the SWAT model 
of Shanxi reservoir watershed. This study uses SWAT-CUP 
software as a model calibration tool.

SWAT water quality model is established following the 
order of the first hydrological re-water quality. First, we 
constructed the monthly scale hydrological model, from 
2004 to 2006 as a model warm-up period, data from 2007 to 
2010 were used for calibration and data from 2011 to 2012 

3 
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were used for validation. After the runoff simulation meets 
the accuracy requirements, calibration and verification of the 
monthly scale water quality model were performed on the 
data of the two water quality sites in the basin.

In China, often monitored water quality indicators do 
not include organic nitrogen and nitrate nitrogen. However, 
we believe that when the runoff calibration is accurate and 
the water quality is calibrated with TN as a water quality 
indicator, the key parameters for the model mechanism and 
process are accurate. Due to the lack of organic nitrogen and 
nitrate nitrogen measured data, while the two indicators for 
the importance of surface water quality assessment, we use 
accurate SWAT model to output the value of these indicators.

Data Sources

The DEM data is the 30 m × 30 m precision data obtained 
from the Geospatial Data Cloud (http://www.gscloud.cn/). 
Land use data are based on Landsat TM 30 M remote sensing 
images in accordance with the national land use classification 
method of interpretation, the use of ArcGis10.2 reclassified 
as SWAT land use database. The soil data were derived from 
the FAO’s HWSD Soil Database, converted by the SPAW 
software to the SWAT required soil database.

There are four rainfall stations in the basin, one hydrolog-
ical station and two water quality stations as shown in Fig. 1. 
The daily precipitation data from 1956 to 2012 were provided 
by the local meteorological department for the construction of 
the model. The daily flow data for 2007-2012 were provided 
by the local water conservancy department. Water quality 
monitoring frequency was once a month, two stations from 
2009 to 2012 TN data provided by the local Environmental 
Protection Agency. Fertilization data were calculated based on 
the “Statistical Yearbook of Wenzhou” and the field survey, 
livestock excrement data according to previous studies.

RESULTS AND DISCUSSION

Calibration and Verification of Runoff and Nitrogen 
Pollution Simulations

This study uses the three statistical parameters, Nash-

Sutcliffe efficiency (NSE), the coefficient of determination 
(R2) and Relative error (Re) to indicate the accuracy of the 
SWAT model simulation results [Eqs. (1), (2) and (3)]. The 
closer NSE and R2 values are to 1, the more accurate the 
model is, and the smaller the absolute value of the Re is, the 
more accurate the model is (Narsimlu et al. 2015). 
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Where Obsi  is the ith observed value, Obs is the average 
observed value over the length of the simulation sequence, 
Simi  is the ith simulated value, Sim is the average simulated 
value over the length of the simulation sequence.

Runoff Calibration and Verification

The hydrological model was calibrated and validated using 
continuous runoff data for 2007-2012. The data for the four 
years from 2007 to 2010 were used as the calibration period, 
and the verification period was from 2011 to 2012. 

The fit of the measured and simulated values of runoff 
in the calibrator and verification period is shown in Fig. 2. 
The model evaluation results are shown in Table 1. It can be 
seen that the R2 and NSE of the runoff are both above 0.94 
during the calibration period, and the verification period 
value is slightly lower than the calibration period but also 
above 0.84. As can be seen from Fig. 2, the simulation of 
runoff peaks and valleys is very good. The fit between these 
two simulated values and the measured values is satisfactory, 
which indicates that the model can well simulate the runoff, 
which lays a good foundation for the next stage of water 
quality simulation.

TN Calibration and Verification

After the calibration and verification of the runoff met the 
model requirements, we began to calibrate and verify the 
TN. This study calibrated and validated TN data for two 

Table 1: The statistical goodness-of-fit indicators during model evaluation.

Type
Calibration Verification

NSE R2 Re(%) NSE R2 Re(%)

Runoff 0.94 0.95 -0.07 0.84 0.85 1.85

TN(Sancha) 0.7 0.73 -13 0.75 0.86 -31.3

TN(Jujiang) 0.57 0.73 -18 0.88 0.73 -1.9
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water quality monitoring stations, Sancha and Jiujiang, 
from 2009 to

2012. The period from March 2009 to April 2011 was 
selected as the calibration period, and the period from May 
2011 to December 2012 was the verification period.

The results of the model evaluation are given in Table 1. 
It can be seen from the table that the calibration and verifi-
cation of TN Sancha are better than that of Jiujiang, and both 
R2 and NSE are close to greater than 0.7, which is perfect 
in water quality simulations. It can be seen that the SWAT 
model of this study can be used to simulate TN of the Shanxi 
Reservoir watershed. 

The fitting of the observed and simulated values of the 
Jiujiang watershed is shown in Fig. 3. As can be seen from 
the figure, similar to the results of the runoff simulation, the 
model has a very high simulation fit for the peak and estimate 
of the TN. Most studies have shown that the SWAT model is 
better than the dry season in the simulation of water quality 
during the simulation of water quality, which is also reflected 
in this study. Although the dry season observations and the 

simulated values are not as good as the wet season, it can be 
seen that the model we built is still a very good simulation 
of TN in terms of trends, and these deviations are within the 
acceptable range. 

Temporal Distribution of Nitrogen Pollution Load

This study simulates the monthly average loads of nitrogen 
pollution in Shanxi Reservoir watershed from 2007 to 2012. 
The annual variation of the monthly average load of various 
nitrogen pollutants is shown in Fig. 4. It can be seen that the 
load of nitrogen pollutants varies greatly and shows obvious 
changes during the year.

The annual variation trend of organic nitrogen and am-
monia nitrogen is very consistent. From January to June, 
there was a constant growth trend, with a slight decline in 
July and then peaking in August. Other months continue to 
decline, which may be because the application of pesticides 
and fertilizers in the first six months is an accumulation 
process in the basin. By August, the study area is affected by 
extreme weather such as heavy rain and even typhoon, which 
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simulated values are not as good as the wet season, it can be seen that the model we built is still a very good simulation 
of TN in terms of trends, and these deviations are within the acceptable range.  
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TN（Jujiang） 0.57 0.73 -18 0.88 0.73 -1.9 
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indicates that the pollutant load and runoff are closely related. 
In the dry season, due to the decrease of precipitation, the 
runoff is reduced, which greatly reduces the amount of loss 
(Joongdae et al. 2012). However, the load of the two has a 
huge difference, which may have a major relationship with 
the type of land use in the basin. 

Unlike the peaks of organic nitrogen and ammonia ni-
trogen in August, the nitrate-nitrogen load reached a peak 
in March, which may be related to the agricultural farming 
method in the basin. During this period, rice cultivation began 
to be planted in the basin, and the application of nitrogen 
fertilizer may bring huge nitrate-nitrogen loads.

Spatial Distribution of Nitrogen Pollution Load

Table 2 lists the annual average area loss of nitrogen pollut-
ants from 2007 to 2012. It can be seen that the main contri-
bution of total nitrogen in the Shanxi Reservoir watershed is 
organic nitrogen, followed by nitrate nitrogen and ammonia 
nitrogen. The spatial distribution of nitrogen pollutants in 
each sub-basin of Shanxi Reservoir watershed is shown in 
Fig. 5.

As can be seen from Fig. 5, the areas with serious nitrogen 
pollutants are mainly concentrated in the two counties of 
TS and WC, while the pollutant load in JN is much smaller. 
This is mainly because the two counties in TS and WC have 
more human activities and busy agricultural production, 
while in JN many mountainous forests, human activities are 
relatively small, and the local agricultural production is not 
particularly developed. 

The average annual total nitrogen loss in the Shanxi 
Reservoir basin is 438 tons, and the loss per unit area of 
each sub-basin is from 142.27 to 725.31 kg/km2. The areas 
with the most serious total nitrogen pollution load per unit 
area are sub-basins of 10, 29 and 12, and the annual total 

nitrogen loss is 725.3 kg/km2, 636.4 kg/km2 and 588.2 kg/ 
km2, respectively. It can be seen from Fig. 5 that the spatial 
distribution of organic nitrogen and total nitrogen is con-
sistent. Sub-basin 10 is dominated by livestock and poultry 
farming, and the discharge of animal manure and domestic 
sewage is the main reason for the large organic nitrogen 
content in the region. Sub-basin 29 is the seat of the county 
government of TS County, and the intense human activities 
have brought about a large loss of organic nitrogen. The 
sub-basin 12 is the same as the sub-basin 10.

The area with the highest nitrate-nitrogen load is locat-
ed in sub-basin 25, reaching 6.3 kg/km2. This sub-basin is 
located in the agricultural planting area of TS. The land-use 
type and unreasonable agricultural planting methods are the 
main reasons for the high nitrate content in this area. The 
ammonia nitrogen load in the 17 and 18 sub-basins is the 
largest, reaching 9.26 kg/km2, 9.21 kg/km2, respectively. The 
two sub-basins are located near the exit of the basin. The 
town of Shanxi is located in it. The intense human activities 
may be the main reason for the large ammonia nitrogen load 
in this area.

It can also be seen from the figure that the pollution load 
of the tributary basin is weaker than that of the main stream, 
and at the same time it generally shows an increasing trend 
from the upstream to the downstream. Overall, pollutant 
loading is consistent with land use and agricultural produc-
tion and living conditions, presenting typical characteristics 
of NPS (Chen et al. 2016).

CONCLUSIONS

In the Shanxi Reservoir watershed, this study established a 
SWAT-based NPS model. The model shows a very good sim-
ulation of nitrogen pollution by calibration and verification of 
runoff and TN. The study also found that the pollution load of 
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Table 2: Annual average nitrogen pollutant loss in each sub-basin.

Sub-basin
ORGN NO3-N NH4-N TN

(kg/km2) (kg/km2) (kg/km2) (kg/km2)

1 145.15 0.99 0.69 146.83

2 247.97 1.34 0.51 249.83

3 320.49 2.04 0.11 322.65

4 272.85 1.68 2.49 277.02

5 184.01 0.63 0.49 185.13

6 139.58 0.97 1.71 142.27

7 235.82 1.73 2.81 240.37

8 508.21 0.98 1.64 510.84

9 231.99 1.74 2.86 236.58

10 723.37 0.44 1.49 725.31

11 270.21 1.12 0.60 271.94

12 584.83 0.68 2.74 588.23

13 228.34 3.94 4.17 236.44

14 249.06 2.77 8.21 260.08

15 282.03 1.50 1.10 284.63

16 235.98 2.74 1.64 240.35

17 247.76 2.66 9.26 259.73

18 251.02 2.59 9.21 262.87

19 260.01 2.48 7.07 269.56

20 182.36 0.96 2.17 185.50

21 213.06 2.98 1.84 217.86

22 357.48 0.50 3.08 361.06

23 254.01 2.99 2.73 259.75

24 240.72 2.76 5.49 248.99

25 258.11 6.30 0.51 264.90

26 413.43 1.28 7.25 421.95

27 522.05 1.66 2.51 526.24

28 343.82 0.86 0.56 345.24

29 633.34 2.52 0.52 636.38

30 542.62 0.63 3.79 547.05

31 278.35 2.44 5.70 286.50

32 350.52 2.02 3.36 355.90

33 541.91 1.63 2.35 545.86

34 348.47 1.83 0.78 351.05

35 340.28 1.74 1.55 343.58

36 309.23 1.15 0.75 311.13

37 473.01 2.51 3.81 479.35
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organic nitrogen and ammonia nitrogen in the study area is 
closely related to precipitation runoff. The nitrate-nitrogen 
pollution load is related to the agricultural planting method. 
The study of the spatial distribution of pollutant load found 
that the nitrogen pollution in the region showed typical 
non-point source pollution characteristics. The areas with 
heavy organic nitrogen and ammonia nitrogen load are 
mainly located in areas where human activities are intense, 
while the areas with heavy nitrate-nitrogen load are mainly 
located in agricultural planting areas. The pollutant load 
in the tributary area is less than the main steam. Through 
the establishment of regional nitrogen pollution model 
and the study of pollutant distribution characteristics, this 
study puts forward some suggestions for controlling the 
nitrogen pollution load of the Shanxi Reservoir watershed, 
optimizes the agricultural planting mode, and intercepts 
the pollution sources that are not directly discharged into 
the water body.

In the next phase of the study, SWAT’s built-in scenar-
io management module can be applied to set up different 
management measures for heavily polluted areas, study the 
reduction of pollutants, and provide decision-making basis 
for local management departments.
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ABSTRACT

Lead wastewater not only causes deterioration of water quality but also further enters the human body 
through the food chain and is harmful to human health. Therefore, there is an urgent need to find an 
economical, simple and efficient water treatment technology to treat lead-contaminated wastewater 
in waterbodies. In this paper, the modified biochar derived from corn straw by magnesium chloride 
is prepared. Adsorption experiments of Pb(II) in solution by the modified biochar are carried out. 
Experiment results show that the modified biochar mainly contains C and O elements, and a large 
number of functional groups. The adsorption amount of Pb(II) by modified biochar reaches 5.15 mg/g 
under 0.2 g of modified biochar, 25 mg/L initial concentration of Pb(II) ion, reaction time of 480 min, 
temperature 25°C and at a speed of 200 rpm. The adsorption process of Pb(II) ions in solution by 
the modified biochar fits on the Freundlich isotherm model. Pseudo-second order kinetic model can 
better describe the adsorption process of Pb(II) ion in solution by the modified biochar. The process of 
adsorbing Pb(II) ions in solution by modified biochar is dominated by multi-layer adsorption process 
and chemical adsorption process.

INTRODUCTION

With the widespread application of lead products and lead 
compounds, lead pollution in the environment has become 
increasingly serious (Fan et al. 2008, Zhu et al. 2014, Chen 
et al. 2018). Lead wastewater not only causes deterioration of 
water quality but also further enters the human body through 
the food chain and is harmful to human health (Shen et al. 
2015, Ho et al. 2017, Shen et al. 2019). Therefore, there is an 
urgent need to find an economical, simple and efficient water 
treatment technology to treat lead-contaminated wastewater 
(Hang et al. 2017, Kwak et al. 2019). At present, the methods 
for removing Pb(II) ions in solution mainly include chemical 
precipitation, physical filtration separation, bio-concentra-
tion, physical adsorption, and chemical removal (Xiong et 
al. 2017, Zhang et al. 2019). Among these methods, the 
adsorption method has become one of the priority methods 
in practice because of its low cost, high efficiency, and easy 
operation. It is considered to be one of the most interesting 
treatment methods in current research (Mohan et al. 2014, 
Shi et al. 2019). Some adsorbents, such as activated carbon, 
activated zeolite, resin adsorbent, etc., have the disadvantages 
of high cost, difficulty in separation, and easy secondary 
pollution (Shen et al. 2017). Therefore, the development of 
new, cheap and effective adsorption material has attracted 

much attention by some researchers (Liu & Zhang 2009, 
Zhou et al. 2013, Zhou et al. 2017).

Biochar is mainly composed of carbon, hydrogen and 
oxygen. It is a light carbon material with high carbon 
content and high aromatization properties (Yahya et al. 
2016, Wan et al. 2018, Hang et al. 2019). Therefore, it 
has a certain adsorption capacity for heavy metals, such 
as Pb(II) ions, Cu(II) ions, Cr(VI), etc., which affects the 
distribution, migration and bioavailability of these heavy 
metals in the environment (Devi & Saroha 2014). However, 
the adsorption capacity of single biochar for heavy metals 
is far less than that of a composite modified with other 
materials (Huang et al. 2015, Huang et al. 2018, Mostafa et 
al. 2018). The modified biochar by the composite material 
has the characteristics of low preparation cost, excellent 
physical and chemical properties, simple operation, good 
environmental compatibility, etc., and is widely used 
for the adsorption treatment of heavy metals wastewater 
(Zhou et al. 2018). The biochar produced by the anoxic 
pyrolysis of agricultural and forestry waste is a material 
with developed pore structure, large specific surface area, 
rich oxygen-containing functional groups and excellent 
adsorption performance (Mallampati et al. 2012, Mandu 
et al. 2012, Wang et al. 2015). The yield of the corn stalk 
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in China is huge, which is a common raw material for the 
preparation of biochar (Yuan et al. 2011).

In this study, the corn straw is chosen as the biomass raw 
material, which is pyrolyzed under anaerobic conditions to 
prepare the modified biochar derived from corn straw. Then 
biochar is modified by the magnesium chloride. The modi-
fied biochar by magnesium chloride is obtained. Adsorption 
experiments of Pb(II) in solution by the modified biochar 
are carried out in the laboratory. Adsorption kinetics and 
adsorption isotherms have been discussed in detail.

MATERIALS AND METHODS 

Preparation of biochar: The corn straw from the farmland 
in the suburbs of Jinan city was washed several times with 
distilled water and dried at 105°C to constant weight. It was 
then pulverized and passed through a 40 mesh sieve. 20 g 
of 40-mesh corn straw was pyrolyzed in a muffle furnace 
at 250°C for 2 hours. The entire operational process was 
carried out under N2 gas condition. It was cooled to room 
temperature, smashed and sieved into 100 mesh to obtain 
the biochar. 

Preparation of the modified biochar by magnesium 
chloride: 2 g of biochar was taken in a 250 mL Erlenmeyer 
flask containing 100 mL of 0.01 mol/L magnesium chloride 
solution and stirred on a magnetic stirrer for 6 hours. It was 
washed 3 times with distilled water and dried at 105°C to 
constant weight to obtain the modified biochar by magnesium 

chloride. The characteristics of biochar were determined by 
SEM, EDS and FT-IR.

Adsorption experiment: 0.2 g of biochar or 0.2 g of 
modified biochar was taken in a 250 mL Erlenmeyer flask 
containing 100 mL of 25 mg/L Pb(NO3)2 solution. It was 
shaken for 480 minutes in a constant temperature shaking 
box at 25°C and a speed of 200 rpm. The sample was filtered 
through a 0.45 µm filter and determined by atomic absorption 
spectrometry. Each adsorption test was repeated three times.

Data analysis: The amount of adsorption was calculated by 
the following formula:
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Fig. 2 shows the EDS analysis of biochar. As shown in 
Fig.2, it implies that modified biochar mainly contains C 
and O elements, and their contents are 68.85% and 26.68% 
respectively. This can be thought that the modified biochar 
is hydrophilic and polar. A small amount of element, such 
as Mg, Si, S, Cl, K and Ca, is also present on the surface of 
the modified biochar.

The FT-IR spectra of modified biochar are shown in Fig. 
3. It can be concluded that the surface of the modified biochar 
contains a large number of functional groups. The peak shape 
is wider between 3100 cm-1 and 3600 cm-1, which is -OH 
stretching vibration (Wang et al. 2008). The peak at 1695 cm-1 
is the stretching vibration peak of C=O in -COOH functional 
group. The absorption peak at 1440 cm-1 is a C=O stretching 
vibration (Zhang et al. 2018). The absorption peak at 1228 
cm-1 is a C-O stretching vibration peak. The peak between 

515 cm-1 and 735 cm-1 is C-H stretching vibration peak (Li 
et al. 2019). The presence of these functional groups will 
facilitate the adsorption of pollutant by the modified biochar 
(Günay et al. 2007). 

Adsorption capacity experiment: It can be seen from Fig. 
4 that the adsorption capacity of Pb(II) ions in aqueous solu-
tion by the modified biochar is significantly enhanced. The 
adsorption capacity of Pb(II) ions by the modified biochar is 
more than twice than the unmodified biochar. The adsorption 
amount of Pb(II) by modified biochar reaches 5.15 mg/g un-
der 0.2 g of modified biochar, 25 mg/L initial concentration 
of Pb(II) ion, react time of 480 min, temperature 25°C and 
at a speed of 200 rpm. 

Adsorption kinetic: The process of describing the adsorp-
tion of solids to liquids is often described by Pseudo-first 
order kinetic equations and Pseudo-second order kinetic 
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equations. Its expression is Eq. 2 and Eq. 3 (Giles et al. 1960).
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ions in solution adsorption onto modified biochar are given 
in Table 2.

From Table 2, Freundlich isotherm model can better 
describe the adsorption isothermal process of modified 
biochar on Pb(II) ions in solution according to the value of 
R2. The adsorption process is monolayer adsorption process. 
Therefore, it can be concluded that the process of adsorbing 
Pb(II) ions in solution by modified biochar is dominated by 
multi-layer adsorption.

CONCLUSIONS

Based on the above experimental results, the following 
conclusions can be drawn.

 (1) The adsorption ability of Pb(II) ions in solution by the 
modified biochar is better than that of the unmodified 
biochar. The surface of the modified biochar is very 
smooth structure and some fragments are present. It 
contains a large number of functional groups, such as 
C=O, C-H, -OH, etc.

 (2) The adsorption amount of Pb(II) by modified biochar 
reaches 5.15 mg/g under 0.2 g of modified biochar, 25 
mg/L initial concentration of Pb(II) ion, react time of 
480 min, temperature 25°C and a speed of 200 rpm.

 (3) Pseudo-second order kinetic model can better describe 
the adsorption process of modified biochar on Pb(II) ion 
in solution. The process of modified biochar on Pb(II) 
ions in solution fits the Freundlich isotherm model. 

 (4) The process of adsorbing Pb(II) ions in solution by 
modified biochar is dominated by multi-layer adsorption 
and chemical adsorption process. 
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ABSTRACT

The dynamics in climatic variability is prominently affecting the agriculture system, particularly the 
small and marginal land holding farmers in arid and semi-arid regions which are highly vulnerable. 
The present study in Kolar district assessed the variability scale and dynamics of rainfall over the 
decades, it revealed the current day’s agrarian crisis, resulting in impacts on farmers and adaptations 
by farmers to changing situations. The study also reveals that over the decades there has been a 
considerable variation in rainfall pattern in the study area but there was no significant average rainfall 
variation till the last decade, after which there was a significant seasonal variation that directly affects 
the sowing pattern and associated agricultural practices. The exploitation of groundwater for water-
intensive commercial crops has increased rapidly from the past decade that resulted in the critically 
depleted groundwater table. To meet the livelihood demands some farmers were observed to have 
shifted to non-agricultural occupations. It is a serious threat at this point of time as the agriculture output 
has to be fed to the larger portion of the society and decreased output from agriculture eventually leads 
to inflation. So, it is very crucial to adapt all possible measures to retain farmers in agriculture practice. 
Hence, understanding and scientific assessment of the risks associated with the changing climate and 
its variables is the need of the hour, particularly in arid and semi-arid regions which are going to be 
highly vulnerable. Studies like this will help in policy-making and management planning to cope up with 
the dynamic climatic factors. 

INTRODUCTION

Climate change is one of the most harmful global problems 
and considered a bottle-neck for sustainable development 
(Lema & Majule 2009). Climate is an important factor for 
agricultural productivity and any variation in these factors is 
bound to result in a larger impact on crop yield (Ashalatha 
et al. 2012). Climate variability has proved and continues to 
be the prime cause of imbalance in global food production 
in the developing world, particularly in arid and semi-arid 
tropical countries. Agricultural productivity in tropical Asia 
is dependent not only on temperature variations but also to 
varying monsoon patterns (Sivakumar et al. 2005).

Agriculture in India accounts for a major share in GDP 
(16%) and even shares major portion (49%) of employment 
and also has the potential to act as a hindrance to develop-
ment (Hari et al. 2018). In Karnataka, more than 70% of the 
geographical area is classified as an arid or semi-arid region 
which constitutes about 18% of land under this category in 
India (Nautiyal et al. 2018).

About 700 million (60%) people in India are dependent 
on agriculture and associated occupations in one or the other 

way (Kuruvilla 2013). Failing to adapt to climate change by 
the farmers will result in the reduction of agricultural pro-
duction by 12% average and by up to 18% in rain-fed areas 
by the end of this century (Hari et al. 2018). The current 
study was thus aimed at understanding the historical rainfall 
behaviour and the farmers’ perception of climate variability, 
impacts and adaptation strategies in the agricultural sector 
in Kolar district. 

