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Bioaccessibility and Health Risk Assessment of Heavy Metals in Dust of the
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~ ABSTRACT
Nat. Env. & Poll. Tech.
Website: www.neptjournal.com To investigate what health risks the heavy metals in dust will bring to the human body after

they enter humans through different exposure pathways- breathing inhalation and hand-to-
mouth ingestion, this study took the old urban area of Guiyang as the study area to grasp
the heavy metal concentrations of surface dust, in recreative squares main streets, hospitals,
residential areas, and schools in the urban area, and the bioaccessibility in the simulated

Received: 27-10-2021
Revised: 07-01-2022
Accepted: 24-01-2022

Key Words: lung and simulated gastrointestinal. The results showed that the concentrations of Cu, Pb,
Urban Dust Zn, Cd, Ni, and Cr in the dust were higher than the background values. Particularly, the Zn
Heavy metals concentration exceeded the background value by 9.71 times. The bioaccessibility results
Bioaccessibility indicated that the most soluble heavy metals in the simulated lung, simulated stomach, and
Health risk simulated intestine were Zn, Ni, and Cu, respectively, and the bioaccessibility of most heavy

metals was significantly higher in the gastric phase than that in the intestinal phase, and
only the bioaccessibility of Cu was higher in the intestinal phase than that in the gastric
phase. The linear results fit showed that the total amount of heavy metals alone could not
be used for predicting the human intake of heavy metals in the dust. Human health risk
assessment based on bioaccessibility showed that children had higher non-carcinogenic
and carcinogenic risks than adults in terms of both hand-to-mouth ingestion and respiratory
inhalation exposure pathways, but none of these figures exceeded the limit values.

INTRODUCTION assessment methods, bioaccessibility can more accurately
reflect the heavy metals in the human body scientifically and
reasonably. There has been a lot of research on bioaccessi-
bility at home and abroad, but the researches mainly focus
on soil heavy metals and metal mining areas, etc. (Du et al.
pollutant, heavy metals are featured by bioconcentration 00 Syltana et al. 2020). Although the bioaccessibility of
and difficult degradation and can cause a variety of hazards heavy metals in dust has been reported, the simulated diges-
after entering the human body through different exposure  (jon phase is only limited to the gastrointestinal phase, and
pathways (Tang et al. 2017). Dust is an important carrier for  here are few studies on the bioaccessibility of the simulated
the attachment of heavy metals and various pollutants. Since  regpiratory system in vitro. Therefore, this study used in vitro
dust is at a different environmental interface and can bring  gjmulated human digestive system and respiratory system
important source-sink effects (Renata et al. 2021). Therefore, o conduct the bioaccessibility study, and it is significant to
many scholars have studied the sources and spatial distribu-  carry out a health risk assessment on the urban populations
tion of heavy metals in dust, and most of the findings show  based on bioaccessible concentration.

that the sources of heavy metals in dust are mainly related to
vehicle exhaust emissions, wear and tear of the vehicles, and
aging of pavement materials, while the spatial distribution is

Cities are now where people spend the majority of their time,
and their rapid development has led to numerous environ-
mental health problems (Li et al. 2019a). As an inorganic

With the rapid development of the economy and the con-
tinuous expansion of urban transportation, Guiyang’s ecolog-
) ical and environmental problems have become increasingly
related to the source of pollution (Han et al. 2020, Yu et al. prominent. The main objective of this study was to evaluate
2021, Jose et al. 2021). the total heavy metal concentrations in Guiyang city. In vit-

Bioaccessibility refers to the ratio of the amount of con-  ro simulation method was used to simulate the leaching of
taminants released in the gastrointestinal fluid to the total  heavy metals from dust in human lungs and gastrointestinal
amount after the contaminants in the soil and food enter  tract respectively, to explore the bioaccessibility of heavy
the human digestive system. Compared with the traditional — metals. Finally, according to the bioaccessibility of heavy
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metals in different stages, these data could be used to conduct
non-carcinogenic and carcinogenic health risk assessment
studies for adults and children in the city.

MATERIALS AND METHODS
Study Area

Guiyang city (106°07"-107°17'N, 26°11'-27°22'E), as it is
known in Fig. 1, is located in the central part of the Guizhou
province. The old urban areas of Guiyang City were selected
for this research: Yunyan District and Nanming District.
These old urban areas have been developed for a long period,
and there have been historical residues of heavy metals in the
dust on the surface of old urban areas due to the expansion
of traffic and the construction of a large number of high-rise
buildings in its long history course. Therefore, urban resi-
dents living in the old city are facing potential health risks
from dust and heavy metal exposure.

Sampling and Sample Preparation

A total of 71 dust sampling points were shown in Fig. 1.
The sampling sites covered recreative squares, main streets,
hospitals, residential areas, schools, and other areas where
most people locate. The dust samples are collected from April
to May 2021, and it was ensured that the humidity in the city
was not high and the weather was clear during the sampling
period. All dust samples were packed in individually labeled
polyethylene sealed plastic bags and were transported back
to the laboratory for processing afterward. Before the ex-
periment, extra materials, such as hairs, sand, grit, and plant
residues, were removed from samples through a Imm nylon
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screen. Finally, samples were sieved through a 200 pm mesh
nylon screen, labeled, and prepared to be tested.

Gamble Analysis

In vitro simulated respiratory system mainly uses the Gamble
analysis method (Zoitos et al. 1997). The simulated lung fluid
was added to each reactor with a solid-liquid ratio of 1:1000,
and the temperature was kept at 37°C, the normal temperature
of the human body. The solution oscillated at 100 r-min’'
for 24 h in a constant-temperature oscillator, centrifuged
at 5,000 r-min”' for 10min, and filtered through a 0.45 um
filter membrane. Finally, the contents of Cu, Pb, Zn, Cd, Ni,
and Cr in the filtrate were measured by inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer NexION
2000).

Physiologically-Based Extraction Test (PBET) Analysis

The PBET method has become the most typical in vitro
method for simulating the digestive system (Ruby et al.
1993). The method was based on the physiological char-
acteristics of the human body to simulate the digestion
stage of the stomach and the absorption stage of the small
intestine. The simulated gastric liquid was added to each
reactor at a 1: 100 solid-to-liquid ratio and was oscillated in
a constant-temperature oscillator at 100 r-min”! for 1 h. In
the intestinal phase, saturated NaHCO; solution was added
until the pH of the solution reached 8.0, and then 0.14 g of
bile salt and 0.04 g trypsin were added into the constant, and
the mixture oscillated under the same conditions as the sim-
ulated stomach for 4 h. Then the supernatant was collected,
centrifuged, and filtered.

1065830°% LTS WERIE 100

Fa—

Fig. 1: Sampling points and map of the study area.
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Bioaccessibility in the gastric or intestinal stages could
be calculated based on the following equation:

C]V X VIV

BAC(%)= x100% (D)

S>< S

Where BAC is the bioaccessibility for heavy metals;
C,ymeans the concentration of heavy metals in the soluble
state in the lung dissolution, gastric digestion, and intestinal
absorption phases for the simulated experiment (mg.L™');
V,y refers to the volume for the reaction solution in each
reactor (L); T is the total amount for heavy metals in the
sample (mg.kg™); Mg is the mass for the sample in the
reactor (kg).

Human Health Risk Assessment

Considering that human exposure to heavy metals in the dust
is mainly through two exposure routes respiratory inhalation
and hand-to-mouth ingestion, this study was mainly based on
the bioaccessibility of simulated lungs and simulated gastro-
intestinal tracts to calculate the average daily exposure and
the corresponding non-carcinogenic and carcinogenic risks
for adults and children under these two routes. the average
daily exposure (ADD) and risk values were mainly calculated
in the following form:

Table 1: Parameter values in average daily intake calculation models of
heavy metals.

Parameter ~ Physical meaning Unit Child Adult
Cust The concentrationof ~ mg-kg! — —
heavy metals in dust
IngR Daily intake rate mgkg! 100 200
InhR Inhalation rate m?-d’! 56 165
EF Exposure frequency  day-year 180 180
ED Exposure time year 6 24
PEF Dust emission factor m3~kg'1 1.36x1 09m3~kg'1
CF Conversion factor / 1x10°°
BW Average weight kg 14.9 58.6
ABS Skin absorption / 0.001
factor
SA Exposed skin sur-  cm? 4350 1600
face area
AF Average exposure / 0.2 0.2
time
AT Average exposure day 365x6 365x24
(non-car- time
cinogens)
AT (car- Average exposure day 365x70  365%x70
cinogens)  time
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DD _ Cypy X InhRx EF X ED )
" PEFxBW x AT ~(2)
ADD, C, xIngRx EF x EDx CF LG

BW x AT

The physical meaning and values of the specific formula
parameters are listed in Table 1.