STUDY AREA AND METHODOLOGY

Kolar is an administrative district in the South Indian state 
of Karnataka (Fig. 1). It is the headquarter of Kolar District 
and is historically known for gold mining. Administratively, 
the district is divided into 6 taluks, viz. Bangarpet, Kolar, 
Mulbagal, Malur, KGF & Srinivasapur, 27 Hoblies and 156 
Gram Panchayats. Among the taluks in the district, Srini-
vasapura is the biggest (860 sq.km) and Malur is the smallest 
taluk (645sq.km). Kolar is also called the land of silk, milk 
and gold. Farmers are known for horticulture, floriculture, 
sericulture and growing vegetable crops. The district lies 
almost in the central part of peninsular India, which has an 
immense bearing on its geo-climatic conditions. The district 
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has about 29936 bore wells which are also highest in the state 
and is the main source of irrigation.

The primary objective of this study was aimed at under-
standing the farmers’ perception of climate and variability, 
impacts and adaptation strategies in the agricultural sector. 
Both secondary and primary data were used. A mixed-method 
approach (combination of quantitative and qualitative meth-
ods), along with tools from both social and environmental 
sciences were used for primary data collection. Tools such 
as Participatory Rural Appraisal (PRA) and Focus Group 
Discussions (FGD) (Uddin & Anjuman 2013) were adopted 
to understand the historical agriculture in the region. A total 
of 61 households in villages from Bangarpet, KGF, Kolar, 
Malur, Mulbagal and Srinivaspura taluks were interviewed. 
The combined use of qualitative and quantitative techniques, 
particularly in assessing the adaption and impacts in agri-
culture can give us the confidence about what information is 
being gathered, observed, measured and analysed to arrive 
at the findings (Place et al. 2007).

RESULTS AND DISCUSSION

Rainfall Trend Analysis

Rainfall is an important climatic factor that plays a vital role 
in agriculture, particularly in the arid and semi-arid regions, 
where the availability of surface and groundwater is very 
less. Agriculture productivity is the key contributor to the 
country’s economy and declined agriculture production due 
to altering climatic factors will result in various socio-eco-
nomic crisis. 

To understand the historical behaviour of rainfall, 
day-wise rainfall data of the study area was acquired from 

Karnataka State Natural Disaster Management Centre 
from 1971 to 2017 and analysed. The five decadal rainfall 
trend analysis (Fig. 2) revealed that Mulbagal taluk received 
consistent rainfall compared to other taluks of the study 
area with a mean rainfall of 812 mm. During 1981-1985, 
it received the lowest average rainfall of 630 mm and the 
highest annual average rainfall of 924 mm was recorded 
during 1996-2000. Kolar taluk stands second with a mean 
rainfall of 807 mm, highest annual average of 926 mm during 
1996-2000 and lowest of 632 mm during 1981-1985. Malur, 
Bangarpet and Srinivaspur taluks showed that there is a 
moderate amount of variation in rainfall over the decades. 
The mean rainfall during the last 4.5 decades among the 5 
taluks ranged from 770-812 mm, which reveals that Kolar 
district historically received consistent annual rainfall 
without any considerable variation in rainfall.

The monthly average rainfall data of the last decade were 
analysed to understand climate variability in Kolar district (Fig. 
3). The results revealed that December, January, February and 
March received a negligible amount of rainfall except March 
received 75 mm in 2008 and December received 81 mm in 
2016, April received mean rainfall of 45 mm with the highest 
monthly average of 105 mm during 2015 and lowest of 3 mm 
in 2016. Whereas May received more rainfall compared to 
June and July months with a mean rainfall of 109 mm, high-
est of 163 mm and lowest of 70 mm. May has behaved more 
consistently in rainfall throughout the decade. June and July 
months which are beginning of monsoon in Karnataka exhibits 
similar behaviour in the entire decade with the lowest rainfall 
of 23 mm in 2008 and highest of 176 mm in 2016. June, July 
and August months showed a considerable amount of variation 
in rainfall throughout the decade, it indicates that it influences 

crops. The district lies almost in the central part of peninsular India, which has an immense 

bearing on its geo-climatic conditions. The district has about 29936 bore wells which are also 

highest in the state and is the main source of irrigation. 
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Agriculture productivity is the key contributor to the country’s economy and declined agriculture 

production due to altering climatic factors will result in various socio-economic crisis.  
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acquired from Karnataka State Natural Disaster Management Centre from 1971 to 2017 and 
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average rainfall of 924 mm was recorded during 1996-2000. Kolar taluk stands second with a 

mean rainfall of 807 mm, highest annual average of 926 mm during 1996-2000 and lowest of 

632 mm during 1981-1985. Malur, Bangarpet and Srinivaspur taluks showed that there is a 

moderate amount of variation in rainfall over the decades. The mean rainfall during the last 4.5 

decades among the 5 taluks ranged from 770-812 mm, which reveals that Kolar district 

historically received consistent annual rainfall without any considerable variation in rainfall. 

 
                   Fig. 2: Five-year average rainfall trend in the last four and half decades of Kolar District. 
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Fig. 2: Five-year average rainfall trend in the last four and half decades of Kolar District.

rain-fed cropping in the region. September which falls in the 
latter part of monsoon received maximum rainfall in a year 
for the entire decade with a mean rainfall of 131 mm, highest 
of 268 mm in 2009 and lowest of 31 mm in 2012. October 
and November fall in post-monsoon season, of which October 
received maximum rainfall with a mean rainfall of 122 mm and 
highest of 310 mm during 2017, but November 2015 recorded 
highest average rainfall of 349 mm.

To understand the inter-seasonal variation in rainfall, 
season-wise average rainfall analysis (Fig. 4) was conducted 
for last one decade, March and May months were categorized 
as pre-monsoon, June to September as monsoon and October 
to December as post-monsoon seasons. The results revealed 
that pre-monsoon received a mean rainfall of 173 mm, the 
highest rainfall of 228 mm in 2015 and lowest of 121 mm 
during 2014. Result also revealed that average pre-monsoon 

decade. June and July months which are beginning of monsoon in Karnataka exhibits similar 

behaviour in the entire decade with the lowest rainfall of 23 mm in 2008 and highest of 176 
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31 mm in 2012. October and November fall in post-monsoon season, of which October 

received maximum rainfall with a mean rainfall of 122 mm and highest of 310 mm during 

2017, but November 2015 recorded highest average rainfall of 349 mm. 
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throughout the decade with the highest rainfall of 437 mm in 2015 to lowest of 108 mm in 2016 

with a mean rainfall of 240 mm. 

 
                      Fig. 4: Season-wise decadal rainfall trends in Kolar district. 

 

Agrarian Crisis 

The information on farmer’s perception, climate variability and adaptations to the agrarian crisis 

was collected from selected households in villages falling in the study area. Study reveals that all 

the respondents opined that they are experiencing irregular monsoon in the last one decade.  

About 72% of respondents opined that irregular monsoon attributes for drought scenario, 12% 

respondents expressed groundwater depletion while 9 % expressed dependency on water-

intensive crops, and 6 % opined unscientific agriculture practices and 1% respondents expressed 

that all the above factors attribute for drought (Fig. 5). About 42% of the respondents opined 

overexploitation of groundwater, 36% opined lack of rainfall, 14 % opined eucalyptus plantation 

while 8% expressed lack of rainwater harvesting measures as the reasons for bore-well failure in 

the region (Fig. 6). Regarding fallow land, 70% opined water shortage as the prime cause, while 

25 & 20% respondents expressed lack of capital and labour shortage respectively as the reasons 

accounting for fallow land (Fig. 7). 
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rainfall showed downtrend from 2010 to 2014. Monsoon 
season received mean rainfall of 387 mm, highest of 528 
mm in 2009 and showed downtrend till 2012, lowest was 282 
mm in 2012 and from 2013 the rainfall showed an increasing 
trend. Post monsoon has irregularly behaved throughout the 
decade with the highest rainfall of 437 mm in 2015 to lowest 
of 108 mm in 2016 with a mean rainfall of 240 mm.

Agrarian Crisis

The information on farmer’s perception, climate variability 
and adaptations to the agrarian crisis was collected from 
selected households in villages falling in the study area. 
Study reveals that all the respondents opined that they are 
experiencing irregular monsoon in the last one decade. 

About 72% of respondents opined that irregular monsoon 
attributes for drought scenario, 12% respondents expressed 
groundwater depletion while 9 % expressed dependency on 
water-intensive crops, and 6 % opined unscientific agriculture 
practices and 1% respondents expressed that all the above 
factors attribute for drought (Fig. 5). About 42% of the 
respondents opined overexploitation of groundwater, 36% 
opined lack of rainfall, 14 % opined eucalyptus plantation 
while 8% expressed lack of rainwater harvesting measures 
as the reasons for bore-well failure in the region (Fig. 6). 
Regarding fallow land, 70% opined water shortage as the 
prime cause, while 25 & 20% respondents expressed lack 
of capital and labour shortage respectively as the reasons 
accounting for fallow land (Fig. 7).
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source of income during drought, it also plays a vital role in integrated soil nutrient management, 
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that 85% of the respondents practiced agroforestry that includes 18 tree species, predominantly 

Santalum album and Mangifera indica (Table 1). 
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No. of 
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1 Santalum album L. 850 
2 Mangifera indica L. 709 
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12% 
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Fig. 6: Farmer’s perception on bore-well failure. 
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Table 1: The tree population in Kolar district, Karnataka.

Sl. No.  Tree Species No. of individuals

1 Santalum album L. 850

2 Mangifera indica L. 709

3 Tectona grandis L. f. 366

4 Eucalyptus globulus Labill. 341

5 Pongamia pinnata (L.) Pierre 224

6 Azadirachta indica A. Juss. 217

7 Tamarindus indica L. 191

8 Melia dubia Cav 160

9 Grevillea robusta A. Cunn. ex R. Br. 150

10 Anacardium occidentale L. 150

11 Syzygium cumini var. cumini 19

12 Moringa oleifera Lam. 4

13 Cinnamomum camphora (L.) J. Presl 4

14 Aegle marmelos (L.) Correa 3

15 Artocarpus heterophyllus Lam. 1

16 Ficus benghalensis L. var. krishnae (C. DC.) Corner 1

17 Murraya koenigii (L.) Spreng. 1

18 Manilkara zapota (L.) P.Royen 1

 Total 3392

1 Cocos nucifera L. 719

2 Musa paradisiaca L. 30

3 Carica papaya L. 17

 Grand Total 4158
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Adaptations

Agroforestry practice is essentially important to overcome 
the impacts of prolonged droughts and crop failure resulting 
from monsoon shifts. Farmers can rely on agroforestry as 
an alternate source of income during drought, it also plays a 
vital role in integrated soil nutrient management, providing a 
sustainable source of fodder and timber. Results of the house-
hold survey revealed that 85% of the respondents practiced 
agroforestry that includes 18 tree species, predominantly 
Santalum album and Mangifera indica (Table 1).

The present study revealed that 72% farmers practiced 
micro-irrigation system and 18 % used mulching techniques, 
2% adopted night-time irrigation, 5% used shade crops to 
avoid evaporation after irrigation and 3% practiced rainwater 
harvesting (Fig. 8). Further, 88% farmers incorporated drip ir-
rigation, 6% used sprinkler system, 2% practiced zero tillage 
method to preserve soil moisture and 4 % shifted to drought 
resistant crop varieties to cope with water scarcity (Fig. 9).

Survey also revealed that some farmers have shifted 
to other occupations to feed the livelihood demands, 15% 
farmers have shifted to other occupations to overcome 
drought impacts, about 23 % respondents expressed low 
yield in agriculture as the reason for the shift, 23% opined 
low rainfall, 23% expressed non-availability of the market-
place, 14% opined labour shortage, 4% expressed middle 
man interference while 9% opined as other reasons. 

About 48% of farmers expressed that there is support 
from the Government to mitigate Agrarian crisis with ad-
equate financial resources and 52% expressed that there is 
no support. Programs such as farm pond, crop insurance 
and distribution of free seeds and fertilizers were found 
to be most effective as 34, 35 and 28% farmers opined 

respectively, while only 3% expressed crop appreciation 
pay as benefiting. 

CONCLUSION

Over decades there was a considerable variation in rainfall 
pattern in the study area, but there was no significant average 
rainfall variation till the last decade. This significant seasonal 
variation directly affects the sowing pattern and associated 
agricultural practices. Increase in the exploitation of ground-
water for water-intensive commercial crops has increased 
rapidly from the past one decade resulting in the critically 
depleted groundwater table. Adding to this, there are no ef-
fective rainwater harvesting and recharge mechanisms in the 
region. Farmers are fighting repeated droughts and irregular 
monsoon, resulting in shifting of farmers from agriculture 
to other occupations which eventually leads to inflation. 
Hence, it is very crucial to adapt all the possible measures 
to retain the farmers in agriculture practice. Even though the 
government have taken up several programs, it was observed 
that there are still significant gaps in effective implementation 
and percolation of benefits to the end users. More importance 
should be given on precise farming practices, promoting 
sustainable agriculture and irrigation practices, soil nutrient 
management, watershed development, dairying and animal 
husbandry to improve the livelihood of the farmers.
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ABSTRACT

Total 150 sediments samples were collected from the Yangzong Lake, and the total phosphorus, pH, 
redox potential and organic carbon were analysed to quantitatively study the dispersal and sources 
of phosphorus and its influential factors. The results indicated that the total phosphorus content in 
sediments was 318-3931 mg/kg, which decreased slightly with depth. In the sediments at the depths 
of 0-2cm, 2-4cm, 4-6cm, 6-8cm and 8-10cm, the phosphorus contents were 1151mg/kg, 1126mg/kg, 
1138mg/kg, 1057mg/kg and 893mg/kg respectively. The contents of phosphorus in the sediments were 
high on both north and south banks and reduced gradually towards the centre of the lake. Before the 
1980s, the phosphorus distribution in the sediments was mainly influenced by natural factors such as 
pH value, redox potential and organic matter. But after the 1980s, the phosphorus distribution was 
mainly affected by the position of sewage discharge. Sources of phosphorus in the sediments have 
changed from the local source to the multiple sources, and from the point source to surface source. 
Currently, soil erosion and agricultural non-point source pollution are the main sources of phosphorus 
in Yangzong Lake.

INTRODUCTION

As one of the main nutrients in a lake ecosystem, phosphorus 
has a very important effect on the lake eutrophication (Liu 
et al. 2012, Luo et al. 2017, Lü et al. 2018). As one of the 
nine plateau lakes in Yunnan Province, Yangzong Lake is the 
freshwater lake for local residents (Zhang et al. 2010). With 
the rapid development of industry and agriculture around the 
Yangzong Lake and continuous input of exogenous nutrients, 
the eutrophication problem of the Yangzong Lake has become 
increasingly prominent. The sudden “water bloom” incidents 
occur from time to time (Zhang et al. 2013). In recent years, 
the water body itself is usually taken as the object in the 
eutrophication study of the Yangzong Lake. However, the 
study on the distribution of phosphorus in the sediment is 
seldom reported. The phosphorus stored in the sediments is 
a potential source of endogenous pollution for the overlying 
water. It can be released from sediments into the water under 
appropriate conditions. 

Through the high-density stratified sampling for the sed-
iments in the Yangzong Lake, the distribution characteristics 
of phosphorus in the sediments and its influence factors were 
investigated. The source and pollution history of phosphorus 
were discussed. The work provides a scientific basis for the 
accurate evaluation and improvement of the environmental 
quality and also for the pollution control and protection of 
Yangzong Lake. 

MATERIALS AND METHODS

Study Area

Yangzong Lake (E102°59¢-103°02¢, N24°51¢-24°58¢) be-
longs to Nanpan River system of the Pearl River Basin. 
The lake surface is in fusiform shape, with the width of 
2.5km from west to east and the length of 12.7km from 
north to south. The shoreline is 32.3km long. The lake has 
the drainage area of 286km2 and the lake surface area of 
31.9km2 (at the water level of 1770m). The maximum depth 
is 29.1m, and the water storage capacity is 0.604 billion 
m3. The water exchange cycle is 13a (Zhang et al. 2012). 
The recharge water sources are mainly natural rainfall, the 
catchment of the Yangzong Lake and the Qixing Lake, the 
artificial recharge from Baiyi River, and groundwater. The 
lake water empties into the Nanpan River through the only 
water outlet, Tangchi River.

Sampling and Analysis

The sediments of the Yangzong Lake were systematically 
sampled, as shown in Fig. 1. To obtain the distribution char-
acteristics of phosphorus in the sediments from the Yangzong 
Lake, seven cross-sections were arranged from south to north 
at the interval of about 1.5km. The sampling points were set 
up on the eastern and western banks of each cross-section 
and at the centre of the lake. The sampling points were more 
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densely arranged in the water areas near the industrial and 
mining enterprises around the lake. A total of 30 sampling 
points were set and numbered N01-N30. The collection and 
stratification of samples were performed using the “LENZ 
sediment sampler” manufactured by HYDRO-BIOS (Germa-
ny). The sampling was done at every 2cm from top to bottom 
for each sampling point. There were five layers in total. 
Finally, a total of 150 samples were obtained. The samples 
were put into polyethylene bags and the bags were sealed. 

The sediment samples were air-dried in the laboratory. 
After the removal of plant and animal residues and stones, 
the samples were ground and passed through the nylon screen 
(200 mesh). After the bottling, the samples were sent to the 
Geochemical Exploration Supervision and Testing Center 
of the Ministry of Land and Resources. The testing indica-
tors included total phosphorus, pH value, redox potential 
and total organic carbon. The analytical methods included 
plasma spectroscopy (ICP-OES) and potential method. The 
soil reference materials conforming to the national standard 
(GSF-2, GSF-3, GSF-4) and repeated samples were added 

for quality control in the analysis process. The qualification 
rates of the reference materials and repeated samples were 
all 100%. The result of the experiment was reliable. The 
data were analysed by Microsoft Excel 2003 and SPSS18. 
0. The diagram was drawn using Mapgis6.7. The isoline was 
interpolated by Universal Kriging method.

RESULTS AND DISCUSSION

Phosphorus Content

The contents of phosphorus in the sediments from the Yang-
zong Lake were mostly above the lower limit of concentra-
tion (600mg/kg) that could cause ecological toxicity in the 
guideline issued by the Ontario Ministry of Energy, Canada 
(1992) (Sieliechi et al. 2014). This indicates the potential 
ecological risk. 

The content of phosphorus in the sediments of the sur-
face layer (0-2cm) was in the range of 836-1910mg/kg. The 
average value was 1151mg/kg. The contents of phosphorus 
in the sediments on the north and south banks were high and 
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generally above 1400mg/kg. The point N16 on the north 
bank had the highest value. The contents of phosphorus in 
the middle of the lake were relatively low. Most of them 
were below 1000mg/kg, with the minimum value occurring 
at the point N30. 

The content of phosphorus from the depth of 2-4cm was 
685-2346mg/kg. The average value was 1126mg/kg. The 
regional distribution of phosphorus at this depth showed 
more significant variation than that of the surface layer. The 
contents of phosphorus on the north bank and the southeast 
corner were high. They were generally above 1400 mg/kg. 
The point N27 at the southeast corner had the maximum 
value. The contents of phosphorus in the middle of the lake 
area were low. The contents in part of the western lake were 
less than 800mg/kg. The point N10 on the west bank had 
the minimum value.

The contents of phosphorus in the sediments from the 
thickness of 4-6cm were in the range of 547-3931mg/kg. 
The average was 1138mg/kg. The variation in regional 
distribution of phosphorus was more significant. The areas 
with high contents of phosphorus were the north bank and 
southeast corner. The contents of phosphorus on the north 
bank changed little compared with that in the upper layer. 
However, the phosphorus content in the southeast corner 
significantly increased compared with that in the upper 
layer. The point N27 had the highest value, which was also 
the maximum content of phosphorus in the sediments of 
the entire Yangzong Lake. The contents of phosphorus in 
the middle of the lake were still low. Larger areas near the 

west and east banks had the contents of phosphorus less than 
800mg/kg compared with the upper layer. 

The contents of phosphorus in the sediments from the 
depth of 6-8cm ranged from 475 to 2460mg/kg. The average 
was 1057mg/kg. The areas with a high content of phosphorus 
were on the north and south banks. The content of phospho-
rus in the north bank was higher compared with that in the 
upper layer. The content in the southeast corner significantly 
decreased compared with that in the upper layer. The point 
N27 still had the maximum value. The content of phosphorus 
in the middle of the lake decreased, and those in part of west 
and east banks were less than 600mg/kg. The point N21 
on the east bank had the minimum value. The content of 
phosphorus in the sediments from the depth of 8-10cm was 
318-1734mg/kg. The average was 893mg/kg. 

The contents of phosphorus in the whole lake area de-
creased significantly. The areas with phosphorus content 
larger than 1400mg/kg were shrunken sharply on the north 
bank. They disappeared on the south bank. The content 
of phosphorus was above 1000mg/kg only in part of the 
southeast corner. The point N17 on the north bank had the 
maximum value. There was an enlargement of the area with 
the phosphorus content less than 600mg/kg in the middle of 
the lake. The contents of phosphorus in part of the east bank 
were less than 400mg/kg. The point N20 on the east bank 
had the minimum value. 

The spatial distribution of phosphorus in different layers 
of sediments is shown in Fig. 2. The general distribution 
pattern was that the contents of phosphorus are high on the 
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north and south banks. The content of phosphorus decreased 
gradually towards the centre of the lake. There were three 
regions with high contents of phosphorus, near Tangchi on 
the north bank, in the south of the Pearl Bay in the southeast 
corner, and near Tangeying in the southwest corner. The low 
phosphorus contents were mainly found in two areas, along 
the shore from Tangeying on the west bank to Sanshimu and 
the near Baojianshan District on the east bank.

Vertically, the contents of phosphorus in the sediments 
presented a decreasing trend from top to bottom layers of the 
sediments, as shown in Fig. 3. The contents of phosphorus 
in the sediments from the depth of 0-6cm decreased slowly, 
and those below 6cm decreased significantly. The contents 
of phosphorus were high on the north and south banks. 
The contents of phosphorus in the sediments increased 
first and then decreased from top to bottom. The content of 

phosphorus in the sediments from the depth of 4-6cm was 
the maximum in the south of the Pearl Bay. The phosphorus 
content in the sediments from the depth of 6-8cm was the 
highest near Tangchi Town on the north bank.

Analysis of Influencing Factors on Phosphorus

The sediment adsorption on phosphorus is affected by many 
factors. The correlation analysis was performed for the four 
factors, i.e. phosphorus content in the sediments of each 
layer, pH value, redox potential and organic carbon (Table 1). 
The results indicated that the contents of phosphorus in the 
sediments of the upper layers (0-4cm) were not related to any 
of these indices. However, the contents for the lower layers 
(4-10cm) had a significant correlation with all indices. The 
sedimentation rate of the Yangzong Lake is about 1.55mm/a. 
The sediments from the depth of 0-10cm reflect the sedimen-
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Table 1: Correlation between phosphorus content and pH, ORP, OC in sediment by various layers.