Heavy metals accumulate in the human body under differ-
ent exposure pathways and cause chronic non-carcinogenic
risks. Cd, Ni, and Cr mainly cause cancer in people. The hu-
man health risks caused by respiratory inhalation, hand-oral
ingestion, and dermal exposure in this study are expressed
as HI and CR, respectively (USEPA 2007).

ADD
HQO=—— .
0=20 )
HI:yHQZ ... (5
CR=Y ADD,xSF, . (6)

where HQ (Hazard Quotient) is the single non-carcino-
genic risk; RfD means the reference dose at different path-
ways (mg-kg'1 .d1). HI represents the total non-carcinogenic
risk due to all heavy metals; CR (Cancer Risk) represents the
total carcinogenic risk due to all heavy metals; SF refers to
the slope for carcinogenicity (mg-kg'lod'l).

The Environmental Protection Agency (EPA) believes the
risk is low when HQ or HI < 1 and some non-carcinogenic
risk is produced when HQ or HI >1; the carcinogenic risk
is negligible when CR is below 10, within the acceptable
range, that is, between 10 and 10'4, and above 10'4, the car-
cinogenic risk can be regarded as a serious one. The physical
meaning and values of the specific formula parameters are
listed in Table 2.

Data Analysis

The data were compiled by Excel 2016, and the spatial

Table 2: Reference doses for non-cancer metals and slope factors for car-
cinogenic metals.

Elements  RfD;,, RfD;, SFipe SFin
Cu 4.00E-02  4.00E-02 - -

Pb 3.50E-03  3.50E-03 - -

Zn 0.3 0.3 - -

Cd 1.00E-03 1.00E-03 6.1 6.30
Ni 2.00E-02  2.06E-02 - 0.84
Cr 3.00E-03  2.86E-05 - 42.0
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distribution for sampling points was performed by ArcGis
10.2. The visualization of the data was plotted by OrginPro
8.0. The fitting relationship between the total amount of
heavy metals in dust and the bioaccessibility in different
simulation stages was performed by SPSS 16.0. The degree
of fit could reflect the correlation between the total amount
and the bioaccessible amount.

RESULTS AND DISCUSSION
Total Metal Concentration

The concentrations of Cu, Pb, Zn, Cd, Ni, and Crin 71 dust
samples in this study were shown in Fig. 2 and Table 3. From
Table 3, all heavy metal concentrations of dust were signifi-
cantly above the background values, which were 5.16, 1.82,
9.71,2.92,3.41,4.99, and 1.72 times the background values,
respectively. The concentrations were ranked as follows:
Zn > Cu > Cr > Ni > Pb > Cd. Although the concentration
of Pb in this study exceeded the background value, it was
significantly reduced compared with previous studies on
heavy metals in urban road dust. It could be speculated that
the Pb concentration in this study was less than limited levels
probably because of the widespread use of unleaded gasoline.
However, the reason why it was higher than the background
value might be due to the relatively long development his-
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tory of the old city, some of the Pb was deposited in the
dust or might be related to the wear of automobile materials
(Zheng et al. 2020). Among the investigated heavy metals,
Zn content significantly exceeded the standard of other heavy
metals. According to our analysis, the main sampling sites
in this study were located near the main roads and parking
lots of residential areas. Some studies suggested that the
high concentration of Zn was related to the wear and tear
of car parts and tires (Goix et al. 2016). According to the
statistical principle, the larger the coefficient of variation
(C.V), the greater the degree of dispersion of the pollutant,
and the greater the influence of external factors. From Ta-
ble 3, it could be seen that the coefficient of variation was
ranked from high to low as Pb > Cd > Zn > Cr > Cu > Ni so
it could be seen that Pb, Cd, and Zn showed a higher level
of variation, indicating that these three heavy metals were
uniformly distributed spatially compared with each other and
were more influenced by external factors. At the same time,
the conclusion in this study is consistent with the conclusion
drawn by Fan et al. (2020).

In Vitro Stimulation of the Respiratory System

The bioaccessibility of Cu, Pb, Zn, Cd, Ni, and Cr in the
simulated lung was shown in Fig. 3 and Table 4. Among
the six elements involved in this study, Cr had the lowest

2000
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Fig. 2: Total heavy metals in dust in this study.
Table 3: Concentrations of heavy metals (mg.kg'l) in surface dust.
Element Minimum Maximum Median Mean + SD C.V. [%] Background value
Cu 100.67 315.72 156.98 165.41 +47.37 28.64 32.0
Pb 11.24 163.34 45.82 64.41 +44.28 68.76 352
Zn 157.44 1793.91 996.21 966.61 +373.19 38.61 99.5
Cd 0.13 3.62 1.99 1.924 +0.89 46.41 0.659
Ni 73.72 187.52 127.82 133.26 + 26.39 19.81 39.1
Cr 5491 325.86 162.64 164.86 + 53.69 32.57 95.9
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bioaccessibility (3.81%) and Zn had the highest bioacces-
sibility (38.97%). The high dissolution of Zn in simulated
lungs might be related to the special characteristic of Zn.
Studies had shown that car tire wear is an important source
of ZnO in dust, and the low bioaccessibility of Cr might also
be related to the occurrence of ZnO (Adachi & Tainoshu
2004). Some researchers extracted different forms of Cr
using Tessier sequential extraction method and found that Cr
was mainly in the insoluble residual fraction and the soluble
fraction was relatively low. Therefore, the bioaccessibility
of Cr in simulated lung fluid was the smallest. In this study,
the bioaccessibility of Cd in simulated lung fluid was sim-
ilar to that of Cr and was at a lower level (Li et al. 2019b).
However, some studies had shown that the bioaccessibility
of Cd in simulated lungs was at a higher level. The reason
for the difference may be related to the components in the
simulated lung fluid, pH, extraction time, and the source of
Cd (Zhang et al. 2019). The bioaccessibility percentages of

60
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the other three heavy metals Cu, Pb, and Ni in the simulated
lung were 12.99%, 15.51%, and 10.54%, respectively.

In Vitro Stimulation of the Digestive System

In this study, the bioaccessibility of heavy metals in dust in
the simulated stomach and intestine stage was shown in Fig.
3 and Table 4. It could be seen that the bioaccessibility of
Cu, Pb, Zn, Cd, Ni, and Cr in the stomach and intestine of
71 samples. Table 4 summarized the range, average concen-
tration, and median of the bioaccessibility of heavy metals
in dust samples. The heavy metals with high bioaccessibility
in the gastric phase were Cu, Zn, Cd, and Ni, which all were
more than 40%. Cr had the lowest dissolution rate of 4.19%.
In the intestinal phase, the average of heavy metals bioacces-
sibilities was as follows: Cu>Zn>Ni>Cd>Pb>Cr. Compared
with the bioaccessibility of the gastric phase, the bioacces-
sibility in the intestinal phase was significantly reduced,
Pb bioaccessibility decreased from 23.89% to 13.26%, Zn
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Fig. 3: The percentage for bioaccessibility of each heavy metal at different simulation stages.
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Table 4:Bioaccessibility of heavy metals in the lung phase, gastric phase, and intestinal phase of dust.