Sampling layers Regression Equation R2 P

0-2 cm

[P]=2.2365[pH]+1133.6 1×10-7 0.988

[P]=-0.0378[ORP]+1149.1 1×10-7 0.998

[P]=150.34[OC]+619.48 0.130 0.050

2-4 cm

[P]=-1958.3[pH]+16329 0.066 0.155

[P]=33.102[ORP]+2749.8 0.064 0.146

[P]=191.97[OC]+632.96 0.211 0.015

4-6 cm

[P]=-5845.4[pH]+46277 0.376 0.000

[P]=98.807[ORP]+5743.3 0.374 0.000

[P]=163.8[OC]+779.27 0.108 0.074

6-8 cm

[P]=-3594.5[pH]+28781 0.240 0.005

[P]=60.624[ORP]+3852.3 0.238 0.006

[P]=190.19[OC]+653.27 0.325 0.001

8-10 cm

[P]=-2362[pH]+19082 0.288 0.003

[P]=39.925[ORP]+2703.8 0.279 0.002

[P]=136.9[OC]+631.03 0.433 0.000
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tary environment since the 1960s. The contents of phosphorus 
in the sediments from the Yangzong Lake were generally 
low in the 1960s. There were very few human interventions 
at that time. The distribution was mainly affected by natural 
factors, such as pH value, redox potential and organic matter. 
Over time, human activities have been increased. In the last 
20 years, with the rise of the agriculture, fisheries, mining 
and tourist industries near the Yangzong Lake, the pollutant 
emissions have been rising. The control effects of natural 
factors on the phosphorus distribution are masked by large, 
concentrated inputs. The position of pollutant emissions has 
gradually become the dominant factor for the phosphorous 
distribution in the sediments. The correlation of phosphorus 
in the sediments from the bottom to the top layers (from old 
to new) with each index decreased gradually. The area with 
a high content of phosphorus coincided with the area of 
intensive human activities.

pH: The pH value is the key factor that affects the sediment 
adsorption on phosphorus. Both high and low pH values 
can promote the release of phosphorus in sediments to the 
water body of the upper layer (Zhu & Yang 2018). The 
sediment adsorption on phosphorus could be characterized 
with a “∩ - shaped” curve with the increase of pH value. The 
study shows that the sediment adsorption on phosphorus is 
relatively low in the strongly acidic environment with pH < 
2. The adsorption quantity presents an increasing trend with 
the increase of pH value. The adsorption reaches the maxi-
mum near the neutral pH value. The sediment adsorption on 
phosphorus decreases with the increase of pH value in the 
alkaline environment with pH> 7 (Zhu et al. 2012). This is 
because when the pH value is low, the concentration of H+ 
in water is high. It is easy for H+ to bind to the phosphorous 
ion charged negatively in water, which results in the great 
reduction of the sediment adsorption on phosphorus. When 

the pH value is high, there are more OH- ions in water. They 
will compete for the adsorption points on the surface of sed-
iments with the phosphorous ions in water. Therefore, the 
sediment adsorption on phosphorus will reduce. Only when 
the pH value is close to neutrality, the surface of sediments 
carrying positive charge will have an ability to compete 
for the phosphorous ions with the H+ of low concentration. 
Meanwhile, the concentration of OH- is not too high. The 
phosphorus can compete with OH- to be adsorbed on the 
sediment surface. Therefore, the adsorption quantity of 
phosphorus will be higher (Li et al. 2010). 

The pH values of the sediments in the Yangzong Lake 
ranged from 7.53 to 7.94. The average pH values for each 
layer from top to bottom were 7.75, 7.72, 7.76, 7.71 and 
7.70, respectively. The pH values of sediments in each layer 
showed a small variation. The sediments were all weakly al-
kaline. The pH values of sediments from the depth of 4-10cm 
had a very significant negative correlation with phosphorus 
content (Fig. 4), that is, the contents of phosphorus decreased 
with the increase of pH value.

ORP: Redox potential is one of the important parameters 
showing the adsorption of phosphorus onto the surface of 
oxides of Fe (hydrate), etc. (Koskiaho et al. 2015). When 
the sediments are in the oxidative environment, Fe3+ ions 
will bind to phosphorous ions and deposits in the sediments 
in the form of iron phosphate or the soluble phosphorus in 
water is adsorbed by ferric hydroxide, and gradually deposits. 
Meanwhile, the sediments have strong adsorption action on 
phosphorus. There will be no release of phosphorus. When 
the sedimentary environment is in the reducing state, the 
Fe3+ ions are reduced to Fe2+. The insoluble ferric hydrox-
ide is changed into soluble ferrous hydroxide, which results 
in the release of phosphorus from the sediments into the 
water. The phosphorus concentration of the water body will 
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rise as a result. It was found through the continuous flow 
release system by Peng & Chen (1987) that the release rate 
of phosphorus from the lacustrine sediments under reducing 
conditions was more than ten times larger than that under 
oxidizing conditions. 

The redox potential of sediments in the Yangzong Lake 
ranged from -59 to -35. The redox potentials of sediments 
in each layer showed a small variation. The sediments were 
all in the micro reducing environment. In this study, the re-
dox potential of sediments from the depth of 4-10cm had a 
significant positive correlation with total phosphorus in the 
sediments (Fig. 5). The content of phosphorus increased with 
the rise of redox potential.

Organic matter: Organic matter can promote the sediment 
adsorption on phosphorus as well as its deposition (Liu et 
al. 2016). The small molecule substances produced by the 
decomposition of organic matter can increase the adsorption 
capacity of phosphorus. The saccharides can enhance the 
adsorption energy of phosphorus (Chen et al. 2015). The 
amino acids can increase the maximum adsorption capacity 
of phosphorus. The organic matter and its degradation prod-
ucts can promote the adsorption capacity of sediments on 
phosphorus in various ways. The content of organic matter 
was not determined in this study. Considering the relationship 
between the organic carbon and organic matter, the organic 
carbon was used in place of organic matter for the analysis in 
this article. The contents of organic carbon in the sediments 
from Yangzong Lake were in the range of 0.41%-6.72%. 
The average content of each layer from top to bottom was 
3.53%, 2.63%, 2.21%, 2.12% and 1.91%, respectively. With 
the increase of depth, the organic carbon decreased gradually. 
It decreased most significantly at the depth of 0-6cm and the 
decrease of amplitude was slowed down below 6cm. For the 

sediments from the depth of 6-10cm, there was a significant 
positive correlation between the organic carbon and phos-
phorus contents (Fig. 6), that is, the content of phosphorus 
increased with the increase of organic matter.

Human activity: In the sediments from the depth of 0-10cm, 
human activity has been a constant factor that affects the 
phosphorus distribution. The influence degree increases grad-
ually with the enhancement of human activities. The content 
of phosphorus in the sediments and the variation of spatial 
distribution both indicated the change of the phosphorous 
sources (Parsons et al. 2017). 

Before the 1980s, the agricultural non-point source pol-
lution and urban sewage discharge were the major sources of 
phosphorus. Tangchi Town on the north bank and Yangzong 
Town on the south bank were the areas of intensive human 
activities and also the main distribution areas of farmland. 
The phosphorus fertilizer enters the lake with the farmland 
drainage and storm runoff. The domestic sewage was dis-
charged into the lake through the Baiyi River on the north 
bank and the Yangzong Lake on the south bank. Therefore, 
in the sediments from the depth of 6-10cm, the contents of 
phosphorus in the area along the shore of Tangchi Town and 
Yangzong Town were relatively high. 

After the 1980s, the industry, mining, tourism and fishery 
surrounding the Yangzong Lake have emerged. Industrial and 
domestic sewage discharge has increased. The motor vessels 
in the lake district increased. The factors such as the cage 
fish culture in each town along the shore have resulted in an 
increase of phosphorus discharge into the lake. The water 
quality of the lake is deteriorating. 

The monitoring data in the 1990s showed that the total 
phosphorus discharged into the lake was about 139.46 tons 
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per year. The phosphorus by the cage fish culture was about 
72 tons per year, accounting for 52% of the total amount 
discharged into the lake. The second largest was the fish 
culture in pools, and the phosphorus discharged into the 
lake was about 45 tons per year, accounting for 32% of 
the total amount. The third was the industrial wastewater 
and domestic sewage, with the amounts of phosphorus 
discharged into the lake being about 6.75 tons per year and 
4.38 tons per year, respectively. The amount of phosphorus 
discharged for non-point source was 11.33 tons per year. 
The point source pollution is the main form of phosphorus 
input. The cage fish culture was once distributed along the 
shore near Tangchi Town and Yangzong Town. Therefore, 
the phosphorus contents in the sediments from the depth 
of 2-6cm were still high. The phosphorus pollution on the 
south bank was more serious than that on the north bank. 
It was because there was a large number of fish culture in 
pools along the shore to the east of the mouth of Yangzong 
Lake. The blue-green algae bloomed in the Yangzong Lake 
for 3 consecutive years from 1997 to 1999. The water quality 
decreased to class IV. After that, a series of pollution pre-
vention measures were implemented, such as the banning 
of cage fish culture and motor fishing vessels in the Tangchi 
Town on the north bank. One year later, the same measures 
were also adopted for Yangzong Town on the south bank. 
The phosphorus content declined significantly after these 
measures. The water quality gradually recovered to class III. 
The contents of phosphorus in the sediments on the north and 
south banks first increased and then decreased from bottom to 
top (from old to new). This demonstrated that the phosphorus 
pollution in the Yangzong Lake experienced the transition 
from light pollution to heavy pollution and then back to light. 
The decline rate of phosphorus contents in the sediments on 
the south bank was less than that on the north bank, due to the 
delayed implementation of the control measures. Besides, the 
organic carbon in the sediments from the depth of 2-4cm had 
a “significant” correlation with the content of phosphorus. 
However, the pH value and ORP for the same layer both had 
an “insignificant” correlation with the content of phospho-
rus. We believe that the correlations of natural factors such 
as pH value and ORP with phosphorus are weakened due 
to human interventions (Bertolet et al. 2018). However, the 
human factor in this period is mainly aquaculture. While the 
phosphorus is discharged into the lake by the fish farming, 
a large number of residual feeds producing organic matters 
and fish excrements are also discharged. Therefore, in the 
sediments of this layer, the organic carbon had a significant 
correlation with the phosphorus content. 

After 2000, with the increase of the exploitation and 
development around Yangzong Lake, the soil and water 
loss arising from land development has become an impor-

tant source of phosphorus. The monitoring data in 2005 
(Boulion 2018, Welch et al. 2017) showed that the content 
of phosphorus amounted to 204.4 tons due to the soil and 
water loss in the Yangzong Lake, accounting for 67.8% of the 
total phosphorus discharged into the lake. The second largest 
pollution is agricultural non-point source pollution. The loss 
of fertilizer phosphorus was about 51.5 tons, accounting for 
about 17.1% of total phosphorus. Point source pollution, such 
as the industrial wastewater, domestic sewage and aquacul-
ture, also makes a significant contribution. The discharge of 
phosphorus along with the industrial wastewater was about 
40.44 tons; the discharge by the tourism wastewater was 1.11 
tons, and that with the urban sewage was 0.224 tons. The aq-
uaculture industry discharged 3.746 tons of phosphorus into 
the lake. Although the content of phosphorus in the sediments 
in the local area declined compared with that in the lower 
layer, the content of phosphorus still showed an increasing 
trend in the whole lake area. At this time, besides the large 
number of enterprises rising in the areas along the shores 
of Tangchi Town and Yangzong Town (such as hot spring 
resorts, phosphate fertilizer plants and refractory factories), 
the enterprises such as aluminium factories and golf courses 
have also developed in Sanshimu and Baojianshan District 
(Chen et al. 2016, Feng et al. 2019). The phosphorus in the 
sediments near these areas all presented significant increases. 

Since the 1960s, the main source of phosphorus in the 
Yangzong Lake has changed with time, from the agricultural 
non-point source to the cage fish farming, and then to soil 
and water loss. The type of pollution source has changed 
from the non-point source to point source, and to non-point 
source pollution. The number of pollution sources is also 
increasing constantly.

CONCLUSION

The contents of phosphorus in the sediments from the Yang-
zong Lake were in the range of 318-3931mg/kg. The average 
contents of arsenic in the sediments at the depth of 0-2, 
2-4, 4-6, 6-8 and 8-10cm were 1151, 1126, 1138, 1057 and 
893mg/kg, respectively. Vertically, the content of phosphorus 
increased gradually from bottom to top. On the planar view, 
the contents of phosphorus were high on the north and south 
banks and they decreased towards the centre of the lake. The 
distribution of phosphorus in the sediments was affected by 
both the natural factors and human factors. Before the 1980s, 
the distribution of phosphorus in the sediments was mainly 
influenced by the natural factors such as the pH value, redox 
potential and organic matter. After the 1980s, the distribu-
tion of phosphorus was mainly affected by the position of 
pollution discharge. The phosphorus source in the Yangzong 
Lake is increasing in number and the pollution type changes 



1294 Yuxi Zhang et al.

Vol. 19, No. 3, 2020 • Nature Environment and Pollution Technology  

from the point source to the non-point source pollution. At 
present, the main sources of phosphorus are soil and water 
loss and agricultural non-point source pollution. The control 
of soil and water loss and the loss of chemical fertilizers are 
crucial for controlling the eutrophication of Yangzong Lake.
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ABSTRACT

In this study, a total of 50 groundwater samples from the coal-bearing aquifer in the Xinji coalfield (one 
sub-coalfield of the Huainan coalfield) have been collected, and their major ion concentrations have 
been measured for the evaluation of its suitability for drinking and irrigation, and then the mechanism 
controlling the water chemistry have been analysed. The results indicate that the groundwater samples 
are slightly alkaline with TDS higher than the freshwater (<1000 mg/L), and most of them are classified 
to be Cl- and HCO3

- types. The groundwater samples have WQI range from 5.63 to 179 (mean = 64.9), 
suggesting that these samples are good for drinking. However, the results of sodium adsorption ratio 
and residual sodium carbonate indicate that only a few of the samples can meet the requirement of 
irrigation, but must be treated before application. Gibbs diagram and the relationships between major 
ions, as well as the factor analysis, imply that water-rock interaction is the main process controlling the 
groundwater chemistry, including the dissolution of evaporate minerals and the weathering of silicate 
minerals.

INTRODUCTION

Water is the most important resource in the world, not only 
because it is essential for life, but also its role played in hu-
man activities including the agriculture and industry. Among 
all of the water resources, the groundwater makes up about 
20% of the world’s freshwater supply (Lvovitch 1970), and 
the global groundwater storage is equal to the total amount 
of freshwater stored in the snow and ice pack of the earth. 

To be one of the most important agricultural bases of 
China, the North China Plain has played a fundamental role 
during the evolutionary history of China. However, because 
of the lacking of the surface water resource, the groundwater 
has played an important role in the development of the area 
(Chen et al. 2005). Near 56% of the water supply for more 
than 100 million people is provided by groundwater and 
most of the area use groundwater for irrigation. In some of 
the cities (Beijing, Shijiazhuang,  Handan), the groundwater 
accounts for more than 70% of the water supply in recent 
years  (Zhang et al. 2000). 

Meanwhile, the North China Plain is an important en-
ergy base of China, because of its high reserves of coal and 
petroleum. There are many large coalfields (e.g. Lianghuai 
coalfield) and oilfields (e.g. Dagang, Shengli, Huabei & 

Zhongyuan) distributed in the plain. Similar to other areas, 
these oil and coal fields are also lacking water. However, 
paradoxically, during the production of coal, a large quantity 
of water from the underground need to be discharged for 
the safety of coal mining, because water is considered to be 
the most dangerous one among the five typical disasters in 
coal mines (including water, fire, gas, dust, roof), as water 
inrush has brought to human with the highest loss (Gui & 
Chen 2007). And therefore, how to control the water hazard 
with the utilization of the water resource simultaneously has 
become an important issue concerned by the governments 
and the scientists.

There are two main coalfields in the northern Anhui 
province, China, which are located north and south to the 
Huai River, namely the Wanbei coalfield and the Huainan 
coalfield. During the last ten years, the groundwater in the 
Wanbei coalfield has been systematically studied (Sun & Gui 
2013, Lin 2016, Sun 2018), whereas the groundwater in the 
Huainan coalfield, especially the quality aspect has not been 
well considered yet. Therefore, in this study, a total of 50 
groundwater samples from the coal-bearing aquifers in four 
coal mines in the Xinji coalfield (one sub-coalfield of the 
Huainan coalfield) have been collected, and their major ion 
concentrations have been measured for the evaluation of its 
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quality for drinking and irrigation, and then the mechanism 
controlling the water chemistry has been studied. The reason 
for choosing this aquifer is because it is a direct threat to the 
safety of coal mining and the main source of water discharged 
during coal mining.

MATERIALS AND METHODS

Hydro-Geological Background 

Xinji coalfield is located in the middle-north of the Anhui 
province, China. There are five coal mines in the area: the 
Banji coalmine, Xinji coalmine, Yangcun coalmine, Kouzi 
coalmine and Liuzhuang coalmine, which are located west to 
the Fengtai County and north to the Yinshang County, with 
a total area of 425 km2 (Fig. 1). The designed production of 
coal in the field is more than 30 million tons per year. Water 
resources in the area are rich because the Huai River and 
its tributaries flow through the area. The climate of the area 
is mild and belongs to marine-continental climate with an 
annual average temperature of 15.1°C. The average annual 

rainfall is 884 mm, and most of them concentrated in June to 
August. However, the groundwater is the main water source 
for the industry and domestic use in the coal mine areas, 
because they are located far away from the rivers.

Previous investigations revealed that there are five main 
aquifer systems in the coalfield from shallow to deep; the 
loose layer aquifer system, the Permian coal-bearing sand-
stone aquifer system, the Carboniferous limestone aquifer 
system, the Ordovician limestone aquifer system and the 
Cambrian nappe aquifer system. Among these five aquifer 
systems, the groundwater in the Permian coal-bearing sand-
stone aquifer system is the direct threat for the safety of coal 
mining, similar to the Huaibei coalfields (Sun 2018). 

Methods

A total of 50 groundwater samples were collected from the 
coal-bearing aquifers in the four coal mines of the coalfield: 
10, 10, 15 and 15 from the Banji, Kouzi, Liuzhuang and Xinji 
coalmines (Table 1). Water pH and total dissolved solids 
(TDS) were measured in the field with a portable pH-meter  

4 
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0.99). All the analysis was conducted in the Engineering Research Centre of 
Coal Mine Exploration, Anhui province, China. 

Fig. 1: Locations of the coal mines related to this study.

Table 1: Mean major ion concentrations (mg/L) of the groundwater samples.

Location Number pH Na+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- CO3
2- TDS

Banji 10 8.23 465 20 10 485 48 392 25 1249

Kouzi 10 8.19 932 10 6 409 162 1137 159 2246

Liuzhuang 15 8.06 788 18 14 658 135 691 55 2014

Xinji 15 8.34 627 31 23 636 77 460 63 1686



1297QUALITY OF GROUNDWATER FROM THE COAL BEARING AQUIFER

Nature Environment and Pollution Technology • Vol. 19, No. 3, 2020

and TDS-meter. Water samples were filtered through 0.45 
μm pore size membranes and collected into 2-L polyethylene 
bottles that had been cleaned in the laboratory. Then, the 
samples were sent to the laboratory for analyses of major 
ions. Na+, Ca2+, Mg2+, Cl- and SO4

2- were measured by ion 
chromatography, whereas alkaline (including HCO3

- and 
CO3

2-) was analysed by acid-base titration. The quality 
control was carried out by standard sample (the correlation 
coefficient between actual concentration and measured 
concentration was higher than 0.99). All the analysis was 
conducted in the Engineering Research Centre of Coal Mine 
Exploration, Anhui province, China.

RESULTS AND DISCUSSION

Major Ion Concentrations

The analytical results of the major ion concentrations are 
given in Table 1. As can be seen from the table, all the 
groundwater samples have Na+ concentration much high-
er than Ca2+ and Mg2+ for the cations, whereas Cl- and 
HCO3

- are the dominant anions. However, although all the 
groundwater samples were collected from similar aquifers in 
four coal mines, their major ion concentrations are different 
from each other. Detailed information about the major ion 
concentrations is as follows.

The mean concentrations of Na+, Ca2+, Mg2+, Cl-, SO4
2-, 

HCO3
- and CO3

2- for the groundwater samples from the Banji 
coalmine are 465, 20, 10, 485, 48, 392 and 25 mg/L, respec-
tively. The decreasing order of mean concentrations of major 
ions is Cl- > Na+ > HCO3

- > SO4
2- > CO3

2- > Ca2+ > Mg2+. 
This order is consistent with those of the groundwater from 

the Xinji coalmine (Table 1), the mean concentrations of Na+, 
Ca2+, Mg2+, Cl-, SO4

2-, HCO3
- and CO3

2- for the groundwater 
samples from it are 627, 31, 23, 636, 77, 460 and 63 mg/L, 
respectively. Comparatively, the groundwater samples from 
the Kouzi and Liuzhuang coalmines have higher mean Na+ 
and HCO3

- but lower mean Ca2+ and Mg2+concenrtations rel-
ative to the Banji and Xinji coalmines, and the concentration 
orders are also different. Such a phenomenon suggests that 
the hydrological conditions of all the coalmines are overall 
consistent with each other, but there are still some differences 
(e.g. the water-rock interactions). 

The mean total dissolved solids (TDS) of the groundwater 
samples from the four coalmines varied from 1249 to 2246 
mg/L, and all the samples have TDS higher than the fresh-
water (<1000 mg/L) (Davis & Dewiest 1966). The mean pH 
values of the samples range from 8.06 to 8.34, implying that 
the groundwater samples are slightly alkaline.

Hydrochemical Types

Classification of hydrochemical types for groundwater is 
important because of the dominant anion species of water 
change systematically from HCO3

-, SO4
2- to Cl- as groundwa-

ter flows from the recharge zone to the discharge zone (Toth 
1999, Jalali 2005). And therefore, the classification of the 
hydrochemical types in this study can provide information for 
the understanding of the hydrological evolution of the studied 
aquifers. Classification of water in this study is based on the 
concentrations of cations and anions by using the software 
Aquachem and Piper diagram, and the result is shown in Fig. 2. 

The result indicates that all the groundwater samples 
from the four coalmines are mainly classified to be of two 
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types (Cl- and HCO3
- types). For the groundwater samples 

from the Banji, Liuzhuang and Xinji coalmines, most of the 
samples are classified to be Na-Cl type (80% of the samples, 
respectively), whereas the groundwater samples from the 
Kouzi coalmine are mainly classified to be the Na-HCO3 
type (70%). Such results suggest that the hydrological con-
dition of these four coalmines are different from each other. 
The groundwater from the former three coalmines might 
have been affected by more serious of the evaporation (e.g. 
located in the discharge zone) or dissolution of the evaporate 
minerals (e.g. halite or gypsum), whereas the groundwater 
from the Kouzi coalmine might have been influenced by the 
weathering of silicate minerals (Sun 2018).

Quality Evaluation for Drinking

There are several methods been applied for the water 
quality evaluation, and the most popular applied ones 
include the comparison with the quality standard (e.g. 
World Health Organization) (WHO 2008) and the water 
quality index (WQI) (Varol & Davraz 2015). The latter was 
calculated for evaluating the quality for drinking based 
on several key parameters of water chemistry according 
to their different importances in the overall quality of 
water for drinking purposes (Vasanthavigar et al. 2010). 
The assigned weight ranges from 1 to 5. The maximum 
weight of 5 has been assigned for TDS, Cl- and SO4

2-, 4 
for Na+, and 3 for Ca2+ and Mg2+. The detailed process 
is as follows:
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>300) (Vasanthavigar et al. 2010). The groundwater samples 
in this study have WQI range from 5.63 to 179 (mean = 64.9), 
and only one sample has WQI higher than 100, suggesting 
that these samples are good for drinking when considering 
about only their major ion concentrations. 

Quality Evaluation for Irrigation

Parameters applied for the suitability evaluation of the 
groundwater for irrigation include the sodium adsorption 
ratio (SAR), percentage sodium (% Na), permeability index 
(PI), residual sodium carbonate (RSC), Kelly’s ratio and 
magnesium ratio (Todd 1995, Michael 2008). In this study, 
the most popular applied parameters (SAR & RSC) have 
been chosen.

SAR expresses the relative activity of sodium ions in 
the exchange reactions with the soil (Todd 1995). This ratio 
measures the relative concentration of sodium to the calcium 
and magnesium. SAR is an important parameter for deter-
mining the suitability of groundwater for irrigation. Excess 
sodium concentration can reduce the soil permeability and 
soil structure, and irrigation using water with high sodium 
adsorption ratio may require soil amendments to prevent 
long-term damage to the soil. SAR is a measure estimated 
by Na+/SQRT((Ca2+ + Mg2+)/2)  (in meq/L). The calculated 
values of SAR for the groundwater samples in this study 
were 2.84-195 (mean = 39.4). According to the criterion for 
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2-) that most of the samples (47 in 50) have 

higher (HCO3
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Fig. 3: Gibbs diagram.
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>26, unsuitable) (Richards 1954), 2, 8 and 10 samples were 
classified to be excellent, good and doubtful, respectively. 
Such results indicate that these groundwater samples must 
be treated before the irrigation application.

RSC exists in irrigation water when the carbonate (CO3) 
plus bicarbonate (HCO3) content exceeds the calcium (Ca2+) 
plus magnesium (Mg2+) content of the water. An excess 
value of RSC in water leads to an increase in the adsorption 
of sodium in soil (Michael 2008). The results of this include 
direct toxicity to crops, excess soil salinity (EC) and associ-
ated poor plant performance, and where appreciable clay or 
silt is present in the soil, loss of soil structure and associated 
decrease in soil permeability. RSC is a measure employed 
by calculating (CO3

2- +HCO3
-)-(Ca2++ Mg2+). RSC values < 

1.25 meq/L indicate good water quality. If the value of RSC 
is between 1.25 and 2.5 meq/L, the water is slightly suitable 
while at a value >2.5 the water is considered as unsuitable 
for irrigation. RSC values of the groundwater samples in this 
study are from -4.54 to 64.6 (mean = 11.0). Based on the 
criterion for irrigation, only 8 samples (16%) can be used 
for irrigation directly.

Mechanism Controlling Water Chemistry

The Gibbs diagram proposed by Gibbs (1970) can be used for 
understanding the relationship of the chemical components 
of groundwater from their respective aquifer lithology. Three 
factors controlling groundwater chemistry can be classified 

by the diagram: precipitation, evaporation and water-rock 
interaction dominance. As to the groundwater, these factors 
are recharge, evaporation (or dissolution of evaporates) and 
water-rock interaction. 

The calculation functions of Gibbs ratios are Gibbs ratio I 
= Cl-/(Cl-+HCO3

-) and Gibbs ratio II = (Na++K+)/(Na++K++-
Ca2+) (in meq/L). In this study, the Gibbs ratio I and II values 
for the groundwater samples are 0.13-0.94 (mean = 0.60) 
and 0.81-1.00 (mean = 0.96), respectively. From the Fig. 
3, it can be seen that most of the samples in this study are 
plotted into the water-rock interaction and evaporation areas, 
indicating that the water-rock interaction and the evaporation 
(or discharge of the groundwater and dissolution of evaporate 
minerals) in the aquifer systems play an important role for 
controlling the groundwater chemistry.

Moreover, it can be seen from Fig. 4 that the groundwater 
samples in this study have Ca2+/Na+ ratios ranging from 0 
to 0.24 (mean = 0.04), and Mg2+/Na+ ratios range from 0 to 
0.41 (mean = 0.05), which suggest that weathering of silicate 
minerals and dissolution of evaporate minerals are the main 
types of water-rock interaction in the aquifer system. It is 
also supported by the correlation between Ca2+/Na+ and 
HCO3

-/Na+ (Fig. 4) that the samples have HCO3
-/Na+ range 

between 0.05 and 1.22 (mean = 0.37). Some other informa-
tion can also be achieved from the relationships between Na+ 
and Cl- that all the samples have higher Na+ relative to Cl-, 
which indicates the contribution of Na+ from the weather-

Table 2: Result of factor analysis.

Species Na+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- Eigenvalue Explained

Factor 1 -0.129 0.929 0.876 0.789 0.141 -0.632 2.690 44.8%

Factor 2 0.945 -0.098 -0.059 0.326 0.721 0.540 1.823 30.4%
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Fig. 4: Ca/Na-Mg/Na and Ca/Na-HCO3/Na diagrams. 
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ing of silicate minerals except for the dissolution of halite, 
such consideration is further confirmed by the relationship 
between (Ca2++Mg2+) and (HCO3

-+SO4
2-) that most of the 

samples (47 in 50) have higher (HCO3
-+SO4

2-) relative to 
(Ca2++Mg2+). During the weathering of silicate minerals, Na+ 
and HCO3

- can be released into the water simultaneously.

Factor Analysis

As one of the most popular applied mathematical methods, 
factor analysis has long been used for environmental studies 
for tracing the source of pollutants (Liu et al. 2003, Almasoud 
et al. 2015) and also, applied for understanding the source of 
chemical constitutes in the groundwater (Sun 2018). 

In this study, two factors have been extracted based on 
the factor analysis with an eigenvalue higher than one after 
varimax rotation (Table 2). As can be seen from the table, 
the first factor, which accounts for 44.8% of the total vari-
ance explanation, has high positive loadings of Ca2+, Mg2+ 
and Cl-, whereas the second factor with 30.4% of the total 
variance explanation, has high positive loadings of Na+ and 
SO4

2-, and then HCO3
-. According to previous studies (Sun 

& Gui 2015), these two factors can be explained to be the 
dissolution of chloride minerals (Factor 1) and the dissolu-
tion of sulphate minerals and weathering of silicate minerals 
(Factor 2). This consideration is consistent with the results 
obtained by the above analysis (including the Gibbs diagram 
and the relationships between major ions) that the dissolution 
of evaporate minerals (including the chloride and sulphate) 
and the weathering of silicate minerals played an important 
role for controlling the groundwater chemistry therein.

CONCLUSIONS

Based on the analysis of the major ion concentrations of 
the groundwater from the coal-bearing aquifer in four coal 
mines in the Xinji coalfield, the following conclusions have 
been made:

 (1) The groundwater samples are slightly alkaline with TDS 
higher than the freshwater (< 1000 mg/L), and most of 
them are classified to be Cl- and HCO3

- types.

 (2) The groundwater samples have WQI range from 5.63 
to 179 (mean = 64.9), only one sample has WQI higher 
than 100, suggesting that these samples are good for 
drinking. Comparatively, according to the results of 
sodium adsorption ratio and residual sodium carbonate, 
only a few of the samples can meet the requirement of 
irrigation but must be treated before application.

 (3) Gibbs diagram and the relationships between major 
ions, as well as the factor analysis, implies that wa-
ter-rock interaction is the main process controlling the 

groundwater chemistry, including the dissolution of the 
evaporate minerals (including the chloride and sulphate) 
and the weathering of silicate minerals.
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ABSTRACT

Using a unique dataset of 524 households from an urban hill town of Darjeeling in India, this study 
addresses two key issues of (a) determining the drivers of risk perception from water use, and (b) 
understanding whether water treatment decisions and choice of water sources are jointly made by the 
households. The results from probit model show that the age of the head, perception of the aesthetic 
qualities of water (odour and colour), education level of the head, the volume of improved water used, 
water treatment decision and expenditure on the water are the significant drivers of risk perception. The 
results of a rare investigation on the likelihood of the joint decision of treating water and choice of water 
source show that these decisions are indeed jointly made in the study area. Households decision to 
treat water from an unimproved source and the choice of improved water can be seen as substitutes. 

INTRODUCTION

Water and sanitation are very crucial to the survival of people 
and the planet, and hence at the core of sustainable devel-
opment. There have been advances in the use of ‘improved 
sanitation facilities’ (from 59% in 2000 to 68% in 2015) and 
‘improved water sources’ (from 82% in 2000 to 91% in 2015) 
at the global level (United Nations 2016). However, in de-
veloping countries, not all ‘improved sources’ used are safe, 
and in 2012, an estimated 1.8 billion people were exposed to 
drinking water source contamination. In addition, the figures 
which pertain to the number of people having access to safe 
water seem to be overestimated as recent studies have shown 
that having access to ‘improved sources’ does not necessarily 
mean access to ‘safe water’ (Bain et al. 2014, Onda et al. 
2012). Lack of safe water, sanitation, and hygiene in most of 
the developing countries led to 88% of deaths from diarrheal 
diseases, with a majority of them being children under the 
age of 5 (UNICEF 2008). In India, an estimated 38% of all 
deaths are attributable to diarrhoea (Walker et al. 2012).

The risks from water contamination, which emerge from 
sources around watersheds, raw sewage and industrial waste, 
are more visible in a developing country like India. Making 
water consumption decisions in such a situation demands 
reliance on sensory data or perceptions, such as the sight of 
a dead cow or the smell of rancid water (Crampton & Ragusa 
2016). In those cases where contamination cannot be directly 

observed or perceived, individuals may have to rely on mu-
nicipal reports on water quality. However, such information 
has not been easily available or updated, and also not easily 
understood by an average consumer (Crampton 2014). 

Therefore, it becomes important that individuals rely 
on the personal judgement of water attributes to determine 
potential risks. Such attributes may include colour (how the 
water looks), taste, and smell of water (Crampton & Ragu-
sa 2016). An alternative to this would be to ‘trust’ that the 
water providing agency is providing water that adequately 
addresses all the risks, and thus influences all the stakeholders 
(Serveiss 2002, Sterling et al. 2014) which is very likely to 
happen in the municipalities of India, and in Darjeeling (our 
study area) in particular. This could be so because citizens, 
who form a vital component of stakeholders, have little or 
no public discourse on the water quality. Such lack of public 
discourse is evident in developed nations like Australia and 
New Zealand too (Crampton & Ragusa 2016).

Studies which identify factors that affect risk perception 
related to water perception are still scarce and their findings 
being not conclusive (Onjala et al. 2014). Some related 
studies have found that perceived odour and taste of water 
(Jardine et al. 1999, Nauges & Berg 2009), the perceived taste 
of water and its related source (Levallois et al. 1999), age, 
income, and distance to the water treatment facility (Turgeon 
at al. 2004) to be the major drivers of risk perception.
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Darjeeling is an urban hill town and a very popular tour-
ist destination in north-eastern India and faces many issues 
in water services provided by the Darjeeling municipality. 
Lack of safe drinking water and sanitation services has 
added woes to the public health which often become more 
acute during the summer tourist season (Mell & Sturzaker 
2014). The major sources of water contamination in the 
region are the unsafe biological matter and runoff of solid 
wastes (Rai 2011). Exposure to such untreated water leads 
to various water-related diseases such as stomach infection 
and typhoid. Typhoid was the third most reported disease in 
Darjeeling in the year 2003, and in the same year, less than 
50% had access to safe water and sanitation (Sharma et al. 
2009). The Darjeeling municipality was established in 1850 
(considered to be one of the oldest municipalities in India) 
and the comprehensive water infrastructure laid during 1910-
1930 for a population of 10,000. About 95% of the existing 
pipeline and valves were laid in 1930, and the infrastructure is 
in great need for renovation and restructuring. Out of 21,782 
households in 32 wards of the town, only 2689 households 
(i.e. 12%) have municipal water connections and pay INR 
500.00 annually as water bill to the municipality (Tamang 
& Jana 2017b). 

The number of studies related to the perception of risk 
related to water consumption by households in developing 
countries is not much as per our knowledge. And in case of 
Darjeeling, this is the first effort to understand the issues 
of risk perception from water use and treatment decisions 
associated with the source of water that the households use. 
This study shall fill this gap and contribute to the literature 
by providing answers to the following questions; (a) what 
are the various drivers of risk perception from water use? 
(b) are the choice of water source (improved or unimproved 
source in this case) and a decision to treat water jointly made?

MATERIALS AND METHODS

Data

The data for the study come from a primary survey of 
households in Darjeeling town conducted in the year 2014. 
A pilot survey followed by a group discussion and focus 
group interviews with the local members selected at random 
were conducted before drafting the final questionnaire. From 
this preliminary analysis, we could get more insights on the 
various sources of water predominantly used in the neigh-
bourhood, some of the water-related diseases that affected 
in the recent past, and their water treatment behaviour. The 
field investigators, who were the students from Darjeeling 
Government College, were trained by giving classes, con-
ducting mock interviews and group discussions. This was an 

advantage because they could speak the local language and 
thus were in a better and comfortable position in conducting 
the survey. The random sample consisted of 524 households 
from the 32 wards of the town.

The questionnaire was divided into four sections. The 
first section consisted of questions on the socio-economic 
and demographic characteristics such as household ID, name 
of the respondent, relationship with the head, gender, age, 
education level, marital status, etc. The second section had 
questions about household characteristics such as type of 
residence, ownership, number of rooms, etc. The third section 
consisted of questions on health and hygiene. Questions were 
mainly based on the incidence of water-related diseases (diar-
rhoea, gastroenteritis, eye diseases, cholera, vomiting, blood 
in mucus or faeces, typhoid, and malaria), different kinds of 
toilet facilities used, hygiene behaviour, etc. The fourth and 
final section had questions about the different sources of 
water currently used by the households, the volume of water 
collected, perceived water quality (taste, odour and colour), 
expenditure on water, water treatment behaviour, etc.

Risk Perception

The first objective of the study is to determine the different 
drivers of risk perception related to water consumption. A 
probit model is used for this analysis. The response variable 
is an indicator of perceived health risk from water consump-
tion from various water sources. Initially, the respondents 
answered whether they perceived no risk (=1), low risk (=2), 
or high risk (=3) from the water they consume from various 
sources. Risk perception is defined as an individual’s intu-
itive risk judgement (based on aesthetic and non-aesthetic 
qualities) about drinking water (Anadu & Harding 2000). 
Therefore, the study also considered the aesthetic qualities 
(taste, colour, and odour) of water as the elements, and the 
nature of risk described to the respondents was about the 
various water-related diseases (included in the third section 
of the questionnaire and mentioned earlier) that could affect 
the households.

However, it was found that no risk (=1) responses were 
only 7 out of 524. Therefore, this was merged with the low 
risk (=2) option. This led us to code this response variable as 
a binary (0 = low risk, 1 = high risk) contrary to the ordinal 
specification in the questionnaire. The explanatory variables, 
which influence health risk perception, and are used in the 
analysis include the perception of water (taste, colour, and 
odour), age of the head of the household, education level 
of the head (primary, secondary, and graduate and above), 
water treatment behaviour (treat or do not treat), monthly 
expenditure on water (on all kinds of water sources), and 
water source (improved or unimproved source). 
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Based on the classification of water sources by the Joint 
Monitoring Programme, WHO and UNCF, piped water 
into dwelling, piped water in the yard, public standpipe and 
rainwater have been grouped under improved water sources; 
and unprotected spring, and water truck and private vendor 
are grouped under unimproved water sources (United Na-
tions Children Fund & World Health Organisation 2017). 
According to the Joint Monitoring Programme, WHO and 
UNCF - “An improved drinking-water source is defined 
as one that, by nature of its construction or through active 
intervention, is protected from outside contamination, in 
particular from contamination with the faecal matter” (WHO 
& UNICEF 2012).

Following Wooldridge (2012), the econometric model 
specification of risk perception is given as follows;
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Household’s Decision to Treat Water 
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probability to treat water before drinking it. Drinking water has different sources and the 

decision to treat or not to treat water before drinking is likely not to be independent of the 
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following Nauges & Berg (2009), a bivariate probit model 
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Here,    and    ~ Bivariate Normal (BVN), s is the choice of using an improved water source, 

t is the decision to treat water before drinking,    and    are the two latent variables,    and    

are the vectors of explanatory variables. In equation (2), the two latent variables    and    are 

not observed, but the variables s and t, which indicates the choice of the water source by a 

household and their decision to treat or not to treat before drinking it are observed. Therefore, 

the variable s indicates whether the household used an improved or unimproved source of 

water. Thus, equation (2) considers the joint probability that households choose water either 

from an improved or an unimproved source (s), and treat water before drinking it (t). 

It is assumed, following Nauges & Berg (2009), that the explanatory factors are the same in 

both equations, i.e.       . It is also important to see that if the error terms    and    are 

correlated (i.e.    ). The likelihood ratio test is used to test the null hypothesis that    . 

This statistic is used to test for the absence of correlation between the two sets of probit 

equations. Under the null hypothesis that    , the model consists of independent probit 

equations, which can be estimated separately (Greene 2012).   

The variable s (the choice of water source) takes the values 0 if the source is unimproved and 

1 if it is an improved source. Similarly, t takes the values 1 and 0 if a household treats and 

does not treat water respectively. The other explanatory variables used in the model are the 

age of the head, whether the head is female, education level of the head (primary, secondary, 

graduate and above), income category (below INR 10000, INR 10000 to 50000, and above 

50000), employment status of the head, and the number of children below the age of 5. The 

employment status of the head variable had five levels (Table 1), however, because of the low 

number of observations in the casual, informal and unemployed levels, they were grouped 

under „informal‟ employment. Hence, the employment status variable used in the bivariate 

model consists of three levels; informal, government employee and retired.   
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Here, e1 and e2 ~ Bivariate Normal (BVN), s is the choice 
of using an improved water source, t is the decision to treat 
water before drinking, s* and t* are the two latent variables, 
z1 and z2 are the vectors of explanatory variables. In equation 
(2), the two latent variables s* and t* are not observed, but 
the variables s and t, which indicates the choice of the water 
source by a household and their decision to treat or not to 
treat before drinking it are observed. Therefore, the variable 
s indicates whether the household used an improved or un-
improved source of water. Thus, equation (2) considers the 
joint probability that households choose water either from 
an improved or an unimproved source (s), and treat water 
before drinking it (t).

It is assumed, following Nauges & Berg (2009), that the 
explanatory factors are the same in both equations, i.e. z1 = 
z2. It is also important to see that if the error terms e1 and e2 
are correlated (i.e. r ¹ 0). The likelihood ratio test is used 

to test the null hypothesis that r = 0. This statistic is used to 
test for the absence of correlation between the two sets of 
probit equations. Under the null hypothesis that r = 0, the 
model consists of independent probit equations, which can 
be estimated separately (Greene 2012).  

The variable s (the choice of water source) takes the 
values 0 if the source is unimproved and 1 if it is an im-
proved source. Similarly, t takes the values 1 and 0 if a 
household treats and does not treat water respectively. The 
other explanatory variables used in the model are the age 
of the head, whether the head is female, education level of 
the head (primary, secondary, graduate and above), income 
category (below INR 10000, INR 10000 to 50000, and above 
50000), employment status of the head, and the number of 
children below the age of 5. The employment status of the 
head variable had five levels (Table 1), however, because of 
the low number of observations in the casual, informal and 
unemployed levels, they were grouped under ‘informal’ 
employment. Hence, the employment status variable used 
in the bivariate model consists of three levels; informal, 
government employee and retired.  

RESULTS

The description and descriptive statistics of the variables used 
in the analysis are presented in Table 1. It can be seen that 
the median age of the head of the sample households is 47 
years with above-average higher educational attainments (in 
fact, there were no illiterate heads in the sample), and about 
60% of the households used unimproved water source. As 
mentioned earlier, the households were asked whether they 
perceived “no risk”, “low risk” or “high risk” from the water 
that they consume. The number of responses for “no risk” 
was only seven, so this option was merged with the “low 
risk” option. Therefore, from Table 1 it can be seen that all 
the households perceived risk from the water consumption, 
but the level of risk (low risk = 47.9%, high risk = 52.1%) 
seemed to be almost equally weighted. In terms of the aes-
thetic qualities of water in terms of odour, colour and taste, 
the households had varied responses. 

A majority of the households (92%) perceive water to 
have a good odour, but at the same time, about 86% seem 
to be not satisfied with the colour of the water. However, in 
terms of perceived taste of water, the households are almost 
equally weighted. In the study, “bad colour” implied that 
water was turbid with suspended particles like mud sediments 
and waste particles. The turbidity of water could possibly 
be because of the illegal tapping along the distribution line 
which exposes the pipelines to sediments from the soil and 
other waste particles when the pipelines pass through roads 
and drains. Another reason could be because 60% of the 
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Table 1: Description and descriptive statistics of the variables used (Sample = 524).
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187 ( 35.7% ) 

138 ( 26.3% ) 
 

 

5 water_odour 
[perceived odour of 

water] 

0. bad  

1. good 

38 ( 7.2% ) 

486 ( 92.8% ) 
 

 

6 water_col 
[perceived colour of 

water] 

0. bad  

1. good 

452 ( 86.3% ) 

72 ( 13.7% ) 
 

 

7 water_taste 
[perceived taste of 

water] 

0. bad  

1. good 

254 ( 48.5% ) 

270 ( 51.5% ) 
 

 

8 treat_water 
[whether the 

households treated 

water before 

drinking] 

0. do not treat  

1. treat 

69 ( 13.2% ) 

455 ( 86.8% ) 
 

 

9 log_exp_water [log 

of expenditure on 

water in INR per 

month] 

Mean (sd) : 2.6 

(0.7) min < 

med < max: 0 

< 2.7 < 3.8 

IQR (CV) : 0.5 

(0.3) 

 

 

Table cont....
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10 vol [volume of water collect-
ed in litres per day]

Mean (sd) : 
537 (917) 
min < med < max: 
0 < 175 < 8000 
IQR (CV) : 
520 (1.7)

10 vol [volume of 

water collected in 

litres per day] 

Mean (sd) :  

537 (917)  

min < med < 
max:  

0 < 175 < 8000  

IQR (CV) :  

520 (1.7) 

 

 

11 femalehead 
[whether the head 

was female] 

0. no  

1. yes 

446 ( 85.1% ) 

78 ( 14.9% ) 
 

 

12 income [monthly 

income of the 

family] 

1. Below 

10,000  

2. 10,000 – 

50,000 

3. Above 

50,000 

270 ( 51.5% ) 

163 ( 31.1% ) 

91 ( 17.4% ) 
 

 

13 disease [whether 

any family member 

had any episode of 

water related 

disease in the last 

six months] 

0. no  

1. yes 

447 ( 85.3% ) 

77 ( 14.7% ) 
 

 

14 emp_head 
[employment status 

of the head of the 

family] 

1. Casual 

Employee 2. 

Govt 

Employee  

3. Informal  

4. Retired  

5. Unemployed 

76 ( 14.5% ) 

122 ( 23.3% ) 

65 ( 12.4% ) 

197 ( 37.6% ) 

64 ( 12.2% ) 
 

 

11 femalehead [whether the 
head was female]

0. no 
1. yes

446 (85.1%)

78 (14.9%)

10 vol [volume of 

water collected in 

litres per day] 

Mean (sd) :  

537 (917)  

min < med < 
max:  

0 < 175 < 8000  

IQR (CV) :  

520 (1.7) 

 

 

11 femalehead 
[whether the head 

was female] 

0. no  

1. yes 

446 ( 85.1% ) 

78 ( 14.9% ) 
 

 

12 income [monthly 

income of the 

family] 

1. Below 

10,000  

2. 10,000 – 

50,000 

3. Above 

50,000 

270 ( 51.5% ) 

163 ( 31.1% ) 

91 ( 17.4% ) 
 

 

13 disease [whether 

any family member 

had any episode of 

water related 

disease in the last 

six months] 

0. no  

1. yes 

447 ( 85.3% ) 

77 ( 14.7% ) 
 

 

14 emp_head 
[employment status 

of the head of the 

family] 

1. Casual 

Employee 2. 

Govt 

Employee  

3. Informal  

4. Retired  

5. Unemployed 

76 ( 14.5% ) 

122 ( 23.3% ) 

65 ( 12.4% ) 

197 ( 37.6% ) 

64 ( 12.2% ) 
 

 

12 income [monthly income of 
the family]

1. Below 10,000 
2. 10,000 – 50,000
3. Above 50,000

270 (51.5%)

163 (31.1%)

91 (17.4%)

10 vol [volume of 

water collected in 

litres per day] 

Mean (sd) :  

537 (917)  

min < med < 
max:  

0 < 175 < 8000  

IQR (CV) :  

520 (1.7) 

 

 

11 femalehead 
[whether the head 

was female] 

0. no  

1. yes 

446 ( 85.1% ) 

78 ( 14.9% ) 
 

 

12 income [monthly 

income of the 

family] 

1. Below 

10,000  

2. 10,000 – 

50,000 

3. Above 

50,000 

270 ( 51.5% ) 

163 ( 31.1% ) 

91 ( 17.4% ) 
 

 

13 disease [whether 

any family member 

had any episode of 

water related 

disease in the last 

six months] 

0. no  

1. yes 

447 ( 85.3% ) 

77 ( 14.7% ) 
 

 

14 emp_head 
[employment status 

of the head of the 

family] 

1. Casual 

Employee 2. 