Heavy Lung [%] Gastric [%] Intestinal [%]

metals Range Median Mean Range Median Mean Range Median Mean
Cu 6.68-20.36 12.36 12.99 22.77-59.98 41.46 41.85 37.13-75.66 53.26 53.62
Pb 2.26-29.61 15.01 15.51 10.98-43.96 22.11 23.89 4.57-33.14 12.37 13.26
Zn 20.54-57.69 37.67 38.97 24.43-65.69 4435 4522 11.25-41.36 26.51 26.49
Cd 0.57-14.03 2.82 3.88 20.26-63.10 42.96 43.07 5.29-35.14 17.46 20.17
Ni 4.99-19.34 10.04 10.54 33.22-57.51 4591 46.16 13.27-37.46 25.64 25.32
Cr 1.47-9.33 3.39 3.81 1.47-9.51 3.68 4.19 0.27-6.87 321 3.09

bioaccessibility from 45.22% to 26.49%, Cd bioaccessibility
from 43.07% t0 20.17%, and Ni from 46.16% to 25.32%. The
bioaccessibility of Cr from the stomach stage to the intestine
stage changed little, while Cu increased from 41.85% in the
stomach stage to 53.62% in the intestine stage. In general,
the bioaccessibility of most heavy metals was significantly
higher in the gastric stage than in the intestinal stage. Some
research showed that heavy metals, such as Pb, Zn, Cd,
and Ni, were more active and easily soluble and digested
under acidic conditions in the stomach (Soltani et al. 2021,
Zhao et al. 2020). After the heavy metals dissolved in the
gastric stage (acidic) enter the intestinal stage (alkaline),
the adsorption and precipitation reaction occurred and the
solubility of heavy metals decreased. The small degree of

change in Cr might be mainly because Cr was mainly in
the form of residues and the dissolution rate was not high
in simulated human gastrointestinal fluid (Li et al. 2019b).
The reason for the increased Cu bioaccessibility was that Cu
could be complex with trypsin and bile salts, thus showing
a higher solubility effect in the intestinal absorption phase
(Xu et al. 2018).

Relationships Between the Bioaccessibility and the
Total Concentrations

The linear relationships between the total amount of Cu, Pb,
Zn, Cd, Ni, and Cr in dust and bioaccessibility in the simulat-
ed lung phase, gastric phase, intestinal phase were presented
in Fig. 3, Fig. 4, Fig. 5. Linear coefficients (R?) of the total
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Fig. 4: Linear fit of the lung phase.
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amount of each heavy metal in the dust and bioaccessibility
in the simulated lung phase were 0.0076, 0.8137, 0.8044,
0.0367, 0.0201, and 0.0269, respectively. Only the total
amount of Pb (R’=0.8137) and Zn (R*=0.8044) showed a
significant correlation with the concentration of the lung fluid
extract, while other heavy metals had no significant linear re-
lationship with the total concentration. The linear coefficients
(R?) of each heavy metal in the gastric phase were 0.6057,
0.8003,0.8074,0.6868,0.7151, and 0.1168, respectively. The
concentration of Pb, Zn, and Ni in the gastric fluid extract
stage showed good correlations with the total amount in dust,
Cu and Cd showed moderately positive correlation, and there
was no significant correlation for Cr. The linear coefficients
(R?) of each heavy metal in the simulated intestinal phase
were 0.6279, 0.6276, 0.5085, 0.4501, 0.4135, and 0.1244,
respectively, and the total amount of heavy metals showed a
moderately positive correlation with the concentration of the
intestinal extract stage except for Cr. It could be seen from
the linear fit relationships in different phases that the total
amount of Pb and Zn could only be used to simply estimate
the digestive dissolution in the human lung and stomach, but
most of the total heavy metals could not greatly affect the
bioaccessibility. Since human mainly intakes heavy metals
through the intestine, therefore, the previous health risk
using the total amount of heavy metals had some errors and
could not accurately reflect the absorption of heavy metals
in the human body or carcinogenic and non-carcinogenic
risk values (Sun et al. 2018).
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Health Risk Assessment of Heavy Metals Based on
Bioaccessibility

According to Table 5, the average daily non-carcinogenic
exposure for children was higher than that for adults in both
pathways, and the daily average non-carcinogenic was also
higher than that for adults. The daily average exposure of
non-carcinogenic heavy metals for hand-to-mouth intake
was shown as follows: Zn>Cu>Ni>Pb>Cr>Cd. Zn could
reach 8.29E-04, and Cd was the smallest among all these
heavy metals, reaching 1.21E-06. Thus, in comparison, the
number of heavy metals absorbed in the intestine was higher,
and the non-carcinogenic risk by hand-oral intake was also
much higher than that through respiratory inhalation (Shahab
et al. 2018). However, the non-carcinogenic risks for Cu,
Pb, Zn, Cd, Ni, and Cr in both exposure pathways did not
exceed 1, which was below the standard values, indicating
that no non-carcinogenic risks were caused. Although both
children and adults had the highest daily average exposure
to Zn by these two pathways among all these metals, Pb was
the non-carcinogenic element with the greatest risky value in
the non-carcinogenic risk assessment results. According to
Table 3, children had the highest average daily exposure
of Ni for children reached 4.99E-10 under the respiratory
inhalation pathway, the total carcinogenic risk for children
was 6.38E-07 under the two pathways, and the total carcino-
genic risk value for adults was 8.71E-10. Furthermore, the
carcinogenic risk values of Cd, Ni, and Cr for children were
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Fig. 5: Linear fit of the gastric phase.
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Table 5: Health risk assessment on heavy metals based on bioaccessibility in dust for adults and children.

Heavy Children Adults

metals ADD;,, HQjq ADD;; HQjyn HI ADD;,, HQj,g ADD,, HQjy HI
Hazard quotient(HQ) /mg-kg'l~d'1

Cu 1.48E-04 3.69E-03 2.72E-09 6.80E-08 3.69E-03 7.51E-05 1.88E-03 2.04E-09  5.09E-08 1.88E-03
Pb 2.51E-05 7.15E-03 1.34E-09 3.84E-07 7.15E-03 1.27E-05 3.64E-03 1.01E-09  2.88E-07 3.64E-03
Zn 8.29E-04 2.76E-03 5.29E-08 1.76E-07 2.76E-03 4.22E-04 1.41E-03 3.96E-08 1.32E-07 1.41E-03
Cd 1.21E-06 1.22E-03 8.77E-12 8.77E-09 1.22E-03 6.17E-07 6.18E-04 6.57E-12  6.57E-09 6.18E-04
Ni 1.12E-04 5.58E-03 1.94E-09 9.43E-08 5.58E-03 5.67E-05 2.84E-03 1.46E-09  7.07E-08 2.84E-03
Cr 1.62E-05 5.41E-03 7.68E-10 2.68E-05 5.44E-03 8.25E-06 2.75E-03 5.75E-10  2.01E-05 2.77E-03
Total 1.13E-03 2.58E-02 5.97E-08 2.75E-05 2.58E-02 5.75E-04 1.31E-02 447E-08  2.06E-05 1.32E-02
Cancer risk(CR)/ mg-kg'l-d'1

Cd 1.04E-07 6.35E-07 7.52E-13 4.74E-12 6.35E-07 6.01E-14 3.67E-13 2.25E-12 1.42E-11 1.46E-11
Ni — — 1.67E-10 1.40E-10 1.40E-10 — — 4.99E-10  4.19E-10  4.19E-10
Cr — — 6.58E-11 2.76E-09 2.76E-09 — — 1.97E-10  8.28E-09 8.28E-09
Total 1.04E-07 6.35E-07 2.34E-10 2.90E-09 6.38E-07 6.01E-14 3.67E-13 6.98E-10  8.71E-09 8.71E-09

6.35E-07, 1.40E-10, and 2.76E-09, respectively. According  was highest under the hand-to-mouth pathway of ingestion,
to the calculation results, the carcinogenic risk of children SO people who need to travel should take pr()tec[ive measures,
could also be ignored. The carcinogenic risk values of Cd,Ni,  such as wearing a mask and washing hands regularly.