Govt 

Employee  

3. Informal  

4. Retired  

5. Unemployed 

76 ( 14.5% ) 

122 ( 23.3% ) 

65 ( 12.4% ) 

197 ( 37.6% ) 

64 ( 12.2% ) 
 

 

13 disease [whether any family 
member had any episode of 
water related disease in the 
last six months]

0. no 
1. yes

447 (85.3%)

77 (14.7%)

10 vol [volume of 

water collected in 

litres per day] 

Mean (sd) :  

537 (917)  

min < med < 
max:  

0 < 175 < 8000  

IQR (CV) :  

520 (1.7) 

 

 

11 femalehead 
[whether the head 

was female] 

0. no  

1. yes 

446 ( 85.1% ) 

78 ( 14.9% ) 
 

 

12 income [monthly 

income of the 

family] 

1. Below 

10,000  

2. 10,000 – 

50,000 

3. Above 

50,000 

270 ( 51.5% ) 

163 ( 31.1% ) 

91 ( 17.4% ) 
 

 

13 disease [whether 

any family member 

had any episode of 

water related 

disease in the last 

six months] 

0. no  

1. yes 

447 ( 85.3% ) 

77 ( 14.7% ) 
 

 

14 emp_head 
[employment status 

of the head of the 

family] 

1. Casual 

Employee 2. 

Govt 

Employee  

3. Informal  

4. Retired  

5. Unemployed 

76 ( 14.5% ) 

122 ( 23.3% ) 

65 ( 12.4% ) 

197 ( 37.6% ) 

64 ( 12.2% ) 
 

 

14 emp_head [employment sta-
tus of the head of the family]

1. Casual Employee 2. 
Govt Employee 
3. Informal 
4. Retired 
5. Unemployed

76 (14.5%)

122 (23.3%)

65 (12.4%)

197 (37.6%)

64 (12.2%)

10 vol [volume of 

water collected in 

litres per day] 

Mean (sd) :  

537 (917)  

min < med < 
max:  

0 < 175 < 8000  

IQR (CV) :  

520 (1.7) 

 

 

11 femalehead 
[whether the head 

was female] 

0. no  

1. yes 

446 ( 85.1% ) 

78 ( 14.9% ) 
 

 

12 income [monthly 

income of the 

family] 

1. Below 

10,000  

2. 10,000 – 

50,000 

3. Above 

50,000 

270 ( 51.5% ) 

163 ( 31.1% ) 

91 ( 17.4% ) 
 

 

13 disease [whether 

any family member 

had any episode of 

water related 

disease in the last 

six months] 

0. no  

1. yes 

447 ( 85.3% ) 

77 ( 14.7% ) 
 

 

14 emp_head 
[employment status 

of the head of the 

family] 

1. Casual 

Employee 2. 

Govt 

Employee  

3. Informal  

4. Retired  

5. Unemployed 

76 ( 14.5% ) 

122 ( 23.3% ) 

65 ( 12.4% ) 

197 ( 37.6% ) 

64 ( 12.2% ) 
 

 

15 child [number of children be-
low the age of 5 in the family]

Mean (sd):
 0.1 (0.4) 
min < med < max: 
0 < 0 < 3 
IQR (CV): 0 (3.2)

0
:
472 (90.1%)

1
:
43 (8.2%)

2
:
8 (1.5%)

3 
:
1 (0.2%)

15 child [number of 

children below the 

age of 5 in the 

family] 

Mean (sd): 

 0.1 (0.4)  

min < med < 

max:  

0 < 0 < 3  

IQR (CV): 0 

(3.2) 

0 : 472 ( 90.1% ) 

1 : 43 ( 8.2% ) 

2 : 8 ( 1.5% ) 

3 : 1 ( 0.2% ) 
 

 

Source: Author‟s computation from survey data. 

The median volume of water collected from improved sources (piped water into dwelling, 

piped water in the yard, public standpipe, and rainwater) is 175 litres per month, and 

irrespective of the source of water, about 87% of the households treat water (i.e. either boil, 

filter, add chlorine or stain) before drinking. This means that for an average household of 5 

members, the water availability is a meagre 8.75 litres per capita per day, which is far below 

the recommended per capita water availability of 200 litres per day for municipal households 

in India and the per capita availability of 20 litres per capita per day reported in a water and 

waste disposal study commissioned by Darjeeling Municipality in 2002. An important aspect 

of water scarcity could be attributed to the burgeoning population of the town. 

The majority of the sample households (51%) had incomes below INR 10,000. Most of the 

heads were retired personnel (about 38% and a majority of them had retired from the Indian 

Army, Gorkha Regiment) and others working as government employees (23.3%) and the rest 

working in the informal sector (shops, vendors, etc.) and casual employees (mostly being 

casual teachers in schools and colleges). There were a very small number of families with 

children below the age of 5 (90% of the families had no child below the age of 5), and only 

15% of the households report the prevalence of water-related diseases (like diarrhoea, 

gastroenteritis, eye diseases, vomiting, typhoid, etc.) is among the family members during the 

last six months. 

Table 2 reports the results from the probit regression model with perceived health risk as to 

the dependent variable. The results find that the significant drivers of risk perception are the 

age of the head, education level of the head, perception of the aesthetic qualities of water, the 

Source: Author’s computation from survey data.

...Cont. Table
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sample households collect water from unimproved sources 
and there is a high chance that they end up with bad aes-
thetics in water. 

The median volume of water collected from improved 
sources (piped water into dwelling, piped water in the yard, 
public standpipe, and rainwater) is 175 litres per month, and 
irrespective of the source of water, about 87% of the house-
holds treat water (i.e. either boil, filter, add chlorine or stain) 
before drinking. This means that for an average household 
of 5 members, the water availability is a meagre 8.75 litres 
per capita per day, which is far below the recommended per 
capita water availability of 200 litres per day for municipal 
households in India and the per capita availability of 20 litres 
per capita per day reported in a water and waste disposal 
study commissioned by Darjeeling Municipality in 2002. 
An important aspect of water scarcity could be attributed to 
the burgeoning population of the town.

The majority of the sample households (51%) had in-
comes below INR 10,000. Most of the heads were retired 
personnel (about 38% and a majority of them had retired from 
the Indian Army, Gorkha Regiment) and others working as 
government employees (23.3%) and the rest working in the 
informal sector (shops, vendors, etc.) and casual employees 
(mostly being casual teachers in schools and colleges). There 
were a very small number of families with children below 
the age of 5 (90% of the families had no child below the age 
of 5), and only 15% of the households report the prevalence 
of water-related diseases (like diarrhoea, gastroenteritis, 
eye diseases, vomiting, typhoid, etc.) is among the family 
members during the last six months.

Table 2 reports the results from the probit regression 
model with perceived health risk as to the dependent variable. 
The results find that the significant drivers of risk perception 
are the age of the head, education level of the head, perception 
of the aesthetic qualities of water, the volume of improved 
water used, water treatment decision, and expenditure on 
water. All the coefficients of the variables have expected 
signs and are statistically significant at 1%, 5% and 10% 
levels of significance.

It can be inferred that the older heads in the sample 
are more likely to report higher risks from water that they 
use. Heads of the households with primary and secondary 
levels of education are less likely to report higher risk as 
compared to the graduates or those having even higher edu-
cational attainment, and this probability increases for lower 
levels of education (secondary -16% to primary -19%). The 
households having a “good” perception about the aesthetic 
qualities of water (odour and colour) are less likely to report 
“high risk” from water use. These results are similar to the 
findings of (Jardine et al. 1999, Levallois et al. 1999, Nauges 
& Berg 2009).  

If the households collect water from an unimproved 
source, they are more likely to report higher risks. However, 
if they collect water from an improved source, they are less 
likely to report high risks, but this probability is very low 
(0.01%). And also, households with higher expenditure on 
water (per month) are more likely to report higher risks, as 
the higher volumes of water collected are usually procured 
from water vendors (sold in trucks and carts) which are 
unimproved sources.

Table 2: Results of the probit model with dependent variable = risk perception.

Estimate Marginal Effects

age_head 0.007552 (0.004303) * 0.003005 (0.00171) *

Education of the head (base = Graduate)

edu_headPrimary -0.4848 (0.1369) *** -0.191539 (0.053060) ***

edu_headSecondary -0.4054 (0.1506) *** -0.160586 (0.058708) ***

Perception about water quality

water_odorgood -1.931 (0.3759) *** -0.495754 (0.037973) ***

water_colgood -0.5136 (0.2346) ** -0.201384 (0.088055) **

water_tastegood -0.1297 (0.1182) -0.0515712 (0.046901)

treat_watertreat -0.2569 (0.1741) -0.1007971 (0.06687608)

log_exp_water 0.2266 (0.09118) ** 0.0901565 (0.03628202) **

water_sourceunimproved 0.2287 (0.12) * 0.0906404 (0.04725925) *

vol -0.0002686 (0.00007776) *** -0.000102 (0.000030968) ***

(Intercept) 1.607 (0.5175) ***

* p < 0.1, ** p < 0.05, *** p < 0.01
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It is also important to understand that since only 2,689 
out of 21,872 (12%) of the households have a municipal 
connection, the issue of multiple illegal tapping of water 
pipes along the course of the path has become rampant in 
the town (Tamang & Jana 2017b). This implies that more 
than 2,689 households (and more than 39.9% of the sample 
households in this study) draw upon municipal water, albeit 
through unauthorised means. This would explain the percep-
tion of water quality as being good and the low prevalence 
of water-related diseases. 

The second objective of the paper is to understand 
whether the decision to treat water and the choice of water 
source are jointly made. Table 3 summarizes the results from 
a bivariate probit regression. The coefficients for improved 
water source and the decision to treat water along with the 
marginal effects of the joint probability that the households 
choose improved water source and also treat water are re-
ported in the table. The likelihood ratio test which is used 
to test the null hypothesis that r = 0 is rejected (see Table 
3), and we can conclude that there is a negative association 
(r = –0.2) among the choice of water source and treatment 
decision. This means that households would treat water 
from an unimproved source and do not treat those from an 
improved source. Therefore, treating water from unimproved 

sources and the choice of the improved water source can be 
seen as substitutes (Onjala et al. 2014).

From the marginal effects reported in Table 3, we can 
infer that households with female heads are less likely to treat 
water or chose an improved source as their main source of 
drinking water. Higher educational attainment of the head is 
also a positive and an important factor in the joint decision 
of water treatment and choice of the improved water source 
as compared to the lower levels (base = primary). However, 
this cannot be confirmed at the graduate and higher level 
of educational attainment as the estimate is not statistically 
significant but the direction of change is still positive. Sim-
ilarly, households having a history of water-related diseases 
during the past six months and those who perceive water to 
be of high risk, increase the likelihood of having an improved 
water source and treating water by 9% and 4% respectively. 
This is also seen to be true with those households who have 
children of age less than 5. 

DISCUSSION

Using a unique dataset of 524 households from an urban hill 
town of Darjeeling in India, this study addresses two key 
issues of (a) determining the drivers of risk perception from 
water use, and (b) understanding whether water treatment 

Table 3: Bivariate probit model for the joint decision of treating water and choice of the water source.

Improved water source Water is treated Marginal Effects

agehead -0.001863 (0.0043146 ) 0.0025882 (0.0055865 ) 0.0003007 (0.0005341)

femalehead 0.2917604 (0.175605 ) * -0.7947914 (0.280762 ) *** -0.0810337 (0.0264772) **

Education of the head (base = Primary)

secondary -0.1358546 (0.1524655 ) 0.3498633 (0.2077779 ) * 0.0359699 (0.0198315) *

graduate_and_above -0.2870002 (0.1590904 ) * 0.1946223 (0.2150053 ) 0.0285324 (0.0204698)

Income level of the household (base = Below 10,000)

10,000 to 50,000 0.1995249 (0.1378145 ) -0.2205172 (0.1865709 ) -0.027263 (0.0178276)

above 50,000 0.0115453 (0.167218 ) 0.2933057 (0.2104085 ) 0.0250984 (0.0203028)

disease_yes -0.6650379 (0.1630546 ) *** 0.748401 (0.1865748 ) *** 0.092038 (0.0203936) ***

risk_perception -0.364791 (0.116668 ) *** 0.3066869 (0.1561886 ) * 0.0414356 (0.015255) **

log_exp_water 0.0288407 (0.0843193 ) 0.1849516 (0.1186379 ) 0.0149573 (0.0112087)

Employment status of the head (base = Informal)

Retired 0.2113224 (0.1380626 ) 0.2542488 (0.1768716 ) 0.0136409 (0.0171066)

Govt. employee 0.0961065 (0.1593869 ) 0.2328213 (0.2011365 ) 0.0164179 (0.0192891)

child -0.2118614 (0.1445517 ) 0.3030059 (0.1784118 ) * 0.0349499 (0.0174268) **

_cons 0.5760646 (0.3292189 ) * -2.346801 (0.4689399 ) ***

/athrho -0.2066754 (0.0989003 )

rho -0.2037821 (0.0947932 )

Likelihood-ratio test of rho=0:     chi2(1) =  4.41739    Prob > chi2 = 0.0356
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decisions and choice of water sources are jointly made by 
the households. The results from probit model show that 
the age of the head, perception of the aesthetic qualities of 
water (odour and colour), education level of the head, the 
volume of improved water used, water treatment decision 
and expenditure on the water are the significant drivers of 
risk perception. The results of a rare investigation on the 
likelihood of the joint decision of treating water and choice 
of water source show that these decisions are indeed jointly 
made in the study area. Households decision to treat water 
from an unimproved source and the choice of improved water 
can be seen as substitutes. 

An important implication of the study is that improving 
the aesthetics of water (odour and colour) is certainly going to 
change the risk perception of people. At present, there is just 
one sand and gravel filtration plant in Darjeeling (located in 
Jorebunglow at a distance of 8 km from the town), that filters 
the water before it is supplied to the town. However, during 
the course of the path, there are many illegal tappings, pipes 
passing through garbage dumping areas, which increase the 
chances of the deterioration of the aesthetics of water even 
after it is filtered (Tamang & Jana 2017a). Increasing the 
number of filtration plants would indeed help improve the 
aesthetics of water. Also, the Darjeeling municipality should 
share water quality test reports and necessary information 
with the public at regular intervals.

The households in the region have a high willingness to 
pay (WTP) for improved water services (Tamang & Jana 
2017b), and we also see that treating water and choosing 
improved water are substitutes, which implies that policies 
should be aimed at increasing the number of piped connec-
tions which is at a low of 12%.
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ABSTRACT

Amphibians grow and reproduce in water, and are sensitive to water pollution. Atrazine is one of the 
widely distributed herbicides that can damage the amphibians. To study the influence of atrazine on 
the growth, development and oxygen consumption of Pelophylax nigromaculata larvae, 26 stages 
of tadpoles were raised in water containing different concentrations of atrazine (0, 8, 16, 32 and 64 
μg/L). After treatments at different times (10, 15, 20, 25 d), the snout vent length (SVL), total length, 
body width and the bodyweight of tadpoles were measured, and oxygen consumption of tadpoles 
was checked with an aquatic biorespirometer. The results showed that with the increase of treatment 
time, the SVL, whole length, body width and the bodyweight of P. nigromaculatus tadpoles of each 
concentration group increased. At the same treatment time, the SVL, whole length, body width and 
the bodyweight of P. nigromaculatus tadpoles gradually decreased with the increase of concentration. 
Compared with the control group, the oxygen consumption in the treatment groups increased in the 
short-term treatment (10 d), had no difference in the medium-term treatment (15 d) and decreased in 
the long-term treatment (20 and 25 d).

INTRODUCTION

Atrazine is a kind of ubiquitously used pesticide herbicide 
in farmland ecosystems for its low cost and good weeding 
effect (Solomon et al. 2008, Figueira et al. 2017). Atrazine is 
highly polar and soluble in water. It has a long residual period 
in the environment and has highly toxic bio-accumulation. 
Atrazine is dissolved in the waters around farmlands after 
extensive use, which has harmful effects on the ecological 
environment and animal survival. 

Atrazine can have harmful effects on fish, amphibi-
ans and aquatic reptiles, which can be accumulated in 
organisms and easily absorbed by skin, respiratory tract 
and digestive tract (Solomon et al. 2008). Atrazine can 
produce neurotoxicity mainly including oxidative stress 
injury, neurotransmitter disorder and neurocyte injury (Jin 
et al. 2014). At the same time, it can affect the synthesis, 
release, transmission and sensitivity of neurotransmit-
ters, inhibit the transmission speed of excitation, lead to 
changes in the morphology of the central nervous system, 
and damage neurons and glial cells (Figueira et al. 2017). 
Atrazine can also induce oxidative stress, lipid peroxidation 
and enzyme activity, leading to neurological disorders, 
affecting the balance between activation and inhibition of 
synaptic transmission (Schmidel et al. 2014). Atrazine can 

significantly affect estrogen receptors by interacting with 
them (Albanito et al. 2015). 

Amphibians are extremely sensitive to the changes in 
waters and their surrounding environments. In recent years, 
the number of amphibian population has been decreasing 
rapidly. Atrazine in water is one of the main reasons for the 
decrease in amphibians. Studies have been done on the effects 
of atrazine on fish, reptiles, birds and mammals, however, 
studies on the effects of atrazine on amphibians mainly focus 
on embryonic development, tissue damage, oxidative stress, 
and so on (Mitchkash et al. 2014, Brodkin et al. 2007, Or-
ton et al. 2006, Tavera-Mendoza et al. 2002). For example, 
atrazine can affect an individual’s survival, development and 
motor retardation of Limnodynastes peronii (Mitchkash et al. 
2014). Atrazine can reduce the number of white cells in Rana 
pipiens and affected the activity of phagocytes (Brodkin et 
al. 2007). Atrazine can change the ratio of male to female, 
resulting in a reduction of sperm cells in the testis of R. pipi-
ens (Orton et al. 2006). Tadpoles of Xenopus laevis, exposed 
to atrazine (21 μg/L) for 48 hours, can cause a 57% reduction 
in testicular volume and a 7% reduction in the number of 
germ cells (Tavera-Mendoza et al. 2002). 

Different species have different sensitivities to atrazine, 
especially in embryonic and metamorphic individuals, which 
are more sensitive to atrazine (Allran & Karasov 2010). 
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Respiration is an activity of gas exchange between animals 
and the outside medium, which plays an important role in 
the survival of animals. Most of the studies on oxygen con-
sumption are focused on the invertebrates, fish or mammals 
(Lee et al. 2003, Lamarre et al. 2016), but less on amphibian 
tadpoles, especially on the effects of atrazine on the respira-
tory capacity of tadpoles. 

Pelophylax nigromaculatus is a widely distributed species 
in farmland in China, which is greatly affected by environ-
mental pollution. In this study, P. nigromaculatus tadpoles 
were exposed to water containing different concentrations of 
atrazine, and the effects of different treatment time and con-
centration of atrazine on the growth, development and oxygen 
consumption of P. nigromaculatus tadpoles were studied. 

MATERIALS AND METHODS

Sexually matured individuals of P. nigromaculatus were col-
lected in the field and mated in the laboratory. Fertilized eggs 
were hatched after frogs spawning, until 26 stages. Healthy 
and similar size tadpoles were selected for the experiment. 
The atrazine with a purity of 38% used was procured from 
Bonong Chemical Technology Co., Ltd. of China. The 
mother liquor of 1g/L atrazine was prepared with pure water. 

When the tadpoles reached stage 26, four treatment 
groups and one control group were set up. The treatments of 
atrazine were of 8, 16, 32 and 64 μg/L respectively, and three 
corresponding parallel groups were set up in each treatment. 
Each group contained 20 similar and healthy tadpoles, which 
were fed in 4 L water which was aerated for more than 3 

days. During the experiment, soybean milk residue was fed 
at 8 a.m. every day. After 2 hours of feeding, the water was 
changed. During the experiment, the water temperature 
was 21-23°C, the dissolved oxygen was 6.8-7.5 mg.L-1, the 
relative humidity in the air was 65%-73%, and the dark:light 
period in the laboratory was 12 h:12 h. The experiment was 
supported by the local government, and the breeding and use 
of experimental animals followed the committee principles.

After different times of treatments (10, 15, 20 and 25 d), 
the snout vent length (SVL), total length, body width and 
the bodyweight of tadpoles were measured respectively by 
the digital Vernier calliper, and oxygen consumption of tad-
poles was assessed with an aquatic biorespirometer (Q-Box 
AQUA Aquatic Respirometry, Qubit Systems Inc. Kingston, 
Ontario, Canada). The system uses a cylindrical breathing 
chamber (3.7 cm diameter, 15 cm long) which is installed in 
an improved insulated cooler used as an experimental cham-
ber. During the whole experiment, the oxygen consumption 
measurement was recorded every 5 minutes.

The Statistic software was used for statistical analysis of 
data, and one-way ANOVA analysis was conducted among 
groups, P < 0.05 was considered as a significant difference.

RESULTS

Compared with the low concentration group (8 μg/L) and 
the control group, the high concentration groups (16, 32 and 
64 μg/L) had a smaller size and slower movement under the 
same treatment time (Fig. 1). In the high concentration groups 
(16, 32 and 64 μg/L) treated for 25 days, some individuals 

 

 

 

 

 

 

 

 

 

 

Fig. 1: The morphological size in P. nigromaculata under the different atrazine 

concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (A 10 days, B 25 

days). 

Fig. 1: The morphological size in P. nigromaculata under the different atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and  
different test times (A 10 days, B 25 days). 
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were observed to have body bending, abnormal eyes and 
other deformities (Fig. 1).

With the increase of treatment time, the SVL, whole 
length and body width of each concentration group increased 
(Figs. 2, 3, 4). At the same treatment time, the SVL, whole 

length and body width gradually decreased with the increase 
of concentration (Figs. 2, 3, 4). 

After 10 and 15 days of treatment, there was no signif-
icant difference in the SVL, whole length and body width 
between the high concentration groups (32 and 64 μg/L), 
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Fig. 2: The snout vent length (SVL) in P. nigromaculata under the different atrazine 

concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 and 25 

d). Values represent the mean ± SE. Treatments with different letters differ 

significantly (Tukey’s test, a = 0.05, a > b > c ).

Fig. 2: The snout vent length (SVL) in P. nigromaculata under the different atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and different test times 
(10, 15, 20 and 25 d). Values represent the mean ± SE. Treatments with different letters differ significantly (Tukey’s test, a = 0.05, a > b > c ).
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Fig. 3: The whole length in P. nigromaculata under the different atrazine 

concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 and 25 

d). Values represent the mean ± SE. Treatments with different letters differ 

significantly (Tukey’s test, a = 0.05, a > b > c ).

Fig. 3: The whole length in P. nigromaculata under the different atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 
and 25 d). Values represent the mean ± SE. Treatments with different letters differ significantly (Tukey’s test, a = 0.05, a > b > c ).
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Fig. 4: The body width in P. nigromaculata under the different atrazine concentrations 

(0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 and 25 d). Values 

represent the mean ± SE. Treatments with different letters differ significantly (Tukey’s 

test, a = 0.05, a > b > c ). 

Fig. 4: The body width in P. nigromaculata under the different atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 
and 25 d). Values represent the mean ± SE. Treatments with different letters differ significantly (Tukey’s test, a = 0.05, a > b > c ).
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Fig. 5: The body weight in P. nigromaculata under the different atrazine 

concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 and 25 

d). Values represent the mean ± SE. Treatments with different letters differ 

significantly (Tukey’s test, a = 0.05, a > b > c ).

Fig. 5: The body weight in P. nigromaculata under the different atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 
and 25 d). Values represent the mean ± SE. Treatments with different letters differ significantly (Tukey’s test, a = 0.05, a > b > c ).
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Fig. 6: The oxygen consumption of tadpoles in P. nigromaculata under the different 

atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and different test times (10, 15, 20 

and 25 d). Values represent the mean ± SE. Treatments with different letters differ 

significantly (Tukey’s test, a = 0.05, a > b > c). 

Fig. 6: The oxygen consumption of tadpoles in P. nigromaculata under the different atrazine concentrations (0, 8, 16, 32 and 64 μg/L) and different test 
times (10, 15, 20 and 25 d). Values represent the mean ± SE. Treatments with different letters differ significantly (Tukey’s test, a = 0.05, a > b > c).

but they were significantly lower than other treatments (P 
< 0.05) (Figs. 2, 3, 4). After 20 and 25 days of treatment, 
the SVL, whole length and body width in 64 μg/L treatment 
group were the lowest, significantly lower than those of 
other treatment groups (P < 0.05). There was no significant 
difference in the SVL, whole length and body width in the 
16 and 32 μg/L treatment groups (P > 0.05), but they were 
significantly lower than those of 8 μg/L treatment group and 
control group (P < 0.05) (Figs. 2, 3, 4). 

With the increase of treatment time, the body weight of 
each concentration group increased (Fig. 5). At the same 
treatment time, the body weight gradually decreased with 
the increase of concentration (Fig. 5). 

After 10 days of treatment, the high concentration group 
(64 μg/L) was significantly lower than other treatments (P < 
0.05), and there was no significant difference among other 
treatments (0, 8, 16 and 32 μg/L) (P > 0.05) (Fig. 5). After 
15 days of treatment, there was no significant difference 
between the 64 and 32 μg/L treatment groups (P > 0.05), but 
they were significantly lower than other treatment groups (P 
< 0.05) (Fig. 5). After 20 days and 25 days, the changes of 
body weight were similar. The 64 μg/L treatment group was 
the lowest, significantly lower than other treatment groups 

(P < 0.05). There was no significant difference between the 
16 and 32 μg/L treatment groups (P > 0.05), but they were 
significantly lower than the 8 μg/L treatment group and the 
control group (P < 0.05) (Fig. 5).

Oxygen consumptions of P. nigromaculatus tadpoles in 
different concentrations at 10, 15, 20 and 25 days treatment 
were measured by a respirometry system (Fig. 6). There was 
no significant difference between body weight and oxygen 
consumption in tadpole (P > 0.05). With the extension of 
treatment time, the oxygen consumption of each concen-
tration group increased. But under the same treatment time, 
with the increase of treatment concentration, the oxygen 
consumption showed a variety of changes (Fig. 6).

After treatment for 10 days, oxygen consumption 
increased with the increase of treatment concentration. 
Compared with the control group, the oxygen consumption 
of the treatment group was significantly higher than that of 
the control group (P < 0.05). High concentration treatment 
groups (32 and 64 μg/L) were significantly higher than other 
treatments (P < 0.05), and there was no significant difference 
among other treatments (0, 8 and 16 μg/L) (P > 0.05) (Fig. 
6). After 15 days of treatment, with the increase of treatment 
concentration, oxygen consumption showed a waveform 
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change. On the whole, there was no significant difference 
between the treatment group and the control group (P > 0.05). 
After 20 and 25 days of treatment, oxygen consumption 
showed waveform change. Compared with the control group, 
the oxygen consumption of the treatment group showed a 
downward trend. Among them, 8 μg/L treatment group was 
the lowest (P < 0.05) (Fig. 6).

DISCUSSION

Because tadpoles live in water, they are more sensitive to 
pollutants where they live. With the prolongation of exposure 
time, their snout vent length (SVL), whole length, body width 
and body weight increased, however, with the increasing of 
concentration, relative to the control, the growth of tadpoles 
decreased obviously. This indicated that certain concentra-
tions of atrazine influence the growth and development of 
tadpole in a certain period, which is similar to other studies 
(Freeman et al. 2005, Mitchkash et al. 2014, Mendonça et 
al. 2016). Mendonça et al. (2016) documented that atrazine 
exposure can lead to a slower rate of metamorphosis in 
Podocnemis expansa, resulting in decreased swimming and 
leaping ability of individuals. Mitchkash et al. (2014) also 
found that atrazine could affect individual survival, develop-
ment and motor retardation in Limnodynastes peronii. The 
growth retardation of tadpoles by atrazine may be due to 
the influence of atrazine on the thyroid in Bufo americanus 
tadpoles (Freeman et al. 2005).

The respiratory system can quickly respond to the chang-
es in the external environment, so it is an important indicator 
of the body’s functional state. Amphibian larvae live in wa-
ter and breathe by gills. Moreover, the skin of tadpole has 
good permeability. Therefore, tadpoles’ respiratory system 
is susceptible to the influence of their living water. It was 
reported that atrazine can induce respiratory difficulty in 
adult R. pipiens by increasing buccal and thoracic ventilation 
(Allran & Karasov 2010). The acute exposure of atrazine 
(8.1 mg/L) can alter routine oxygen consumption in Tilapia 
sparrmanii, especially reflecting a drastic decrease within 3 
hours (Grobler et al. 1989).

There is a certain correlation between oxygen consump-
tion and treatment time. Our findings confirm that atrazine af-
fected oxygen consumption of tadpoles in P. nigromaculata. 
Compared with the control group, the oxygen consumption 
in the treatment groups increased in the short-term treatment 
(10 d), had no difference in the medium-term treatment (15 
d) and decreased in the long-term treatment (20 d and 25 d). 
Other studies have similar findings. For example, atrazine 
(150 μg/L) can induce respiratory oxygen consumption 
increasing in 2-day postfertilization fathead minnow (Pi-
mephales promelas) eggs after using the self-referencing 

micro-optrode technique after 2 h exposures to atrazine 
(Sanchez et al. 2008). The long-term atrazine treatment can 
lead to changes in morphological damage of the respiratory 
tract, which induce a decrease in oxygen consumption. Previ-
ous studies have shown that herbicides can cause significant 
changes in skin morphology, cell and epithelial cell prolifer-
ation or hypertrophy and chromatid breakdown, and affect 
the physiology of respiratory tract morphology in bullfrog 
tadpoles (Rissoli et al. 2016). High concentration atrazine can 
cause blood composition and oxygen consumption change 
in Tilapia mossambica, which induce respiratory distress in 
fish (Prasad et al. 1991). 
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ABSTRACT

The nitrogen concentration/flux of water is very sensitive to the response of Net Anthropogenic Nitrogen 
Inputs (NANI), but the research on the dynamic response of nitrogen concentration to NANI is still rarely 
reported. In this study, the source of Zhaoshandu water source in Zhejiang Province, China, was used 
as the research object. The dynamic response of total nitrogen (TN) concentration to NANI in the basin 
was quantitatively analysed from 2005 to 2014. The results show that the NANI of the water source 
has a growing trend. It has increased by 6.73% in ten years. The average annual average of NANI 
is 85.76 kg (hm2·a-1), which is 1.7 times the national average of 2009. The average contribution rate 
of atmospheric nitrogen, chemical fertilizer nitrogen, food and feed nitrogen and crop fixed nitrogen 
is 40.98%, 34.06%, 20.25% and 4.7% respectively. The spatial difference of NANI is large, showing 
an increasing trend from the upstream mountainous area along the downstream. The sub-basin 2 
is the key source of nitrogen pollution in this water source. NANI is the only independent variable of 
the TN concentration regression model with a variance interpretation rate of 55.4%. In the future, it is 
necessary to reduce the nitrogen input intensity of nitrogen, food and feed for chemical fertilizers as 
the main target, and to achieve the goal of water quality improvement by reducing the NANI intensity 
in the basin.

INTRODUCTION

The increase of nitrogen concentration/flux in rivers not only 
endangers the ecosystem health of the water itself but also 
is one of the main causes of eutrophication of water bodies 
such as lake banks, estuaries and coasts (Chen et al. 2014, 
Zhang & Chen 2014). How to effectively control nitrogen 
pollution in water has become one of the important scientific 
issues in the world. In the past two decades, the water body 
nitrogen pollution control strategy has experienced the de-
velopment process from the end treatment, source control, 
process emission reduction, water ecological restoration to 
the comprehensive application of various control methods 
(Gao et al. 2016). However, in many regions/basins, despite 
the adoption of measures such as reducing fertilization and 
land-use conversion, the effectiveness of nitrogen pollution 
control is not optimistic (Stålnacke et al. 2003). One of the 
important reasons is that the response of river nitrogen pol-
lution to human activities in the basin cannot be clarified. It 
can be seen that only by clarifying the dynamic response of 
water body nitrogen concentration/flux to human activities 
in the basin can provide a scientific basis for formulating an 
effective watershed nitrogen management strategy. 

The existing methods rely mainly on the watershed 
model (SWAT, AGNPS, etc.) around the dynamic response 
of the nitrogen concentration/flux of the flowing water to the 
human activities in the basin. However, the watershed model 
is complex in structure, high in data requirements, difficult 
to calibrate and verify, and in application and promotion are 
greatly limited (Wang et al. 2016, Yang et al. 2007). In 1996, 
Howarth et al. (1996) pioneered the net anthropogenic nitrogen 
input (Net Anthropogenic Nitrogen Input, NANI) algorithm, 
which provides a new and effective means for assessing human 
input of reactive nitrogen. The NANI algorithm belongs to the 
quasi-material balance method, which mainly calculates the 
net anthropogenic nitrogen input of the region/basin based 
on conventional economic and social statistics. In general, 
net anthropogenic nitrogen inputs in a region include four 
inputs for fertilizer application of nitrogen, human food and 
animal feed nitrogen, crop fixed nitrogen and atmospheric 
sedimentation nitrogen, and NANI is the sum of these four 
inputs. Numerous studies have found that water nitrogen con-
centration/flux is very sensitive to the response of watershed 
NANI, and the quantitative relationship between the two can 
be expressed as linear or exponential (Chen et al. 2016, Han 
et al. 2009, Howarth et al. 2012). 
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In summary, NANI has become an effective method to 
express the comprehensive impact of human activities on 
the nitrogen cycle process, providing a new way to study 
the response of water nitrogen concentration/flux to human 
activities. However, studies on the dynamic response of ni-
trogen concentration in water sources to NANI are still rarely 
reported in China (Zhang & Chen 2014). Therefore, it is of 
great practical significance to study the dynamic response of 
nitrogen concentration in the water source to NANI. In this 
study, the Zhaoshandu water source in Zhejiang Province, 
China, was used as the research object. From 2005 to 2014, 
the regression model of TN concentration on NANI and 
main natural factors was established to promote nitrogen 
management and promote water nitrogen control in the basin.

MATERIALS AND METHODS

Study Area

The study area is located in the upper reaches of Feiyun River 
in Zhejiang Province, China. The river originates from the 
mountainous area of southwest Zhejiang, with a total length 
of 203 km and a drainage area of 3252 km2. The main water 
conservancy project in the water source of Zhaoshandu in-
cludes a multi-year regulation reservoir and a water diversion 
project. It has functions of water supply, power generation 
and flood control, and is one of the important drinking water 
sources in southern Zhejiang (Fig. 1). The normal water stor-
age level of the upstream multi-year regulation reservoir is 
142m, with a total storage capacity of 1.824 billion m3. The 
entire water source basin area is 2280 km2, and the upper 
control basin area above the upstream reservoir dam site 
is 1529 km2 (Fig. 1). Affected by the subtropical monsoon 
climate, the average annual precipitation is 1876mm, and the 
average annual precipitation is 149 days. The precipitation 
is unevenly distributed during the year, and the rainfall is 
concentrated from April to September, accounting for 75% 
of the whole year. The average elevation of the whole basin 

is 573m, the soil is mainly red soil, and the rest are yellow 
soil, purple soil, coarse soil and paddy soil. The land-use 
type is mainly forest land, accounting for 71% of the total 
area, followed by cultivated land, accounting for about 20%.

Data Source

In this study, a hydrological water quality monitoring sta-
tion was set up in the water diversion project (before the 
anti-regulation reservoir dam), and seven rainfall observation 
stations were set up in the basin. There are multiple water 
quality monitoring stations in the basin, and the frequency 
of water quality monitoring is once a month. The monthly 
TN concentration data from 2005 to 2014 is provided by the 
local environmental protection department. The daily flow 
and water level data for the same period are provided by the 
local water conservancy department. The SWAT model is 
used to divide the basin boundaries above the counter-regu-
lation reservoir. The basin boundary covers the large area of 
two county-level administrative regions and a small area of 
two county-level administrative regions (Fig. 1). The main 
data source for calculating NANI is the calendar yearbook 
of the four county-level administrative regions. After calcu-
lating the NANI of the county-level administrative region, 
the watershed boundary and the administrative boundary are 
superimposed and analysed using ArcGIS 10.2.

NANI Calculation

Referring to previous studies, NANI was obtained by 
summing up atmospheric precipitation nitrogen, nitrogen 
fertilizer, crop fixed nitrogen, and food and feed nitrogen 
(Chen et al. 2016, Gao et al. 2016). The calculation formula 
is expressed as follows:

NANI = Atmospheric N+ Fertilizer N+ Crop fixed N+ Food 
& feed N  

Where, 

 1. Atmospheric N. The main forms of atmospheric 
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precipitation nitrogen are NHy, NOy and organic 
nitrogen. In the NANI model, only atmospheric 
precipitation nitrogen in the form of NOy is considered, 
including dry deposition and wet deposition (Smedberg 
et al. 2012). Atmospheric nitrogen refers to the research 
results of (Liu et al. 2013) on the southeastern region of 
China and (Wang et al. 2015) on the research results of 
the Taihu Lake Basin in China. The values of different 
years are calculated using the average of two studies.

 2. Fertilizer application of nitrogen. The statistics of ni-
trogen fertilizer in the statistical yearbook are divided 
into pure nitrogen fertilizer and nitrogen fertilizer 
in compound fertilizer. According to the application 
amount, the nitrogen content is reduced by the content 
and molecular weight, and the specific nitrogen content 
is 46% of urea, 35% of ammonium nitrate, and 12.8% 
of compound fertilizer. The amount of nitrogen fertilizer 
applied is obtained by adding the nitrogen content of 
each type of fertilizer.

 3. Fixed nitrogen for crops. The fixed nitrogen of crops is 
calculated from the crop planting area and the ability 
of nitrogen fixation rate per unit area of crops. In this 
study, the planting area of nitrogen-fixing crops was 
obtained from the statistical yearbook. According to 
the characteristics of Zhaoshandu water source and the 
research results of the Taihu Lake Basin, the nitrogen 
fixation rate of crops was as follows: green fertilizer was 
150 kg·( hm2·a)-1, for legume crop was 64 kg·( hm2·a)-1; 
45 kg·( hm2·a)-1 for paddy fields and 15 kg·( hm2·a)-1 
for other dry land and gardens (Ti et al. 2012, Yan et al. 
2011).

 4. Food and feed nitrogen. Food and feed nitrogen is 
the amount of nitrogen consumed by human food and 
animal feed minus the amount of nitrogen in animal 
products for human consumption and the amount of 
nitrogen harvested by crops. Nitrogen in human food is 
calculated by multiplying the per capita consumption of 
nitrogen by the population. The nitrogen content of the 
animal’s consumption of food is obtained by multiplying 

the amount of nitrogen consumed by the individual of 
the livestock during the year. The nitrogen content of 
animal products is obtained by multiplying the amount 
of livestock in the year by the nitrogen content of the 
animal product, and food that cannot be ingested due 
to deterioration and other reasons is calculated at 10% 
of the total production. The nitrogen consumption of 
human and livestock and the nitrogen content of animal 
products refer to the research results of Han et al. (2011), 
as given in Table 1. Taking into account the number 
of years of stocking and the number of livestock in 
the statistical yearbook, the amount of livestock in the 
year is used to calculate the amount of livestock. The 
calculation method refers to Smedberg et al. (2012). 

The amount of nitrogen harvested by the crop is obtained 
by multiplying the yield of the various crops in the statistical 
yearbook by the nitrogen content of the crop. The nitrogen 
content of various crops is taken from the Chinese Food 
Ingredients Table (Wang 2002). The nitrogen content of 
various crops calculated in this study is given in Table 2. The 
vegetables are calculated according to the nitrogen content 
of the main ingredient cabbage. Food that cannot be ingested 
due to deterioration and other reasons is calculated at 10% 
of total production.

RESULTS AND DISCUSSION

Temporal Change of NANI

According to the calculation, the average NANI of Zha-
oshandu water source was 85.76 kg·(hm2·a)-1 from 2005 
to 2014, and the average contribution rates of atmospheric 
nitrogen, fertilizer nitrogen, food and feed nitrogen and 
crop-fixed nitrogen, were 40.98%, 34.06%, 20.25%, and 
4.7%, respectively. Atmospheric sedimentation nitrogen and 
fertilizer nitrogen are the main inputs of NANI in this water 
source, with a total contribution rate of 75.04%, which is 
similar to the calculation results in China such as Jiaojiang 
River Basin (Chen et al. 2014), Haihe River Basin (Chen et al. 
2016) and Poyang Lake Basin (Gao et al. 2016). According 

Table 1: Nitrogen consumption and excretion of human or individual animals.

Species Consumption of nitrogen (kg.a-1) Excretion of nitrogen (kg.a-1) Animal product nitrogen content (kg.a-1)

Pig 16.68 11.51 5.17

Cattle 54.82 48.78 6.03

Sheep 6.85 5.75 1.1

Chicken 0.57 0.37 0.2

Duck 0.63 0.41 0.22

Human 4.39 4.39 0.00
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to the results of (Han et al. 2014), the average NANI in China 
in 2009 was 50.13 kg·(hm2·a)-1, and the average NANI in 
Zhaoshandu water source from 2005 to 2014 was 1.7 times 
the national average, for a water source. In other words, the 
NANI intensity is at a high level. During the period from 
2005 to 2014, NANI has a growing trend, increasing from 
81.98 kg·(hm2·a)-1 in 2005 to 87.50 kg·(hm2·a)-1 in 2014 and 
an increase of 6.73% in ten years (Fig. 2). 

It can be seen from Fig. 2 that the dynamic trends of 
different inputs of NANI in Zhaoshandu water source are 
different. Atmospheric sedimentation nitrogen has a linear 
increasing trend, which is based on the research results of 
southeastern China (Han et al. 2014) and Taihu Lake Basin 
(Wang et al. 2015), and also assumes that the atmospheric 
sedimentation nitrogen of the water source has a linear 
increase year by year. Nitrogen application by chemical 
fertilizers also has an increasing trend, especially after 
2009, due to the increase in the intensity of local agricultural 
production activities. Food and feed nitrogen was relatively 

stable before 2010 and has declined year after year since 
2010. Since 2009, the local management department has 
carried out water and soil conservation and ecological clean 
small watershed construction projects in water sources, 
which has achieved remarkable results. Crop fixed nitrogen 
remained stable during the study period because the area 
under which nitrogen-fixed crops were grown did not change 
much during the 10 years. Since fertilizer application of 
nitrogen and atmospheric subsidence nitrogen account for 
most of NANI, the trend of these two inputs determines the 
trend of NANI.

Spatial Change of NANI

In this study, the NANI of the water source basin was cal-
culated at the county-level administrative regional scale. 
However, the spatial scale of the county-level administrative 
district was too large. This study uses the spatial analysis 
function of Arcgis10.2 to distribute NANI and its components 
to each sub-basin according to the area weighting method. 
The spatial distribution of the NANI and its multi-year 
averages in the 17 sub-basins of the Zhaoshandu water 
source is shown in Fig. 3. It can be seen from Fig. 3a that 
the spatial difference of NANI intensity in each sub-basin 
is larger, showing a trend of increasing from the upstream 
mountainous area to downstream. The areas with the largest 
and smallest NANI intensity were sub-basins 2 and 11 with 
135.26 kg·(hm2·a)-1 and 72.4 kg·(hm2·a)-1, respectively. 
The sub-basin 2 is located at the exit of the water source, 
mainly in the RA. The NANI intensity was 1.87 times of 
sub-basin 11. The fertilizer nitrogen, food and feed nitrogen 
are 3.21 times and 2.17 times respectively of sub-basin 11. 
For atmospheric deposition of nitrogen, this study assumes 

Table 2: Nitrogen content of major agricultural products.

Agricultural products Nitrogen content (kg.kg-1)

Cereals 0.01184

Wheat 0.0192

Soybean 0.0562

Broad bean 0.0406

Sweet potato 0.0018

Rapeseed 0.0456

Vegetables 0.0032

Tangerine 0.0014
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that the spatial distribution throughout the water source is 
uniform and the intensity of each administrative area is the 
same (Fig. 3e). The fixed nitrogen of crops mainly depends 
on the planting area of   nitrogen-fixing crops. The application 
of nitrogen in fertilizers mainly depends on the planting area 
of   crops and the fertilization intensity. The food and feed 
nitrogen mainly depend on the population density and the 
scale of livestock and poultry breeding, so there is a certain 
spatial difference. In general, there are some differences in 
the level of economic and social development of different 
administrative units. After spatial analysis, the nitrogen input 
values of each sub-basin were obtained, which results in 
the spatial heterogeneity of NANI. The occurrence of non-
point source pollutants (NPS) is affected by many factors 
such as soil, topography, climate, hydrology, land use and 
management. The spatial difference is very significant. The 
pollutants output by a few landscape units often account for 
the majority of the pollution load of the entire basin and thus 
become a key source of NPS. Since 2012, while continuing 
to promote the comprehensive improvement of livestock 
and poultry breeding, the local government has vigorously 
prom o ted the transformati o n of rural water sources and 
cross-regional pooling, minimizing the population of primary 
and secondary water source protection areas, and minimizing 
the pollution of storage, thereby achieving the purpose of 
reducing the total amount of pollutants entering the reservoir. 
On this basis, spatial identification of key source areas of 
NPS is significant for the control and management of NPS 
in the basin. For the water source, sub-basin 2 is not only 
strong in NANI, but also 2.71 times of the national average 
(50.13 kg·(hm2·a)-1), and it is at the water intake, which has 
the greatest potential risk to water quality. Therefore, it is a 
key source of nitrogen pollution in the water source, and it 
is necessary to take targeted source control measures.

Net Anthropogenic Nitrogen Input and TN 
Concentration Response

It i s  important to identify the dynamic changes of water 
quality time series and reveal the dynamic response of water 
quality to pollution sources, which has important practical 
sign ificance for water quality protection (Zhang & Chen 
2014). According to the long-term nitrogen input data and 
water nitrogen concentration, the response relationship be-
tween water nitrogen concentration and watershed NANI is 
constructed by multiple linear regression model, which can 
identify the driving and contribution of human activities to 
the change of water nitrogen concentration (Gao et al. 2016). 
To reveal the quantitative relationship between TN concen-
tration in Zhaoshandu water source and NANI and related 
hydrological and meteorological factors, this study used the 
annual average TN concentration of the diversion project 
during 2005-2014 as the dependent variable, with the whole 
basin NANI. The annual average precipitation of the whole 
basin, the annual average temperature of the whole basin 
and the annual average water level of the diversion project 
are independent variables, and a multiple linear regression 
model was established. After stepwise regression analysis, 
the variables with significant influence are retained, and the 
variables with insignificant influence are eliminated. The 
final model expression is as follows:

 [TN] = 0.04 × [NANI] – 2.888     …(1)

 (R2 = 0.554, p = 0.014)

Where, [TN] is the annual average TN concentration of 
water (mg·L-1), and [NANI] is the annual average NANI 
intensity of the whole basin (kg·(hm2·a)-1).