and Cr in adults reached 1.46E-11, 4.19E-10, and 8.28E-09

respectively, which the risk of cancer in adults was negligible  CONCLUSIONS

based on the calculation results. Based on the evaluation re-

sults, although the non-carcinogenic and carcinogenic risks  In this study, the total amount of Cu, Pb, Zn, Cd, Ni, and
did not reach the risk values, the exposure to heavy metals  Cr in surface dust in the old urban area of Guiyang city was
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Fig. 6: Linear fit of the intestinal phase.
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investigated. The study aimed to study the bioaccessibility
and health risk assessment of the two exposure routes of
inhalation and hand-to-mouth ingestion were studied. The
results indicated that (1) The total amounts of Cu, Pb, Zn, Cd,
Ni, and Cr in surface dust in the old urban area of Guiyang
exceeded the background values of Guizhou Province, show-
ing different degrees of pollution. Especially, the extent of
Zn exceeded the standard greatly, 9.71 times the background
value. The coefficient of variation indicated that Pb, Zn, and
Cd were mainly disturbed by human activities and external
factors. (2) Subsequently, bioaccessibility experiments on
heavy metals in dust were conducted in the simulated lung,
stomach, and intestine. According to the results, among the
heavy metals with the highest dissolution in the simulated
lung stage, Zn (38.97%) had the highest bioaccessibility
and Cr (3.81%) had the lowest dissolution. In the gastric
phase, the highest bioaccessibility was Ni (46.16%) and
the lowest dissolution was Cr (4.19%). In the intestinal
phase, Cu (53.62%) had the highest bioaccessibility while
Cr (3.09%) had the lowest dissolution. (3) Thirdly, a linear
fit was shown between the total amount of heavy metals in
dust and the bioaccessible amount of Pb and Zn in different
simulation stages, which proved that only the bioaccessibility
of Pb and Zn had a better correlation with the total amount
in the simulated lung and gastric phases. In the simulated
intestine stage, the heavy metals had no significant corre-
lation with the total amount in this study, showing that the
total amount of heavy metals alone could not help predict
the human intake of heavy metals in the dust. (4) The results
of health risk assessment based on bioaccessibility showed
that the non-carcinogenic and carcinogenic risks for children
were higher than those of adults under both hand-to-mouth
intake and respiratory inhalation exposure pathways, and the
non-carcinogenic and carcinogenic risk values for Cu, Pb,
Zn, Cd, Ni, and Cr did not exceed the limits, indicating that
the health risks of children and adults in this region were
within acceptable limits. However, the non-carcinogenic and
carcinogenic risks did not reach risk values, the risk under
the hand-to-mouth pathway was higher than those under the
respiratory inhalation pathway so people living in this urban
area need to take certain protective measures.
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ABSTRACT

In the agricultural region of the Xiliao River Plain, drip irrigation under mulch has been
widely implemented. It not only saves irrigation water, but also changes the structure of the
underlying surface of agricultural land, which affects the local hydrological cycle to a certain
extent, and makes the process of nitrogen transportation in soil with new characteristics. This
study analyzed the distribution of NH,;-N, NO3-N, and NO,-N in different soil depths during
the whole growth period under three underlying surface conditions, including drip irrigation
under mulch, border irrigation, and bare area through field in-situ observation experiment,
and analyzed the influence of drip irrigation under mulch on nitrogen transport in deep soil
layers. The results showed that under the soil properties of the experimental area, drip
irrigation under mulch creates more water to enter the deep soil layers, which was beneficial
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Mulch to alleviate the downward trend of local groundwater level to a certain extent. The average
NOS-N content of NH,-N and NO5-N under drip irrigation under mulch was higher than that under
NH,-N border irrigation. The average content of NH,-N under drip irrigation under mulch was 1.24

mg.kg™" in soil depths of 80-300 cm, and 0.97 mg.kg™' under border irrigation. The average
content of NO5-N under drip irrigation under mulch was 2.73 mg.kg™" in soil depths of 80-300
cm, and 1.99 mg.kg™" under border irrigation. The increment of NH4-N and NO,-N distribution
in deep soil layers under drip irrigation under mulch was greater than that under border
irrigation, and the increment of NO5-N content is significantly greater than that under border
irrigation. Soil water content has a significant impact on the contents of NH,-N and NOs-N.
It indicated that compared with traditional border irrigation, drip irrigation under mulch was
beneficial to alleviate the downward trend of local groundwater, but it would increase the risk
of nitrogen pollution in local groundwater.

Groundwater pollution
Xiliao river plain

INTRODUCTION Research shows that groundwater nitrogen pollution is a
common environmental problem in China, and the concentra-
tion of NO5-N in shallow groundwater is close to 10 mg.L!
(the maximum pollution scale of EPA in the United States).
Excessive use of nitrogen and phosphorus in agricultural pro-
duction in an irrigated farming area will cause groundwater

pollution through eluviating. (Hansen et al. 2017, Soldatova

The Xiliao River Plain is located in the western part of north-
east China, most of which is in the semi-arid area, with low
annual rainfall and high evaporation, relatively poor surface
water, and abundant groundwater which is easy to exploit
and utilize. With the development of agriculture, industry,

and economy in the region, the lack of surface water can
hardly meet the needs of normal production and life, and the
rich local groundwater resources become the main source of
water supply in the region (Zhong et al. 2018). Long-term
sustainable utilization of groundwater is the basis of econom-
ic development and agricultural production in this region.
Therefore, ascertaining the characteristics of groundwater
recharge and the safety of groundwater quality is critical
to the effective management of local water resources and
the ecosystem that depends on groundwater. (Macdonald &
Edmunds 2014, Zhang & Wang 2021)

et al. 2021) Compared with non-point source pollution of
surface water, the pollution of groundwater by nitrogen and
phosphorus is more serious to human health in the Xiliao
River Plain, where groundwater is the main source of water
supply. At present, the Xiliao River Plain is faced with many
water resources problems, such as river drying up, surface
water pollution, groundwater overexploitation, etc. (Zhong
et al. 2018). Groundwater quality in some areas of the basin
has been polluted to different degrees, especially nitrogen
pollution, the detection rate, and the variation trend both show
an upward trend, and three kinds of nitrogen (NH,-N, NO5-N,
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NO,-N) are often detected at the same time. The potential
threat of nitrogen pollution to groundwater security is more
serious in an irrigated farming area of the Xiliao River Plain
where groundwater is the main source of water.

Eluviation is considered to be one of the main ways of ni-
trogen loss in agricultural production, especially in irrigation
systems of farmland. The results showed that precipitation
and irrigation amount influenced the eluviation process of
nitrogen and phosphorus (Williams et al. 2021, Hao et al.
2015), nitrogen eluviation is easy to occur in places with
high nitrogen application rate and shallow rooting depth
(Halvorson et al. 2008, Fan et al. 2010). The transport process
of NO;-N is related to soil properties (Liu et al. 2021, Igbal
et al. 2019). The clay layer in the soil profile tends to form
saturated soil, which is conducive to delaying and attenuating
the process of water infiltration, to reduce the amount of
NO;-N leaching into groundwater (Li et al. 2018). In addi-
tion, the time point of fertilization and type of fertilizer, the
type of land use, and the thickness of the percolation zone
also significantly affected the storage of soil nitrogen salts
and the concentration of groundwater nitrogen salts (Rob-
ertson. et al. 2017, Suchy et al. 2018). With the increasing
demands for water in irrigation areas and the development of
irrigation technology, under the background of “Water-saving
and grain-increasing”, drip irrigation under mulch has been
widely promoted in the Xiliao River Plain (Wang et al 2014).
Drip irrigation under mulch is a technology combining film
mulching and drip irrigation, which makes the limited water
cycle between soil and mulching, and changes the original
hydrological cycle (Wang et al. 2014, Jia et al. 2021). The
large-scale promotion of drip irrigation under mulch has also
changed the underlying surface conditions in an irrigated
farming area of Xiliao River to a certain extent, and new
characteristics of water transport and solute transport have
emerged. Therefore, the study on the characteristics of solute
transport under drip irrigation under mulch is helpful to more
comprehensively evaluate the comprehensive effect of drip
irrigation under mulch as a water-saving measure.

At present, the research on drip irrigation under mulch
mainly focuses on crop yield, effective water utilization
coefficient, and salt and water utilization above the root
length of crops, while less attention is paid to the storage,
movement, and attenuation process of inorganic nitrogen in
deep soil layers (Mil et al 2018, Chen et al 2015). Because
of the difficulty of sampling, the potential reserves and re-
tention time of inorganic nitrogen in deep soil layers have
not been determined, posing a potential threat to the quality
of future groundwater in some areas (Ascott et al. 2017). At
present, numerous methods have been applied to monitor
the characteristics of water and solutes, such as field in-situ
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experiments, monitoring equipment (time domain reflectom-
etry, etc.) (Aharoni et al 2017), and tracer experiments and
stable isotopes (Xiang et al. 2019). Field in-situ experiment
is widely used because of their authenticity and accuracy.

The experimental area of this study is located in the
Jianping Irrigation Experimental Station, Chaoyang City,
Liaoning Province, China. Through field, in-situ observation
experiments, the soil water content, and nitrogen content
in different soil depths under three kinds of soil surface
conditions, including drip irrigation under mulch, border
irrigation, and bare area were observed during the whole crop
growth period. The main objectives of this study were to (1)
describe, analyze the effects of drip irrigation under mulch
on different distribution characteristics of soil water and
nitrogen content, and (2) analyze the effect of drip irrigation
under mulch on nitrogen migration. From the perspective of
hydrology and water resources, this paper reflects a more
comprehensive evaluation of the performance of drip irriga-
tion under mulch in the hydrologic cycle and provides more
references for making water resource development strategies
in similar areas.