For the TN concentration model of the Zhaoshandu water 
source, the only independent variable is NANI, which is 
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consistent with Gao et al. (2016) for the regression model of 
Poyang Lake TN concentration to NANI. In general, factors 
affecting the nitrogen concentration of water bodies may be 
affected by factors such as hydrometeorology in addition to 
the intensity of NANI. However, NANI’s time scale is years, 
and many basins lack long-term water quality data, resulting 
in a small sample size of the regression model, which may 
not be able to identify the impact of hydrological and me-
teorological factors. The coefficient of determination of the 
regression model of the Zhaoshandu water source reached 
0.554 (p=0.014), indicating that the TN concentration of the 
water source responded strongly to NANI. In recent years, 
with the continuous advancement of the “five-water joint 
governance” in Zhejiang Province, the local government has 
fully implemented the “five major” projects for water source 
protection, including domestic sewage treatment, domestic 
garbage treatment, livestock and poultry pollution control, 
and major tributary ecological protection. “Five major” 
project construction of water source protection include such 
as repair, automatic online monitoring of water quality and 
early warning system. The interpretation rate of the variance 
of NANI to TN concentration reached 55.4%, indicating that 
human activities are the main driving force for the change of 
nitrogen concentration in the water source of Zhaoshandu wa-
tershed, and also pointed out the direction for future nitrogen 
management of water source. The atmospheric nitrogen input 
intensity is large, and it is difficult to control. It is difficult 
to avoid nitrogen fixation in crops, but the input intensity is 
not large. In the future management of watershed nitrogen, 
it is necessary to reduce the input of food and feed nitrogen 
and fertilizers nitrogen as the main target. By reducing the 
NANI intensity in the basin, it is expected to achieve the goal 
of water quality improvement.

CONCLUSIONS

 1) During the period from 2005 to 2014, the average NANI 
of the Zhaoshandu water source was 84.80 kg·(hm2·a)-1, 
which is 1.7 times the national average in China. The 
atmospheric nitrogen, fertilizer application of nitrogen, 
food and feed nitrogen and the average contribution 
rates of fixed nitrogen in crops were 40.98%, 34.06%, 
20.25% and 4.7%, respectively. The water source NANI 
has a growing trend, increasing by 6.73% in ten years.

 2) The spatial difference of NANI in each sub-basin 
is large, showing a trend of increasing from the up-
stream mountainous area along the downstream. The 
strength of NANI in sub-basin 2 is up to 2.71 times 
the national average in China, and it is at the water 
intake, which has the greatest potential risk to water 
quality. It is the key source of nitrogen pollution in 

this water source and needs to adopt targeted source 
control measures.

 3) The main influencing factor of the annual average 
concentration of TN in Zhaoshandu water source area 
is NANI, and the interpretation rate of the variance of 
TN concentration reaches 55.4%. In future watershed 
nitrogen management work, nitrogen, food and feed 
nitrogen input should be reduced. Strength is the main 
goal, and the goal of water quality improvement is 
achieved by reducing the NANI intensity of the basin.
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ABSTRACT

The present study aims to assess the pollutant impact from everyday untreated or partially treated 
industrial wastes, wastewater treatment plants and Baghdad Medical City wastewater discharge into 
Tigris River, Baghdad, Iraq. Water samples were collected from seven locations of the Tigris River 
near Baghdad Medical City in November 2018. Morphological characteristics and biochemical methods 
were used to characterize Escherichia coli and Klebsiella isolates revealing that the Tigris River 
accumulate different amounts of antibiotic-resistant E. coli and Klebsiella sp. isolates and that pattern 
of resistance is different in each site. E. coli was the predominant bacterial contaminant at site 1 which 
is near sewage of several hospitals in Baghdad Medical City. The influence of different water quality 
parameters (total dissolved solids, electric conductivity, alkalinity, turbidity, total hardness, calcium, 
magnesium, sodium, potassium, phosphate ion, nitrate, sulphate, chloride) and heavy metals (Cd, Zn, 
Co, Cu, and Ni) were investigated at bacterial contaminated site 1. Besides, physiological parameters 
(pH value and temperature) were applied. The results revealed that these parameters were within Iraqi 
standards levels with a slight increase in pH and temperature at site 1.   

INTRODUCTION

Historically, the Tigris and the Euphrates are the two most 
significant rivers in Iraq. The Tigris River gains great impor-
tance as it is considered the main source of water for Baghdad 
city,  which enters the capital city of Baghdad from the north 
and exit from the south dividing Baghdad city into the right 
(Karkh) and left (Rusafa) sections (Alobaidy et al. 2010). 
For several years the Iraqi rivers were facing problems such 
as the huge number of dams built in the upstream by Turkey 
and Iran (Al-Ansari 2013), the floods caused by rains and the 
discharge of wastewater from the residential and commercial 
establishments along Tigris River. A little knowledge is cur-
rently available on to what extent the biological and chemical 
pollution affects the Tigris River ecosystems in Baghdad 
city. Due to the anthropogenic activities, the ecosystems for 
plants and living organisms are threatened by toxic pollutants, 
which are passed directly from factories and hospitals into the 
river without any real treatments (Gadza\la-Kopciuch 2004). 

One of the major pollutants is antibiotics and antibiot-
ic-resistant bacteria. The heavy use and abuse of antibiotics 
have resulted in multi-resistant bacteria (Icgen & Yilmaz 

2014, Lv et al. 2015, Xu et al. 2017). Although a complete 
picture of the ecology of the antibiotic-resistant bacteria 
is still missing, the growing use of antibiotics for medical 
treatments and in animal production as growth promoters has 
increased a selective pressure in bacterial populations and 
the development of antibiotic-resistant bacteria (Titilawo et 
al. 2015, Zarfel et al. 2013, Zhang et al. 2015). There is a 
continuous release of antibiotics into the environment from 
different human activities such as wastewater treatment 
plants and hospitals effluents, combined sewer overflows, 
processing plant effluents and agricultural waste (Davies & 
Davies 2010, Michael et al. 2013). The presence of antibiotics 
in the Tigris River draws the attention of the researchers due 
to the risk of spreading antibiotic resistance determinants 
through microbial communities. The wastewater carries an-
tibiotics and their metabolites, which is excreted with urine 
and faeces (Harnisz 2013, Le Corre et al. 2012, Leung et al. 
2012). In addition, there is a direct inflow of resistant bacteria 
to the wastewater, especially from the hospital wastewater 
(Chagas et al. 2011, Korzeniewska 2011). These two major 
sources of contaminant are released into rivers and lakes 
directly or from treated sewage. Also, several factories and 
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hospitals drain their wastewater into the river. As a result, 
there are many direct and indirect sources which are respon-
sible for the contamination of the Tigris River in Baghdad 
city (Ibrahim & Asmaa 2017). 

Water quality tests stand as an informatics platform to 
provide valuable data that lead to maintaining a healthy 
aquatic ecosystem. Some aquatic ecosystems can resist 
large and different changes in water quality without any 
detectable effects on the ecosystem, however other ecosys-
tems are more sensitive to small changes in the physical 
and chemical parameters which can lead to degradation of 
the ecosystem and affect biological diversity. The changes 
of physical and chemical water quality are a result of hu-
man influences and usually gradual and undetectable due 
to the invisible adaptations of aquatic ecosystems unless a 
dramatic shift in ecosystem condition occurs (Stark Jr et al. 
2000). The physical and chemical characteristics of a water 
sample are compared with the World Health Organization 
(WHO) guidelines or standards to determine water quality. 
One of the problems is the lack of expert study and regular 
monitoring of the water quality of most rivers (Robertson et 
al. 2006, Wickham et al. 2005). It is important to perform 
river water quality assessment to evaluate the water quality 
and to detect pollution sources (Sin et al. 2001, Yuan et al. 
2011). The rapid population growth and intensive domestic 
activities, in addition to expanding industrial and agricul-
tural production, which has resulted in the release of large 
quantities of toxic chemicals, especially heavy metals into 
rivers worldwide (Srebotnjak et al. 2012, Su et al. 2013). 
However, toxic metals are not considered in many studies 
like the major ion chemistry of rivers. Heavy metals may 
undergo many changes in their speciation due to dissolution, 
precipitation, sorption, and complexation phenomena during 
their transport in rivers (Abdel-Ghani & Elchaghaby 2007, 
Akcay et al. 2003) and this will affect their behaviour and 
bioavailability (Nicolau et al. 2006, Nouri et al. 2011). A 
study suggested that the downstream of Tigris River is more 
seriously polluted by heavy metals than the upstream and 
midstream sites in Baghdad city (Obaidy 2014). While an-
other study reported that some heavy metals (Cu, Hg, Pb, and 
Zn) were within the normal limit except Cd ion, which was 
slightly elevated in Tigris River water samples in Baghdad 
city (Ibrahim & Asmaa 2017). This work aims to study the 
profile and prevalence of antibiotic-resistant bacteria in the 
environment of Tigris River in Baghdad city near Baghdad 
Medical City and also measures the physical and chemical 
parameters in Tigris River to understand their effect on the 
aquatic ecosystem and biological diversity and to investigate 
whether Tigris River water has been contaminated with heavy 
metals or not. 

MATERIALS AND METHODS 

Study sites and collection of water samples: Total 7 river 
water samples were collected from different locations of 
the Tigris River in Baghdad city, Iraq in November 2018. 
Samples were collected from 50 cm below the surface of the 
Tigris River in 100 mL sterile bottles and 1 m from the edge. 
All samples were immediately placed on ice and transport-
ed back to the laboratory on the same day of collection for 
further processing. 

Physicochemical parameters: Physicochemical parameters 
including temperature (°C) and pH were determined for 
each Tigris River sample site and recorded using standard 
methods. This was done with three replication per sample.

Isolation and characterization of bacteria: After the re-
moval of larger particulates by centrifugation at 5000 rpm for 
10 minutes, 100 μL and 50 μL from each supernatant were 
spread on a selective media (MacConkey agar and EMB agar) 
plates. After 24 hours of incubation at 37°C, the bacterial 
colonies with distinct colony morphology were selected and 
analysed for morphological and biochemical characteristics 
by IMVIC analysis test. 

Antimicrobial susceptibility testing: The antibiotic 
susceptibility test was done by disc diffusion method. All 
isolates were cultured on MacConkey agar and incubated 
for 18 hours at 37°C. In the next day, two to three colonies 
of these organisms were emulsified with normal saline to 
adjust the inoculum density equal to that of 0.5 MacFarland 
turbidity standards. Using a cotton swab, each bacterial 
isolate was spread on Mueller-Hinton agar and left for 10 
min at room temperature, and 8 different antibiotics (Ami-
kacin (AK-30 μg), gentamicin (GM-10 μg), Ciprofloxacin 
(CIP-10 μg), trimethoprim (TMP-10 μg), Amoxicillin (Ax-
25 μg), imipenem (IPM-10 μg), Cefotaxime (CTX-30 μg), 
Azithromycin (AZM-15 μg) discs were placed on the top of 
the agar and all plates were incubated at 37°C for 24 hrs. 
After the incubation period, the inhibition zone diameters 
around the discs were measured using a ruler and then clas-
sified according to the standardized table supplied by CLSI 
guidelines (Wayne 2014). 

Chemical analysis: Chemical analysis including the total 
dissolved solids (TDS), electric conductivity (E.C.), alkalin-
ity (ALK), turbidity (tur) and total hardness (TH), and the 
major ions (Ca2+), magnesium (Mg2+), sodium (Na+), potas-
sium, (K+), phosphate ion (PO4

-3), nitrate (NO3
−), sulphate 

(SO4
2−) and chloride (Cl−) were measured using different 

methods as listed in Table 1.

Heavy metals analysis: Heavy metals including cobalt, 
zinc, copper, cadmium, and nickel were determined by 
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atomic absorption spectrophotometer for water sample in 
triplicate per sample.

RESULTS AND DISCUSSION

Description of the Study Area

Water samples were taken from 7 sites from Tigris River near 
the Medical city; Baghdad, Iraq. The total sites distance was 

1.975 meters; site 1 was the municipal sewage of Baghdad 
Medical city and samples were taken from both side of Tigris 
River as can be seen from Fig 1.

Isolation of E. coli and Klebsiella

The occurrence of E. coli and Klebsiella in river water sam-
ples varied in different sites. The highest number of bacteria 
was located at site 1, which indicated that the river water 

Table 1: Methods used for measuring chemical parameters.

Test Method

Total Dissolved Solids (TDS) Gravimetric method (Drying at 103-105 °C)

Electric conductivity (E.C) Electric conductivity meter

Alkalinity (ALK) pH meter

Turbidity (tur) Nephelometer

Total hardness (TH) EDTA titration method

Ca2+ Atomic absorption spectrophotometer

Mg2+ Atomic absorption spectrophotometer

Na+ Atomic absorption spectrophotometer

K+ Atomic absorption spectrophotometer

PO4
-3 Spectrophotometer

NO3
− Spectrophotometer

SO4
2− Turbidity metric method

Cl− Spectrophotometer

 

Fig. 1: Description of the study sites. S1: Baghdad Medical city municipal sewage, S2: Medical city 
hospitals, S3: Medical city hospitals, S4: Residential area, S5: Qishla building, S6: Qishla hour, and 

S7: Mosque Wazzar. 

Isolation of E. coli and Klebsiella 
The occurrence of E. coli and Klebsiella in river water samples varied in different sites. The highest 

number of bacteria was located at site 1, which indicated that the river water was severely polluted and 

suitable for the rapid growth of bacteria (Fig. 2).  

  

Fig. 2: Heterogenic diversity of the bacteria from Tigris River water samples. 

Fig. 1: Description of the study sites. S1: Baghdad Medical city municipal sewage, S2: Medical city hospitals, S3: Medical city hospitals, S4:  
Residential area, S5: Qishla building, S6: Qishla hour, and S7: Mosque Wazzar.
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was severely polluted and suitable for the rapid growth of 
bacteria (Fig. 2). 

The number of E. coli and Klebsiella at site 1 was signif-
icantly higher than the average level of all sampling sites. 
One possible explanation for this high bacteria abundance 
was that the water sample at site 1 was collected from the 
sewage of several hospitals. Site 7 showed a lower number 
of bacterial isolates. Therefore, it could be speculated that 
we can see low numbers of bacterial isolates as we go far 
from sources for river water pollutions. 

Profile of Multi-Drug Resistant E. coli and Klebsiella 

Isolates from Tigris River

A total of 9 confirmed E. coli and Klebsiella isolates were 
profiled for their probable phenotypic resistance to 8 differ-
ent antimicrobials. All E. coli isolates showed a high level 

of resistance against amoxicillin as shown in Fig. 3. Varied 
resistances for other antibiotics were recorded as follows: 
high levels of resistance equally observed against Gentamicin 
and Azithromycin. The E. coli isolate at S1 was more resistant 
to different antibiotics than E. coli isolate at S7. Conversely, 
all the E. coli isolates were susceptible to Ciprofloxacin 
and Imipenem. Although wastewater treatment processes 
reduced bacterial numbers in the sewage and attributed to a 
partial reduction of microorganism number due to the dilu-
tion of treated sewage in river water. The bacterial isolates 
showed resistance to different antibiotics, which indicates 
high contamination in the S1 site with antibiotic-resistant 
bacteria discharged from the sewage of Baghdad medical city 
hospitals. The pollution of river water is influenced by pop-
ulation density and economic activities, especially sewage 
effluent. Even with the presence of several water treatment 

 

Fig. 1: Description of the study sites. S1: Baghdad Medical city municipal sewage, S2: Medical city 
hospitals, S3: Medical city hospitals, S4: Residential area, S5: Qishla building, S6: Qishla hour, and 

S7: Mosque Wazzar. 

Isolation of E. coli and Klebsiella 
The occurrence of E. coli and Klebsiella in river water samples varied in different sites. The highest 

number of bacteria was located at site 1, which indicated that the river water was severely polluted and 

suitable for the rapid growth of bacteria (Fig. 2).  

  

Fig. 2: Heterogenic diversity of the bacteria from Tigris River water samples. 
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The number of E. coli and Klebsiella at site 1 was significantly higher than the average level of all 

sampling sites. One possible explanation for this high bacteria abundance was that the water sample at 

site 1 was collected from the sewage of several hospitals. Site 7 showed a lower number of bacterial 

isolates. Therefore, it could be speculated that we can see low numbers of bacterial isolates as we go 

far from sources for river water pollutions.  
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A total of 9 confirmed E. coli and Klebsiella isolates were profiled for their probable phenotypic 

resistance to 8 different antimicrobials. All E. coli isolates showed a high level of resistance against 

amoxicillin as shown in Fig. 3. Varied resistances for other antibiotics were recorded as follows: high 

levels of resistance equally observed against Gentamicin and Azithromycin. The E. coli isolate at S1 

was more resistant to different antibiotics than E. coli isolate at S7. Conversely, all the E. coli isolates 

were susceptible to Ciprofloxacin and Imipenem. Although wastewater treatment processes reduced 

bacterial numbers in the sewage and attributed to a partial reduction of microorganism number due to 

the dilution of treated sewage in river water. The bacterial isolates showed resistance to different 

antibiotics, which indicates high contamination in the S1 site with antibiotic-resistant bacteria 

discharged from the sewage of Baghdad medical city hospitals. The pollution of river water is 

influenced by population density and economic activities, especially sewage effluent. Even with the 

presence of several water treatment plants located within Baghdad city, water samples from these 

plants were contaminated with faecal coliform (Hassan & Mahmood 2018). The presence of coliforms 

in drinking water is an indicator of water contamination with bacteria or viruses that occur in a faecal 

matter (Bain et al. 2014). A study showed that upstream of the Tigris River in Baghdad city has the 

highest total coliform presence (AL-Dulaimi & Younes 2017). The large population, extensive 

industrial activities and sewage of several hospitals may attribute for contamination of Tigris River 

with coliform and especially E. coli. The comparison between Klebsiella isolates was not considered 

since Klebsiella isolates were detected only in two sites from total of seven sites.  

 

Fig. 3: Antimicrobial resistance of E. coli isolated from a river sample.
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plants located within Baghdad city, water samples from these 
plants were contaminated with faecal coliform (Hassan & 
Mahmood 2018). The presence of coliforms in drinking 
water is an indicator of water contamination with bacteria 
or viruses that occur in a faecal matter (Bain et al. 2014). A 
study showed that upstream of the Tigris River in Baghdad 
city has the highest total coliform presence (AL-Dulaimi 
& Younes 2017). The large population, extensive industrial 
activities and sewage of several hospitals may attribute for 
contamination of Tigris River with coliform and especially 
E. coli. The comparison between Klebsiella isolates was not 
considered since Klebsiella isolates were detected only in 
two sites from total of seven sites. 

The comparison between E. coli and Klebsiella isolates in 
S1 and S7 cited in Fig. 4 revealed that E. coli and Klebsiella 
isolates at both sites were resistant to amoxicillin and E. 
coli isolates at S1 and S7 were more resistant to different 
antibiotics than Klebsiella isolates which were sensitive to 
ciprofloxacin, gentamicin, and trimethoprim. This result 
may be attributed to the E. coli resistance characteristics, 
which indicates that multilateral exchange of genetic 
material between bacteria of both anthropogenic and en-

vironmental origins is currently occurring and presents a 
phenomenon of growing importance or river water sample 
collected near S1 site carried faecal coliforms bacteria 
from untreated hospital sewage coming from all units of 
the hospitals, including laboratories, rehabilitation, dialy-
sis, hospitalization, and surgery units, clinics, maternity, 
laundry, and the cafeteria.

The difference between E. coli and Klebsiella isolates 
from S1 showed that E. coli are more resistant to selected 
antibiotics than Klebsiella. The obtained result indicates that 
E. coli heavily contaminates the Tigris River. The discharged 
sewage may also contain antibiotics used as a treatment for 
patients in these hospitals. A study by Mahmood et al. (2019) 
confirmed the contamination of water samples in Baghdad 
city with different antibiotics including fluoroquinolones and 
B-lactams. The highest antibiotic concentration recorded was 
ciprofloxacin in the Al-Wihda plant, while amoxicillin was 
not detected in the same site. Despite the treatment of the 
municipal sewage, river water may be a good reservoir for 
antibiotic-resistant microorganisms and plasmid-mediated 
antibiotic resistance genes. This may pose a public health 
risk, which needs future evaluation and control. 

Fig. 3: Antimicrobial resistance of E. coli isolated from a river sample. 
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may pose a public health risk, which needs future evaluation and control.  

Physicochemical Characteristics 

The water temperature is an important factor in water quality and the distribution of organisms in an 

Fig. 4: Antimicrobial resistance of E. coli and Klebsiella isolated from S1 and S7 river sample.

Table 2: Temperature and pH parameters of the studied area.

Site S1 S2 S3 S4 S5 S6 S7

Temperature 22 18.1 18.3 18 18.3 18 18.5

pH 8 7 7 7.5 7 7 7
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Physicochemical Characteristics

The water temperature is an important factor in water quality 
and the distribution of organisms in an aquatic ecosystem in 
addition to its role in many metabolisms and other transfor-
mations in a water body (Smith 2004). The physicochemical 
parameters of river water samples are presented in Table 2. 
The temperature ranged from 18-18.5°C from site 2 to site 7.  
The highest temperature was noticed at site 1 (22°C), which 
is near Medical City hospitals. Minor differences in pH were 
observed between sampling sites. The pH values ranged 
from 7 to 8, indicating that the Tigris River in Baghdad city 
is alkaline (pH >7). The highest pH was also recorded at site 
1. There are no significant differences in temperature and pH 
between sampling sites. The Iraqi rivers are characterized by 
high buffer capacity which explains high pH (Hassan 2004, 
Abbas 2017).

Environmental Parameters and Metal Concentration

The results in Fig. 5 show different environmental parameters 
and metal concentrations in water samples of the Tigris River 
that revealed the difference in turbidity only while there was 
no significant variation for the other parameters between site 
1 and site 7 in this study. 

Anthropogenic activity has a great impact on the Tigris 
River ecosystem. A recent study revealed that middle of 
Tigris River in Baghdad city (Al-Sarrafia Bridge and Al-Shu-
hada Bridge) is heavily polluted than upstream of Tigris River 
(Al-Ani et al. 2019). This study recorded data from February 

2017 to February 2018, which agree with our obtained data 
in November 2018. Due to the increase in rainfall proportion 
and high water levels in winter in addition to domestic wastes, 
the turbidity levels increases in river water (Gangwar et al. 
2012, Al-Obaidi 2009). In the aquatic ecosystems, electrical 
conductivity is considered as a good indicator to evaluate 
total dissolved solids in river water and water purity. The 
obtained data showed that conductivity in site 1 and site 7 is 
less than (1500 μS/cm) which is the Iraqi permissible limits 
for electrical conductivity (Hassan & Mahmood 2018). 

The concentration for each heavy metal was measured 
and Co, Zn, Cu, Cd and Ni were Nil, 0.007, 0.011, Nil and 
0.059 ppm, respectively which indicates that site 1 was not 
contaminated with heavy metals. The result of heavy metal 
concentrations in site 1 gives an insight view of Tigris River 
sample safety at site 1. A study suggested that the site, which 
is located at the downstream of Tigris River is more seriously 
polluted by heavy metals than the upstream and midstream 
sites in Baghdad city (Obaidy et al. 2014).

CONCLUSION

The contamination of the Tigris River in Baghdad city with 
antibiotic-resistant bacteria is a threat to human health and the 
river ecosystem. The cause of resistance, or mode of trans-
mission of the antibiotic-resistant gene between pathogenic 
and environmental bacteria, is unknown. This study indicates 
that Tigris River in Baghdad city near Baghdad Medical 
City is a major source of antibiotic-resistant E. coli. A vast 

aquatic ecosystem in addition to its role in many metabolisms and other transformations in a water 

body (Smith 2004). The physicochemical parameters of river water samples are presented in Table 2. 