MATERIALS AND METHODS
Site Description

The experimental area is located in the Jianping Irrigation
Experimental Station, Chaoyang City, Liaoning Province,
China (E119°18’, N 41°47’), on the east bank of the Lao-
Ha River and has an elevation of 461m. It is located in the
transitional zone of oceanographic monsoon climate to a
continental climate, which belongs to the semi-arid mon-
soon continental climate. This area is a typical semi-arid
area with the characteristics of a vertical hydrological cycle.
Rainfall rarely forms surface runoff, and the infiltration is
intense. Rainfall is the main source of groundwater recharge.
The average annual rainfall is 440mm, 80% of the rainfall
is concentrated from June to August. The average annual
evapotranspiration is 1800-2100mm, and the evaporation
is the largest in April-June, accounting for 45%-50% of
the total annual evaporation. The sunshine duration is long,
and the annual average sunshine duration is 2868-3111h.
The average temperature for many years is 5-6°C. The
hydrologic cycle and climate-related characteristics of the
experimental area are representatives, which can represent
the Xiliao River basin.

Field irrigation methods in the experimental area are
mainly border irrigation and drip irrigation under mulch. The
soil is dominated by loamy sandy soil and sandy with some
sandy loam interbedded between layers. The concentrations
of inorganic nitrogen (NH,-N, NO5-N, NO,-N) in ground-
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water were 0.590 mg.L'l, 12.889 mg.L'l, and 0.004 mg.L'l,
respectively. Among them, the NO;-N concentration exceeds
the maximum pollution scale of THE US EPA. According to
the actual local planting situation, maize (Liaodan 1211) was
selected as the research object in this experiment.

Design of Experiments

In the planting area of the experimental area, two irrigation
methods were set, one was drip irrigation under mulch and
the other was border irrigation. At the same time, the bare
area (non-planted crops) was set as blank control, and there
were three kinds of underlying surface forms. To exclude
the error caused by soil spatial variability and experimental
contingency, the experiment was repeated several times.
Due to the impermeability of drip irrigation and mulching
under the plastic film and the rain-catching effect of furrows,
water will move sideways (Zhang & Wang 202). In the drip
irrigation area under mulch, two monitoring sections were
set up, namely, the middle position of plastic film (MPF) and
the middle position of furrow (MF). Water infiltration under
drip irrigation was changed from one-dimensional infiltra-
tion to two-dimensional infiltration. To eliminate errors, the
moisture and solute contents were calculated using MBF
and MF. A separate monitoring section, called MBI, MBA,
is set up in border irrigation and flat bare areas, respectively,
as shown in Fig. 1.

The experiment began on April 29, 2019, and ended on
October 22, 2019. Border irrigation was carried out irriga-
tion before sowing on May 9, with the irrigation amount of
600 m3.hm™, sowing on May 15, and seedling on May 25.
Drip irrigation under mulch was carried out irrigation before
sowing on May 9, with the irrigation amount of 300 m3.hm?,
sowing on May 9, and seedling on May 21. Border irrigation
was applied with DAP (diammonium phosphate) (N 18%)
187.5 kg.hm™ on May 15 and urea (N 46%) 375.0 kg.hm™
on June 28. Drip irrigation under mulch was applied with
DAP (N 18%) 187.5 kg.hm'2 and slow-release fertilizer (N
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20%) 450.0 kg.hm™* on May 9. To explore the characteristics
of soil water and inorganic nitrogen migration in different
growth periods of crops, typical time points of crop growth
were selected for measurement, namely, April 29 (Initial
state), June 5 (Early stage of crop growth), July 9 (Rapid
growth stage of crop growth), August 23 (Middle stage of
crop growth) and October 10 (Late stage of crop growth).
The rainfall, irrigation, and sampling time points during the
test are shown in Fig. 2.

Design and Measurement

During the experiment, the groundwater level in the exper-
imental area was maintained at about 320 cm. To better ex-
plore the characteristics of water and solute transport between
crop roots and groundwater levels in deep soil layers, the
research depth was set at 300 cm. Soil samples at different
depths were sampled with a soil sampler, and soil samples
were taken every 20 cm To eliminate the errors caused by
soil spatial variability and experiment contingency, repeated
tests and multiple selection sites were carried out.

The soil mass moisture content was measured by oven
drying method and converted to soil volume water content,
the formula is shown below.

My
O =2 (D)
6, =6, Z—"; .2

Where 6, is the soil mass moisture content (g-g”), 0, is
the soil volume water content (cm>cm™), M, is the mass of
water in the sample (g), M, is the mass of soil in the sample
(g). py, 1s soil bulk density (g-cm™), p,, 1s the bulk density of
water, p,, =1.0 g- cm’.

The soil samples were extracted with KCL solution and
analyzed with Auto Discrete Analyzers (CleverChem380) for
NH,-N (lower detection limit 0.005 mg.L'l), NO;-N (lower
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Fig. 1: Soil water content and solute observation profile.
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detection limit 0.003 mg.L'l), and NO,-N (lower detection  Soil Water Content

limit 0.002 mg.L™"). Use the following formula to make the
conversion.

_ My
A

0., ..(3)

Where C is soil solute concentration (mg.kg’l), Cyisthe
concentration of sample solution (mg.L™"), v is the volume of
KCL solution (mL), M, is the mass of soil in the sample (g).

RESULTS
Soil Property

Undisturbed soil was taken from 0-40cm, 40-70 cm, 70-110
cm, 110-250 cm, and 250-300 cm in the test area, and the
basic physical properties of soil (bulk density, field capacity,
and saturated soil water content) were obtained through exper-
iments. Soil particle analysis was carried out to determine the
soil type according to the American soil classification standard.
The test results are shown in Table 1. The soil texture in the
test region is mainly loamy sandy soil and sandy, with some
sandy loam interbedded between layers. From the results of
soil particle analysis, it can be seen that the sand content in
the experimental area is large and the infiltration capacity is
strong. Previous studies have also proved that the soil in the
experimental area has a strong infiltration capacity.

Table 1: Physical properties of soil in the test area.

The distribution of soil water content with soil depth in
border irrigation, drip irrigation under mulch, and the bare
area are shown in Fig. 3.

Since the roots of maize are mainly distributed in
0-80cm soil, the ability of root water uptake in the region
below 80 cm was relatively weak, the soil was divided into
two parts with a limit of 80 cm. Above 0-80 cm, the water
content of drip irrigation under film was high. At 40 cm, the
maximum water content of drip irrigation under mulch was
24.54%, which was greater than that of bare area (22.39%)
and far greater than that of border irrigation (17.91%). At
80cm-300 cm, the average water content of drip irrigation
under mulch was 7.94%, which was close to that of bare area
(7.68%) and greater than that of border irrigation (6.35%).
Soil water content firstly increases and then decreases. The
reason for this phenomenon is related to soil properties at
different depths. The soil at the depth of 40 cm had better
water preservation, while the soil below 80 cm had better
infiltration capacity.

The results showed that the water content of drip irriga-
tion under mulch was higher than border irrigation in the soil
about 40 cm and below 80 cm. The reason for this phenom-
enon was that under the influence of the local hydrological
cycle, the film mulching did not reduce the infiltration amount

Soil depth (cm) Volume weight [gem™]  Field capacity [em®-cm™] Saturated soil water content [em®-cm™] Soil type
0-40 1.54 0.21 0.44 Loamy sand
40-70 1.65 0.35 0.44 Sandy loam
70-110 1.59 0.24 0.43 Sand
110-250 1.62 0.14 0.41 Sand
250-300 1.51 0.10 0.36 Sand

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology
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of rainfall and made the water vapor circulation under the
film, which reduced the evaporation of soil water to a certain
extent. Due to the rain-catching effect of ridging, more wa-
ter is absorbed into the deep soil Under the comprehensive
influence of the strong infiltration capacity of the local soil.
Compared with border irrigation, drip irrigation under mulch
could save about 50% of irrigation water and get more water
into deep soil, which was beneficial to the process of ground-
water infiltration and recharge, and alleviated the downward
trend of local groundwater level to a certain extent.

The Content of NH,-N

The distribution of NH, -N content with soil depth in border
irrigation, drip irrigation under mulch, and bare area during
the whole growth period is shown in Fig. 4.

As can be seen from Fig. 4, the contents of NH,-N in the
soil under the three underlying surface conditions all decreased
gradually with the increase of soil depth. Under drip irrigation
under mulch, the average content of NH,-N was 2.85 mg.kg!
at 0-80 cm depth and 1.24 mg.kg" at 80 cm-300 cm depth
during the crop growth period. Under border irrigation, the
average content of NH,-N was 1.90 mg.kg'1 at 0-80 cm and
0.97 mg.kg at 80 cm -300 cm. Under bare area the average
content of NH,-N was 1.44 mg.kg’1 at 0-80cm and 0.55
mg.kg" at 80-300 cm. This was because the solute transport
was easily affected by soil properties, the shallow soil layers
in the experimental area contained much more clay and silt
than the deep soil layers. The negatively charged colloids in
the shallow soil layers tended to adsorb the positively charged
NH,-N ions, thus hindering the further downward movement
of NH,-N, resulting in a higher content of NH,-N in the shal-

water content (em’ em™)
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low soil layers. Only when the soil water content was close to
the saturated water content or reached the upper limit of the
adsorption capacity of colloidal particles, NH,-N would be
driven by infiltration to the deep soil layers.

During the whole growth period, the average content of
NH,-N in 0-300cm under drip irrigation under mulch was
1.63 mg.kg™', which was higher than that under border irri-
gation (1.20 mg.kg). However, due to the lack of nitrogen
fertilizer supplement, the content of NH4-N in flat bare land
was low and hardly changed over time, with the average
content maintained at about 0.77mg.kg". The reason for this
phenomenon was that the film mulching reduced the am-
monia volatilization from the surface soil, and at the same
time, drip irrigation under mulch got more water into the soil
due to the rain-catching effect and impermeability of plastic
film. The leaching effect was increased. This caused more
NH4-N to migrate from the surface to the deep soil layers.

The Content of NO;-N

The distribution of NO5-N content with soil depth in border
irrigation, drip irrigation under mulch, and bare area during
the whole growth period are shown in Fig. 5.

As can be seen from Fig. 5, the contents of NO;-N in
the soil under the three underlying surface conditions all
increased with the increase of soil depth, and there was
an obvious increase process at 60cm-120cm. Under drip
irrigation under mulch, the average content of NO;-N was
0.37 mg.kg" in 0-80 cm and 2.73 mg.kg ™' in 80 cm — 300 cm
during the crop growth period. Under border irrigation, the
average content of NO;-N was 0.16 mg.kg” in 0-80 cm and

water content {em™em™)
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Fig. 3: Distribution of water content.
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1.99 mg.kg’1 in 80 cm-300c m. Under border irrigation, the  irrigation was strong, which made a large amount of NO;-N
average content of NO5-N was 0.08 mg.kg'1 at 0-80cm and  in the shallow soil layers migrate to the deep soil layers. At
0.86 mg.kg™ at 80-300cm. This was because the soil property  the same time, considering the absorption and utilization of
in the experimental area was relatively sandy, with a strong  crops, the NO5-N content in shallow soil layers was less,
ability for infiltration. The leaching effect of rainfall and  while the NO5-N content in deep soil layers was more.

NO.-Nimg/ke NO;-N(mg/k NO,-N(mg/kg
Nk ONmR N0y

2
Gk ¥ 4 . pr G B, N WGOGH CE 5
T -n-/ T
20 : _
I /" |
40 i ;
1 1
ol -
80 T A Tl iy
Ry e S
EIUU —|| h\: * oM -TrRe
S S ", | & g =
%120 rh\ * | "k‘i’ir-‘q\u
2140w Log— o b e
21604 & ! (:&
= T ~h_ | :
gmu_...# R gt ;\‘\':’
- 1 - 1 =
20|« .
220 d-t g h b
[ 1 | (AN |
260 @i 4w H Al‘
|1 - I 1
280 = !:.“/J _‘ﬁ\/,,‘ .............
300 — T —
border irrigation drip irrigation bare area

under mulch

Fig. 5: Distribution of NO3-N content.

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology



EFFECT OF DRIP IRRIGATION UNDER MULCH ON NITROGEN TRANSPORT IN DEEP SOIL

During the whole growth period, the average content
of NO;-N in 0-300cm under drip irrigation under mulch
was 2.14 mg.kg", which was higher than that under border
irrigation (1.54 mg.kg™"). However, due to the lack of nitro-
gen fertilizer supplement, the content of NO5-N in flat bare
land was low, and changed little over time, with the average
content maintained at about 0.67 mg.kg™'. This was because
drip irrigation under mulch made more water enter the soil,
enhanced the leaching effect, and made more NO;-N migrate
to the deep soil layers.

The Content of NO,-N

The distribution of NO,-N content with soil depth in border
irrigation, drip irrigation under mulch, and bare area during
the whole growth period are shown in Fig. 6.

As can be seen from Fig. 6, the contents of NO,-N un-
der the three underlying surface conditions hardly changed
with the increase of soil depth, and the contents of NO,-N
fluctuated only in the surface soil above 40cm at different
growth stages. The content of NO,-N in the soil below 40cm
was unchanged and low.

In drip irrigation under mulch, border irrigation, and bare
land, the NO,-N content was 0.040 mg.kg’, 0.035 mg.kg’!
and 0.031 mg.kg'l, respectively. As the content of NO,-N in
soil was low, and as an intermediate product of nitrification
and denitrification, it was unstable in soil, so no further
discussion would be made.

NO,-N(mg/kg)

NO,-N(mg’kg)
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DISCUSSION

Relationship Between Inorganic Nitrogen Content and
Water Content

“Salt with water” is the basic law of solute transport. Drip
irrigation under mulch changed the underlying surface of
farmland. Under the comprehensive effects of local soil
properties and the characteristics of the hydrological cycle in
a semi-arid area, new characteristics appeared in the process
of water infiltration, that was, more water entered deep soil
under drip irrigation under mulch. Therefore, exploring the
relationship between inorganic nitrogen and water content
is crucial to understand the process of nitrogen transport in
the experimental area.

The relationship between the average content of NH,-N
and NO;-N and the average water content was obtained by
weighting the content of NH,-N and NO5-N and water con-
tent. The results are shown in Fig. 7 and Fig. 8.

As can be seen from Fig. 7, there was no clear correlation
between NH,-N content and water content in the soil above
60cm. In the soil below 60cm, the content of NH,-N and
water fluctuated in some areas, but the overall change trend
with soil depth was the same. This was because there were
many factors affecting the content of NH,-N in shallow soil
layers, including the application of nitrogen fertilizer and
ineffective volatilization, the effects of root absorption and
utilization, rainfall, irrigation, and the negatively charged
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colloidal adsorption in shallow soils, which all affected the
migration of NH,-N. Therefore, there was no clear correla-
tion between the content of NH,4-N in the shallow soil layers
and water content. However, for the deep soil layers, the soil
properties of each layer were the same, which were mainly
sand particles, and the colloidal adsorption is weak. The in-
filtration of soil water becomes the main factor affecting the
migration of NH,-N. Therefore, the variation trend of NH,-N
content with soil depth was consistent with the variation trend
of water content with soil depth.

NH,-N(mg/kg)

NH,-N(mg/kg)
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As can be seen from Fig. 8, there was no clear correla-
tion between NO5-N content and water content in the soil
above 80 cm. The variation trend of NO5-N content and
water content in the soil below 80cm was the same as the
soil depth. The reason for this result was the same as that
for NH4-N, except that the soil in the experimental area was
sandy and there was no clay layer with a certain thickness in
the shallow soil layers. During irrigation or rainfall, saturated
soil could not be formed in the shallow layer to delay and
attenuate water infiltration, so NO5-N in the shallow layer
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rapidly migrated to the deep layer, and the content of NO5-N
increased with the increase of soil depth.

The Change of NH-N and NO;-N Content at Different
Depths

The content of NH,-N and NO;-N in each growth period was
weighted, and the initial state content value was subtracted
to obtain the change of NH,-N and NO3-N content in each
growth period. The vertical migration of soil inorganic
nitrogen could be reflected by the changes of NH,-N and
NO;-N contents at different depths. The content changes of
NH,-N and NO;-N at different depths under drip irrigation
under mulch and border irrigation are shown in Fig. 9. Due
to the lack of nitrogen fertilizer application, the change value
of soil NH,-N and NO;-N content was small, so it was not
further discussed.

As can be seen from Fig. 9, in the soil above 80cm, the
change of NO5-N content under drip irrigation under mulch
and border irrigation was small, but the increased value of
NH,-N content under drip irrigation under mulch was signif-
icantly greater than that under border irrigation.