The temperature ranged from 18-18.5°C from site 2 to site 7.  The highest temperature was noticed at 

site 1 (22°C), which is near Medical City hospitals. Minor differences in pH were observed between 

sampling sites. The pH values ranged from 7 to 8, indicating that the Tigris River in Baghdad city is 

alkaline (pH >7). The highest pH was also recorded at site 1. There are no significant differences in 

temperature and pH between sampling sites. The Iraqi rivers are characterized by high buffer capacity 

which explains high pH (Hassan 2004, Abbas 2017). 
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quantity of antibiotic-resistant bacteria is discharged to the 
aquatic ecosystem with hospital sewage. Urgent measures are 
needed to minimize the effects of releasing wastewaters into 
water resources. One of the solutions that could minimize the 
spreading of antibiotic-resistant bacteria to the environment 
is the preliminary disinfection of hospital sewage before its 
inflow into the sewage system or Tigris River. This study can 
provide a platform for defying the currently most popular 
antibiotic options for human therapy by studying the resist-
ance characteristics of the isolates described in this study. It 
also appears that drug-resistant E. coli is widely distributed 
in all the rivers sampling sites. Monitoring physiological and 
chemical parameters in the Tigris River is needed for proper 
management. Determination of the water quality is essential 
and comparing the physical and chemical characteristics of a 
water sample with water quality guidelines. These parameters 
should be usually at acceptable levels either to humans or 
aquatic organisms. This study also confers that site 1 is not 
contaminated with heavy metals.
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ABSTRACT

In the past 40 years after China adopted the reform and open-up policy, China’s expediting industries 
spatial agglomeration has resulted in severe damage to the environment. In China, the one whether the 
pollution haven hypothesis (PHH) is true or not is the hot issue under the research of academic circles. 
By establishing the mechanism model of industries spatial agglomeration and environmental pollution 
in this paper, we discovered upon our empirical study that China’s industrial spatial agglomeration 
process had apparent threshold characteristics for environmental pollution, those direct investment and 
scientific innovation of foreign merchants apparently improved environmental pollution, so PHH is not 
true in China and such conclusion provides empirical support for China’s industrial agglomeration and 
environmental policymaking. At the end of the paper, the policy proposals for improving environmental 
pollution in future are made, which have important significance for China’s high-quality economic 
development.

INTRODUCTION

Since China adopted the reform and open-up policy 40 years 
ago, China’s expediting industries spatial agglomeration and 
extensive economy growth caused severe damage to the en-
vironment. In China, whether the pollution haven hypothesis 
(PHH) is true or not is the hot issue under the research of 
academic circles. Facing a series of severe environmental 
pollution problems, the Chinese government at all levels have 
promulgated a series of environmental protection policies in 
succession, but the environmental pollution problems are still 
serious (Yamashita et al. 2014). In recent years, the emis-
sion of all kinds of pollutants in China has been increasing. 
However, emission of all kinds of pollutants is reducing in 
certain regions as the regional industrial agglomeration level 
improves, which is rightly different from those at the national 
levels (Shao et al. 2017). Logically, pollutant emission is the 
inevitable product of industrial development, and industrial 
agglomeration development is certainly correlated with envi-
ronmental pollution; both of different phenomena aforesaid 
provide a better research perspective, namely the one whether 
the industrial agglomeration intensifies or improves envi-
ronmental pollution. Based on this question, a research was 
made in this paper and the theoretical model for the impact 
of industrial agglomeration on environmental pollution was 
further discussed, which provides a theoretical support for 
recognizing correctly the relationship between industrial 

agglomeration and environmental pollution. Meanwhile, the 
data of 30 provinces and municipalities (autonomous regions) 
of China from 2009 to 2016 were used to analyse the impact 
of industrial agglomeration on environmental pollution, such 
objective evaluation on the function of industrial agglom-
eration on environmental pollution will benefit to realize 
the national objective of energy conservation and emission 
reduction, and provide a new perspective and thinking for 
the systematic engineering of improving the environmental 
pollution of China (Ning et al. 2016).

Previous researches were conducted based on the com-
plicated relationship between industrial agglomeration and 
environmental pollution, and uncertain external effect of 
industrial agglomeration for the environment (Almulali et 
al. 2015). There was a lack of support of the theoretical 
model for the relationship between industrial agglomera-
tion and environmental pollution, and previous researches 
were made based on the linear models (Baek et al. 2009). 
Based on which, the research in this paper was made from 
the following three aspects. Firstly on the theoretical level, 
the Copeland-Taylor model was borrowed in this paper to 
construct a theoretical model for the impact of industrial 
agglomeration on environmental pollution, and thereby the 
relationship between industrial agglomeration and envi-
ronmental pollution was further analysed (Ottaviano et al. 
2002); secondly on the perspective level, the threshold effect 
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of industrial agglomeration on environmental pollution was 
investigated and the existence and range of threshold effect 
was analysed from the perspective of industrial agglomer-
ation threshold (Zeng & Zhao 2009); lastly on the level of 
methodology, the threshold panel model was adopted in this 
paper to make analysis, which is rightly different from the 
previous and non-linear approaches adopted by previous 
researches, such as the cross term regression (Virkanen, 
1998, Frank 2001). Moreover in the paper, a further and 
more objectively analysis on the impact of China’s indus-
trial agglomeration on environmental pollution was made 
by adopting the threshold panel model and by comparing 
with the linear approaches (Walter & Ugelow 1979, Stiebale 
2011, Venables 1996).

THEORETICAL MODEL

By borrowing the Copeland-Taylor model in this paper, a 
theoretical model for the impact of industrial agglomeration 
on environmental pollution was established.

Production Function

Hypothesizing that a community produces two kinds of 
products, namely the cleaning product Y and the capi-
tal-intensive pollution product X, where the production of 
pollution product X produces the environmental pollutant Z, 
which causes not only the negative external effect but also 
produces social cost. In view of the clearly defined property 
right, enterprises must pay the corresponding cost for the 
emission of pollutants; in reality, the corresponding cost is 
represented by the environment tax, pollutant charge or pol-
lutant discharging license fee. Enterprise aims at pursuing the 
maximized profit; where the one that enterprise discharges 
pollutant randomly is not the best optimal choice; instead, a 
portion of production factors are used for reducing pollutant 
emission. Hypothesizing that the percentage of the produc-
tion factor used by enterprises for governing pollution to the 
total production factors is g, where 0 £ g £ 1. When g = 0, it 
means the one that enterprise does not govern pollution; at 
this moment, the yield of enterprise is the potential yield F of 
the enterprise; when 0 < g < 1, it means the one that enterprise 
uses the production factors at the percentage of g to govern 
pollutants; at this moment, the actual yield of enterprise is 
(1 – g)F and meanwhile the pollutant Z will generate, so: 

 X = (1 – g)F …(1)

 Z = f(g)F  …(2)

 

means the one that enterprise uses the production factors at the percentage of  to 

govern pollutants; at this moment, the actual yield of enterprise is  1 F  and 

meanwhile the pollutant Z will generate, so:  
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Here （ ）   is the pollution discharge function for , and is the decreasing 

function of ; A is the production technology, and the parameter a (0,1) .  
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Production Decision 

Hypothesizing the one that enterprise produces X and wants maximized profit, the 

decision at this moment can be made by two independent processes (Lee 2007). On 

one hand, in the circumstances that the given capital cost is r and the labour pay is w, 

the enterprise will select an optimal capital-labour ratio to realize the minimized 

production cost CF of unit potential output. On the other hand, in the circumstances 

that the given unit potential production cost is CF and the pollution discharge cost is , 

the optimal combination of the potential output F and the pollution discharge Z will 

be selected to realize the minimized production cost CX required by the realization of 
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Industrial agglomeration (aggl) impacts emission degree 
of pollutant through three levels, i.e., S, A and mX (in the 
Equation 17), so the model can be further re-written as the 
one as follows: 
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In view of the Equation (21), we can find that there is a complicated relationship 

between industrial agglomeration (aggl) and environmental pollution, and its 

influential effect size depends on the size of its impact on S, A and X , and its 

function is nonlinear. 

MEASUREMENT MODEL, VARIABLE AND DATA 

Setting and Method of Measurement Model 

The analysis in this paper will be conducted based on the threshold panel model of 

Hansen; the threshold value and quantity of the model will depend completely on the 

sample data. 

The basic form of Hansen threshold is 1 ,i i iy x e q     and 2 ,i i iy x e q    . 

Where, qi is the threshold variable, it can be one regression element of explaining 

variable X, or one independent threshold variable;  is the special threshold value. 

In order to obtain the estimated value of the parameter, every observed value will 

be subtracted from the interclass average value to eliminate the individual effect, so 

the model can be changed into the one as follows: *
iy  * *( ) ix e   ;

*
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* *, ,i i i i i i i iy y x x x e e e。     . 

By piling up all observed values, it can be further changed into the matrix form, 

i.e.: * * *eIY X（ ）   . 

By using the conditional least square method and by calculating the minimum 

residual sum of squares S (), the estimated value of threshold value ̂ can be 

obtained: ˆ argmin ( )S
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Through the further calculation, the parameter estimate, residual vector and 

corresponding residual sum of squares can be obtained. 

After obtaining the parameter estimate, the focus process will be the one to 

conduct the significance test on the threshold effect and threshold estimate. The 
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Where, P is the pollutant discharge, aggl is the industrial 
agglomeration, X is a group of other control variables affect-
ing environmental pollution, especially the direct investment 
of foreign merchant, environmental regulation, energy con-
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sumption and technological innovation; the subscripts i and 
t stand respectively for the region and year, and there is the 

threshold variable, g is the threshold value, and I(×)
 
 is the 

indicator function.

Variable Selection and Data Description

Pollutant discharge (P): In reality, pollutant discharge 
includes mainly atmospheric pollution, water pollution, 
waste pollution and noise pollution. In view of the existing 
research, the one how to establish a comprehensive pollution 
index is used to reflect the one that there is no awareness 
consensus for the overall pollution of a region; therefore, 
more researches use the specific pollution indicators. Cur-
rently, China is the country in which the sulphur dioxide 
is discharged maximally, which is the main component of 
atmospheric pollutant, and the data has higher reliability. In 
this paper, the total discharge of industrial sulphur dioxide 
is used as the measuring indicator of pollution discharge.

Industrial agglomeration level (aggl): The measurement 
index of industrial agglomeration includes Hoover index, 
E-G index, Gini coefficient, location quotient, etc.; all of 
these indexes have certain merits and demerits. However, 
since the location quotient can reflect the spatial distribution 
of geographic elements authentically and relieve the regional 
scale error factor, it is used by most of the scholars at home 
and abroad. The calculation formula of the location quotient 
aggl of the industry r in the region i is detailed as follows:   
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Where, ire  is the total output value of the industry r in the region i. In this paper, 

the total industrial output value of various regions was used to calculate the location 

quotient to measure the industrial agglomeration level of every region. 

Other control variables: Direct investment of foreign merchant (fdi): From the 

perspectives of domestic and overseas researchers, the direct investment of foreign 

merchant impacts the environmental quality of host country via scale effect, structure 

effect and technological progress effect. However, certain scholars thought that the 

direct investment of foreign merchant intensified the environmental pollution of 

China; but meanwhile, some other scholars thought that the direct investment of 

foreign merchant improved the environmental pollution of China. Based on which, 

the influence of the direct investment of foreign merchant on the environment will be 

investigated in the paper, where the direct investment amount of foreign merchant 

used by each region in the past years will be used to measure, and these investment 

amounts will be adjusted into the RMB price according to the intermediary price of 

foreign exchange in the past years.  

Environmental regulation (pr): As the social concern on environmental quality 

becomes more and more and the weight of environment in governmental appraisal 

increases, the government will increase the input of environmental governance and 

protection, whereas the environmental regulation will become severer and severer and 

enterprise’s pollution discharge cost will increase too; if so, the enterprise will be 

.

Where, eir is the total output value of the industry r in 
the region i. In this paper, the total industrial output value of 
various regions was used to calculate the location quotient to 
measure the industrial agglomeration level of every region.

Other control variables: Direct investment of foreign 

merchant (fdi): From the perspectives of domestic and over-
seas researchers, the direct investment of foreign merchant 
impacts the environmental quality of host country via scale 
effect, structure effect and technological progress effect. 
However, certain scholars thought that the direct investment 
of foreign merchant intensified the environmental pollution 
of China; but meanwhile, some other scholars thought that 
the direct investment of foreign merchant improved the 
environmental pollution of China. Based on which, the 
influence of the direct investment of foreign merchant on 
the environment will be investigated in the paper, where the 
direct investment amount of foreign merchant used by each 
region in the past years will be used to measure, and these 
investment amounts will be adjusted into the RMB price 

according to the intermediary price of foreign exchange in 
the past years. 

Environmental regulation (pr): As the social concern on 
environmental quality becomes more and more and the 
weight of environment in governmental appraisal increases, 
the government will increase the input of environmental 
governance and protection, whereas the environmental 
regulation will become severer and severer and enterprise’s 
pollution discharge cost will increase too; if so, the enter-
prise will be pushed to make technological innovation and 
which will benefit to reduce environmental pollution. In this 
paper, the impact of environmental regulation factors on 
environmental pollution will be investigated by using the 
total investment amount of every region for the governance 
of industrial pollution. 

Energy consumption (ener): As China’s urbanization and 
industrialization process expedites, China’s energy consump-
tion is continuously increasing; moreover, the coal takes up 
a great proportion in the energy consumption structure of 
China; meanwhile, the main features of China’s industrial 
development is the high energy consumption and the high 
emission; therefore, the increasing energy consumption will 
cause huger stress on the environmental pollution of China. 
In this paper, the total energy consumption of various regions 
is adopted to make the measurement. 

Technological innovation (sr): Technological innovation 
will promote technological progress, and technological pro-
gress will facilitate enterprise to change production style and 
optimize structure; thereby enterprise may reduce pollution 
discharge and improve regional environmental pollution. In 
this paper, the total R&D expenditure of industrial enterprises 
above designated size in every region will be used to make 
the measurement.

Due to the availability of data, the data of 30 provinces 
and municipalities of China other than Tibet during the 
period from 2009 to 2016 were used in this paper to make 
the analysis. The data required were originated from the 
Environmental Statistics Yearbook of China, Industrial 
Economic Statistics Yearbook of China, Statistics Yearbook 
of China and Statistical Yearbook of other provinces and 
municipalities in the past calendar years.

EMPIRICAL ANALYSIS

Threshold Effect Test

Before determining the form of the model, there is a need to 
determine the number of thresholds. In view of the practice of 
Hansen, the industrial agglomeration level (aggl) can be used 
as the threshold variable, and 1, 2 and 3 threshold values are 
hypothesized to exist, where the corresponding value F and 
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P are detailed in Table 1. The result showed that the value 
F of the single threshold is highly significant, and its corre-
sponding value P is 0.016; whereas the corresponding value 
F of the dual and triple threshold is not significant, and their 
corresponding value P is higher than 0.10. Thich means the 
one using the industrial agglomeration level as the threshold 
variable refuses the original hypothesis of a linear relation-
ship and there is a single threshold effect, which means the 
one that the relationship between industrial agglomeration 
and environmental pollution is non-linear.

Furthermore, the threshold value can be obtained; the 
confidence interval with the threshold estimate of 0.529% is 
[0.528, 0.625], see Table 2 for the details. To understand the 
estimate of the threshold value and the construction process 
of the confidence interval, the likelihood ratio graph can be 
used, namely the likelihood ratio function sequence LR (g) 
serves as the tendency chart of threshold parameter; when 
the likelihood ratio LR (g) is 0, the estimated threshold value 
g will be equal to 0.529.

Threshold Model Estimates

The column II of Table 3 shows the threshold estimate 
of industrial agglomeration and environmental pollution. 
From this, it can be seen that the impact of industrial ag-
glomeration on environmental pollution has a remarkable 
threshold feature. When the industrial agglomeration level 
is less than 0.529, the impact of industrial agglomeration 
on environmental pollution is positive and its coefficient is 
0.2805; when the industrial agglomeration level is higher 
than 0.529, the impact of industrial agglomeration on envi-
ronmental pollution gets substantive change and it turns into 
a negative value, -0.5016; it signifies that there is a turning 
point between industrial agglomeration and environmental 
pollution. Such a turning point is rightly the threshold val-
ue. The relationship between industrial agglomeration and 
environmental pollution is not a simple linear relationship, 
and it is rightly different from most of the previous research 

conclusions. When the industrial agglomeration level is lower 
than the threshold value, the industrial agglomeration will 
intensify environmental pollution; the major reason causing 
this phenomenon is the one that industrial agglomeration 
scale effect takes up the leading function and it results in 
the capacity expansion, whereas the technology spillover 
effect of industrial agglomeration is not remarkable and 
which results in the one that resource consumption rate 
exceeds resource regeneration rate and environment’s bear-
ing capacity, and finally causes environmental pollution 
increase. When the industrial agglomeration level exceeds 
the threshold valve, the industrial agglomeration will turn 
to improve environmental pollution, which signifies that 
industrial agglomeration will cause positive external effect 
on environment; the major reasons causing such a phenom-
enon are: (1) when industrial agglomeration level improves 
to a certain extent, industrial agglomeration effect will be 
higher than crowding effect, which will promote market scale 
expansion and benefit to enhance scale economy effect and 
promote industrial production efficiency and management 
level to improve, and thereby make the pollution discharge of 
unit output reduce; (2) improvement of industrial agglomer-
ation level will promote regional economic development and 
improve regional per capita income level; in accordance with 
the Environment Kuznets Curve, the economic development, 
when it breaks through specific turn point, will be beneficial 
to improve environmental pollution; (3) improvement of 
industrial agglomeration level to a given extent will make 
the technology spillover effect become remarkable, and 
technology spill over effect will benefit to push intra-indus-
try enterprise technology advancement, where technology 
advancement will reduce the pollution discharge of unit 
output through direct effect and indirect effect, and thereby 
improve environmental pollution.

In other control variables, the regression coefficient of 
foreign merchant’s direct investment for environmental 
pollution is negatively significant, which signifies that the 

Table 1: Threshold effect test.

Item F-statistics P-value BS Number 1% Critical value 5% Critical value 10% Critical value

Single threshold 15.372** 0.016 400 15.208 10.501 7.502

Double threshold 3.564 0.214 400 20.086 9.076 5.683

Triple threshold 5.419 0.108 400 12.714 8.064 5.804

Note: ** indicates significant at 5% level.

Table 2: Results of threshold estimation value.

Item Threshold Estimation value 95% confidence interval

Single threshold model 0.529 [0.528, 0.625]
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direct investment of foreign merchant benefits to promote the 
improvement of environmental pollution of China to some 
extent, so the “pollution haven hypothesis (PHH)” is not 
true in China; this conclusion is rightly in conformity with 
the research conclusions of most of the scholars. The impact 
coefficient of environmental regulation on environmental 
pollution is positively significant, it signifies that environ-
mental regulation does not improve China’s environmental 
pollution and which differs from the theoretical analysis 
expectation. How to understand such a result? In the ap-
praisal of local government, the percentage of environmental 
factor is increasing gradually, and local government attaches 
more importance to environmental pollution and therefore 
increases more investment on the region where it suffers 
from severe environmental pollution. So, more investment 
of local government on environmental pollution governance 
is rightly the representation of the aggravated environmental 
pollution. To some extent, the more the investment on pollu-
tion governance is, the severer the environmental pollution 
under governance is. The possible reason causing this phe-
nomenon is the one that China’s subsidy for environmental 
pollution governance and China’s loan for environmental 

pollution governance focus only on pollutant governance and 
control, but both of them have limited incentive for enterprise 
and thereby the efficiency of investment on environmental 
pollution governance is not at a high level. The regression 
coefficient of energy consumption is positive, but it fails to 
pass the significance test; it signifies that energy consumption 
has a limited function on environmental pollution and it is 
not the main factor intensifying environmental pollution. 
Technological innovation can efficiently improve China’s 
environmental pollution, it signifies technological innova-
tion will promote the research, development and use of new 
environmental protection technology, which will benefit to 
improve traditional industry and develop emerging industry, 
and thereby improve environmental quality.

To make a comparison, the linear model estimate was 
made for the relationship between industrial agglomeration 
and environmental pollution in the paper, where the linear 
model estimate was respectively made by using the fixed 
effect and the system generalized method of moments (see 
Row 3-4 of Table 3 for specific results). From the estimated 
results, it can be seen that industrial agglomeration will re-
sult in environmental pollution and the coefficient is higher 

Table 3: Estimated results of threshold and linear model.

Explanatory Variable Threshold estimation
Linear estimation
(FE)

Linear estimation
(SYS-GMM)

aggl. I (q≦γ) 0.2805***
(2.94)

- -

aggl. I (q>γ) -0.5016**
(-2.27)

- -

aggl -
0.3641**
(2.43)

0.4796***
(9.84)

lnfdi
-0.0061***
(-4.34)

-0.0203**
(-2.07)

-0.0389****
(-3.46)

lnpr
0.1075***
(5.37)

0.1203***
(5.61)

0.0206***
(5.04)

lnener
0.0408
(0.64)

0.0405
(0.61)

0.0397**
(2.05)

lnsr
-0.0587***
(-2.65)

-0.0802***
(-2.79)

-0.0407***
(-5.73)

cons
2.764***
(7.48)

3.0304***
(7.61)

0.6802***
(4.87)

Abond test
For AR (1)

- -
-2.894
[0.007]

Abond test
For AR (2)

- -
0.0365
[0.865]

Sargan test - -
23.972
[0.504]

Note: Z-statistics are shown in parentheses in the table, and square brackets are P-values; ***, **, and * indicate significant at 1%, 5%, and 10%, respec-
tively; the system generalized moment regression model is two-step.
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than the threshold estimate, which is rightly caused by the 
one that linear model does not consider the difference in 
the high or low industrial agglomeration level, and different 
industrial agglomeration level results in the different spillo-
ver effect and agglomeration effect, and thereby causes the 
different functions for environmental pollution. Therefore, 
the relationship between industrial agglomeration and envi-
ronmental pollution is the non-linear. If the estimate is made 
only based on the linear model, it is very much possible to 
miss important explanation.

CONCLUSION

In this paper, the Copeland-Taylor model was used to deduce 
a theoretical model to represent the influencing mechanism of 
industrial agglomeration for environmental pollution. Based 
on this, the panel data of 30 provinces and municipalities 
(autonomous regions) of China during the period from 2009 
to 2016, as well as the threshold regression method were 
used to make empirical analysis on the relationship between 
industrial agglomeration and environmental pollution. Ac-
cording to the research findings, the relationship between 
industrial agglomeration and environmental pollution is 
not a simple linear relationship, but the impact of industrial 
agglomeration on environmental pollution has remarkable 
threshold features. When industrial agglomeration level is 
lower than the threshold value, the industrial agglomeration 
will intensify environmental pollution; when industrial ag-
glomeration level is higher than the threshold value, the in-
dustrial agglomeration will benefit to improve environmental 
pollution. Additionally, foreign merchant’s direct investment 
and technological innovation will improve environmental 
pollution to some extent, and PHH (pollution haven hy-
pothesis) is not true in China; the environmental regulation 
does not improve China’s environmental pollution, and the 
energy consumption is not the major factor intensifying 
environmental pollution.

The research conclusions of the paper provide the follow-
ing policy enlightenments: (1) Manage the relationship be-
tween industrial agglomeration and environmental pollution 
in a dynamic manner. Since a low industrial agglomeration 
level will intensify environmental pollution, efficient meas-
ures should be taken to improve industrial agglomeration 
level to the threshold valve; once it reaches to the threshold 
value, environmental pollution can be improved through 
the threshold effect of industrial agglomeration; therefore, 
improving the industrial agglomeration level is the major way 
of improving China’s environmental pollution. (2) Treating 
the function of industrial agglomeration on environmental 
pollution objectively; in the development course of industrial 
agglomeration level, the differentiated policy should be made 

for the different regions. In the region with low industrial 
agglomeration level, all appropriate measures can be taken 
to improve industrial agglomeration level and the direct 
investment of foreign merchant and severe environmental 
regulation can be used to improve environmental pollution 
and avoid from “pollution firstly and pollution governance 
secondly”. In the region with high industrial agglomera-
tion level, all appropriate measures, such as encouraging 
industrial technology innovation, optimizing industrial 
agglomeration direction, leading industrial agglomeration to 
develop toward high value-added industry (including high-
end R&D and design) should be taken. (3) Encouraging to 
introduce foreign capital, formulate differentiated policy 
based on regional environmental pollution and industrial 
development level, lead foreign capital to transfer to clean 
industry, pay attention to attract foreign-owned enterprise 
having environmental technology advantages, use overseas 
advanced technology and environmental protection stand-
ard to achieve the dual objectives of capital attraction and 
environmental protection, and push China’s economy to get 
high-quality development.
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