In the soil below 80cm, the change value of NH,-N
content under drip irrigation under mulch and border irri-
gation decreased with the increase of soil depth. Although
the increase of NH,-N content under drip irrigation under
mulch was slightly greater than that under border irrigation,
the increase of NH,-N content under two conditions below
220 cm was almost the same. It can be seen that with the
increase of groundwater depth, the amount of NH,-N entered
into groundwater will gradually decrease. When the depth
of groundwater is more than 220cm, the amount of NH,-N

NO.-N content (mg/kg)  NH,-N content (mg/kg)
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entered into groundwater under the two conditions is almost
the same.

In the soil depth range of 80cm-220 cm, the change value
of NO;-N content under drip irrigation under mulch and
border irrigation increased with the increase of soil depth
and decreased with the increase of depth below 220 cm.
However, in the whole interval below 80cm, the increment
of NO;-N content under drip irrigation under mulch was
significantly greater than that under border irrigation. It can
be seen that when the local groundwater depth is less than
220 cm, the amount of NO5-N entered into the groundwater
will gradually decrease. When the depth of groundwater is
more than 220cm, the amount of NO5-N entered into ground-
water decreases with the increase of groundwater depth.
The amount of NO;-N entered into groundwater under drip
irrigation under mulch was significantly greater than that
under border irrigation.

It is worth noting that the NO;-N and NH,-N distrib-
uted in the area between the soil level below 80cm and the
groundwater level above cannot be effectively utilized by
crops, and will move further to the groundwater under the
leaching effect of rainfall and irrigation. In this area, the
contents of NH,-N and NO,-N in drip irrigation under mulch
were higher than those in border irrigation. The promotion
of drip irrigation under the mulch will increase the risk of
nitrogen pollution in local groundwater.

CONCLUSION

Compared with traditional border irrigation, drip irrigation
under mulch not only saved irrigation water but also made
more water infiltrate into deep soil layers, which increased
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the infiltration recharge of groundwater and had a positive
effect on alleviating the decrease of local groundwater level.

The average content of NH,-N and NO5-N under drip
irrigation under mulch was higher than that under border
irrigation because drip irrigation under mulch increased the
infiltration of water into the deep soil, it intensified the leach-
ing effect of irrigation and rainfall on inorganic nitrogen. This
phenomenon was especially obvious in deep soil layers. The
average content of NH, N was 1.24 mg.kg’l at 80 cm-300
cm under drip irrigation under mulch and 0.97 mg kg™ under
border irrigation. The average content of NO;-N was 2.73
mg.kg " at 80 cm-300 cm under drip irrigation under mulch
and 1.99 mg.kg™' under border irrigation.

According to the analysis of the relationship between soil
NH,-N, NO;-N contents, and water content, the deep soil
layers’ water content has been significantly impacted by the
contents of NH,-N and NO5-N. The change value of NH,-N
content in deep soil layers decreased with the increase of soil
depth. The change value of NO;-N content increased with
the increase of soil depth above 220cm and decreases with
the increase of soil depth below 220 cm. The increment of
NH,-N and NO;-N contents in deep soil layers under drip
irrigation under mulch was greater than that under border
irrigation, and the increment of NO5-N content was signifi-
cantly greater than that under border irrigation.

This study analyzed the distribution of NH,-N, NO5-N,
and NO,-N in different soil depths during the whole growth
period under three underlying surface conditions, including
drip irrigation under mulch, border irrigation, and bare area
through field in-situ observation experiment, and analyzed
the influence of drip irrigation under mulch on inorganic
nitrogen transport in deep soil layers. The results showed that
drip irrigation under mulch saved the amount of irrigation
water and increased the amount of groundwater recharge, but
increased the risk of nitrogen pollution in local groundwa-
ter. From the perspective of hydrology and water resources,
this paper provides a more comprehensive evaluation of the
performance of drip irrigation under mulch in the hydrolog-
ical cycle and also provides more basis for similar areas to
formulate water resources development strategies.
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ABSTRACT

An attempt has been made in this paper to conduct an Electrokinetic (EK) enhanced large-
scale model study to analyze the heaving phenomena observed in fields. The application
of the EK technique on fields to study alkali-induced heaving has been simulated in the
laboratory using a rectangular and circular model. The EK technique was mainly employed
to facilitate alkali soil interaction. Analysis of the geometry of the model boundary on the
various physiochemical as well as geotechnical properties of the soil was conducted.
Before that, a simple heaving analysis was also performed in an oedometer without the EK
technique. Compare to the maximum heaving of 5.55% observed in the oedometer the soil
in EK-equipped circular and rectangular models showed the heaving of 5.42% and 4.21%
respectively. The heaving pressure recorded for the oedometer was 67.5 t.m while for the
circular and rectangular models these values were 37.7 tm? and 18.8 t.m™ respectively.
Further, the value of unconfined compressive strength of soil decreases from 141 kPa to
80 kPa after interaction with alkali and the decrease was more prominent in the circular EK
model. However, there was an increase in the friction angle and a decrease in cohesion
value after alkali interaction. The structural alteration due to alkali solution was examined by
SEM and XRD analysis.
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INTRODUCTION moisture retention capacity (Dizon & Orazem 2020, Jian et
al. 2019, Liu et al. 2018, Martin et al. 2019, Shang 1997,
Shen et al. 2020) chemical stabilization of low shear strength
soil (Estabragh et al. 2019, 2020, Moayedi et al. 2014, Nor-
din et al. 2013, Lakshmi & Sivaranjani 2014), bio-grouting
of soft soil to improve its geotechnical properties (Keykha
& Asadi 2017, Keykha et al. 2014, 2015) and removal of
heavy metals from the soils (Cameselle et al. 2021, Kim et
al. 2001, Ma et al. 2018, Sivapullaiah et al. 2015, Yi et al.
2017). The efficiency of the EK technique is a function of
several parameters such as the electrode materials (Méndez et
al. 2012, Xiao & Zhou 2019), spacing between the electrode
(Rittirong et al. 2008, Turer & Genc 2005, Wan et al. 2021),
voltage gradient (Fu et al. 2019, Mu’azu et al. 2016) and rate
of chemical addition. It has been reported that out of metals

Electrokinetic (EK) is a newly developed technique for soil
stabilization. Casagrande first introduced this method in 1940
to stabilize railway embankments (Casagrande 1949). This
technique is based on three basic principles, electromigration,
i.e., transport of material due to movement of charged ions,
electrophoresis i.e., movement of dispersed particles, and
electroosmosis i.e., movement of pore fluid across a porous
material. Since the movement of fluid is a big challenge in
the case of heterogeneous or low permeable soil, all these
phenomena involve the application of voltage gradient across
the material. The electrokinetic technique is the best suitable
method for injecting pore fluids in such soils under a potential
gradient (Alshawabkeh & Bricka 2000).

For in-situ stabilization of soil/sites, the EK technique can
be a great option for civil engineers. It may involve minimal
disturbance to the existing structures, unlike conventional
methods, which are expensive, time-consuming, and maybe
challenging to implement at developed sites. The potential of
the EK technique is being investigated by several researchers
in context to their vital role in various geotechnical solutions
such as rapid dewatering of clayey soil which have very high

and non-metals which are generally used as electrodes, metal
electrodes are more efficient. However, it also has several
drawbacks, such as its proneness to corrosion on exposure to
an acidic environment which may also lead to soil pollution.
To overcome such problems, several experimental investi-
gations were carried out by wrapping the electrodes with
polymeric materials. Among various materials, geotextiles
were proved to be satisfactorily efficient in reducing the
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corrosion of the electrodes (Azhar et al. 2018, Glendinning
et al. 2005).

Furthermore, alkali contamination in soils is also a
problem that has been receiving great concern owing to its
detrimental effects on the existing structures. Alkali con-
tamination causes heaving of the soils and may also impact
their engineering properties (Ashfaq et al. 2019, Irfan et al.
2018; Reddy et al. 2017, Vindula & Chavali 2018, Vindula et
al. 2019). It has also been reported that alkali contamination
causes mineralogical and morphological changes in the soil
matrix (Chavali et al. 2017, Sivapullaiah & Manju 2005,
Sivapullaiah et al. 2010). A number of works have been re-
ported to study alkali-induced heaving (Chavali et al. 2017,
Reddy et al. 2017). All the studies reported till now were
conducted at small scale set up in oedometer apparatus. But
in practical scenarios, there can be significant variations in
the implementation of the process and the results too. For
instance, inundation of alkali solution through the soil spec-
imen is possible on a small scale. However, in large-scale
models, fluid transport through the sample can be difficult
because of the low permeability of the soil. To the author’s
knowledge, no work has been conducted till now to study
the alkali-induced heaving of soil using the EK technique
in a large-scale model.

In this paper, an attempt has been made to conduct EK
equipped large-scale model study to analyze the heaving

Manish Kumar Mandal and Bala Ramudu Paramkusam

phenomena observed in fields. The effect of the model geom-
etry has also been taken into account by using a rectangular
and circular-shaped model. The results were compared in
terms of percentage heaving and heaving pressure. Further,
the effect of boundary geometry in EK-equipped models
was analyzed in terms of variations in voltage. The effect
of alkali interaction using the EK technique on the engi-
neering properties of the soil was also compared for both
models.

MATERIALS AND METHODS
Soil

In the present study, the soil samples were collected by open
excavation upto a depth of 3 m from the natural ground level
at the Banaras Hindu University Campus. Wet sieving was
performed in which the soil sample was first washed through
a 75um sieve and the fraction coarser and finer than 75pm
were collected and oven dried separately. Following it, me-
chanical sieving and hydrometer methods were used as per
(Astm D6913-04R2009 2004) to analyze coarser fractions
and finer fractions respectively. A semi-log curve was plotted
between the percentage finer and diameter of a particle in mm
as shown in Fig. 1. Based on the Unified Soil Classification
System (USCS), the soil was classified as CL (Clay with
low plasticity). Before the experiment, the collected soil
samples were oven-dried and sieved. The physical properties

100 “-—7-_-_-7_-.7_
" —m— Soil|
.
80
— -.
°\-_°. T \‘q
S '\\
2 60 - \
e %
o 1 N
||
(2] N
£ 40
> -
(&) ’\
> I m
o
20 -
- ‘L\'\-
0 —frrrr - A — _—_
10 1 0.1 0.01 0.001
Diameter (mm)

Fig. 1: Particle size distribution curve of soil.
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Table 1: Geotechnical properties of test soil.

Property Soil Standards

Specific Gravity 2.5 ASTM D854 - 14

Liquid limit (%) 35

Plastic limit (%) 22.23 ASTMDA3IS - 17

Plasticity index (%) 12.77

Clay 12

Silt 30 ASTM D6913 / D6913M - 17
Sand 8

Maximum dry density (g.cc'l) 1.66

Optimum moisture content (%) 16.4 ASTM D698-12

Unconfined compressive strength (kPa) 141.25 ASTM D2166/ D2166M - 16
Cohesion (kPa) 55

The angle of friction (°) 13 ASTM D2850 - 15

Table 2: Chemical composition of test soil (XRF analysis).

Mineral SiO, AlO;4 TiO, Fe,0; MnO MgO CaO Na,O K,0  P,0s
Percentage Composition 62.6 15.89 0.81 7.55 0.06 7.36 0.65 0.36 353 0.07

and chemical composition of soil are listed in Table 1 and  One dimensional free swell test was performed in Oedometer

Table 2 respectively. in accordance with ASTM D2166 (2020) to study the heaving
. behavior of soil inundated with 16 M NaOH solution. The
Experimental Set-up and Test Procedure virgin soil was compacted in the consolidation ring of 6 cm

diameter and 2 cm height at the density corresponding to the
optimum moisture content. Porous stones with filter papers
were placed on both sides of the soil specimen extruded
in the ring after compaction, which is then placed into the

The whole experimental analysis was conducted in three
different sets up the details of each type of experimental setup
are explained in detail in the subsequent sections.

Oedometer Test oedometer assembly. The soil sample is inundated with 16
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Fig. 2: Elevation view of the rectangular electrokinetic model.
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M NaOH solution and is kept free from any type of load
application. Here, in this case, the flow of NaOH as the pore
fluid takes place without the effect of any potential gradient.
Soon after the interaction with NaOH, the soil starts heaving.
The amount of heaving in the vertical direction with the time
was recorded using a dial gauge. The test was continued till
the time no significant change in dial gauge reading was
observed with time. The percentage heaving in the vertical
direction was then calculated as the ratio of the actual heaving
to the initial height of the specimen.

The principle mechanism behind heaving due to alkali
interaction is the increase in the pH of the soil which leads to
an increase in negative charge on the surface of the soil. These
charges create greater repulsion between the soil particles
and thus cause heaving (Paulose et al. 2017).

Rectangular Electrokinetic Model

The second phase of the experiment involved a large-scale
model testing in studying the heaving behavior of alkali-in-
teracted soil. The movement of the NaOH as the pore fluid
takes place under the influence of an electric potential gradient.
The schematic of the elevation and plan of the model testing
tank has been shown in Fig. 2 and Fig. 3. Fig. 4 shows the
image of a rectangular EK model showing the position of the
dummy electrode, dial gauge, and proving ring. The testing
tank was rectangular with dimensions of 1300 mm x 750 mm
x 1000 mm fabricated brick masonry. The tank was divided
transversally into three parts comprising three chambers,
namely, the anode chamber, the cathode chamber, and the
soil chamber. The length of the soil chamber was 1000 mm,

Manish Kumar Mandal and Bala Ramudu Paramkusam

while that of both the electrolyte chambers was 150 mm. A
20 mm thick perforated acrylic sheet was placed between the
electrolyte chamber and soil chamber to ensure a uniform flow
of the electrolyte. The top surface was kept open where the
soil heaving was measured. The electrodes were made up of
a brass net sandwiched between two geotextile sheets which
were then fixed against the acrylic sheets. This brass net was
used to apply a voltage gradient between the anode and cath-
ode. A potential difference of 100 V across the two ends of the
soil chamber was maintained throughout the experiment. The
effect of NaOH on the percentage heaving, heaving pressure,
voltage, unconfined compressive strength, and shear behavior
of the soil was evaluated across the soil specimen.

Dial gauges were placed at nine different locations at the
top soil surface as shown in Fig. 4(b), to measure the surface
heaving. The nine-dial gauge was placed in sets of three at a
distance of 250 mm, 500 mm, and 750 mm from the anode.
Three proving rings were placed at the central line to measure
the heaving pressure exerted by the soil. The voltage sensors
9 in number, were placed inside the soil sample to measure
voltage and temperature change throughout the experiment
as shown in Fig 4(a). The voltage sensors can be regarded
as dummy electrodes.

Circular Electrokinetic Model

The third phase of the experiment was conducted in a large-
scale circular model made of RCC, the elevation and plan of
which are shown in Fig. 5 and Fig. 6, respectively.

The anode, cathode, and soil chambers were in the form
of three concentric compartments. The outermost chamber
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Fig. 3: Plan view of the rectangular electrokinetic model.
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(@)

(b)

Fig. 4: Rectangular EK model image (a) Soil chamber installed with dummy electrode (b) Soil chamber with D.G. and P.R.

was the anode chamber. The middle compartment was for
soil specimens, while the inner compartment was the cathode
chamber. The diameter of the soil compartment and anode
chamber was 600 mm and 150 mm, respectively, as shown
in Fig. 6, while the height of the tank was 750 mm. The flow
of the fluid was radially inwards from the anode chamber to
the cathode chamber. Perforations were made on the walls
of the anode chamber for the uniform flow of solution. Like

in the case of a rectangular setup, the electrodes were made
by sandwiching a brass net between two Geosynthetic sheets
and were placed on the inner wall surface of the soil chamber.

Fig. 7 shows the image of a circular EK model with a
dummy electrode, dial gauge, and proving ring. Dial gauge
and proving rings were placed at the top surface of the soil for
measuring the heaving and heaving pressure, respectively. As

Dial Gauge —— T;; 3% —— Proving nng Dial Gauge ? ,—— Proving ring

| A
)

"_‘ LR R U 1 O 73
D = EE B e 27 B
b L B 5
ke B Rl TR i 2
2 . Dummy Electrode  Diunmy Electrode [ - 4
" A [* (PR e L MDY Rl 52 RPN TR ;- .
) 2 [
¥ = @ 5 " i
.4 - N 2T e TR Ea A
2 2 = - E I @ |5 750
4 2 o= : = 5 |
B o [l S S 8 = , 3 - Rl s e e 5 . r=|
b= S @ el L = R =
E D N SR R =k &
o — gy s e e e =K (S
o SN SRR .'s o . -Fof oo o S o -]
= X ! wn =
B S e e B e e e L Z
> o i = e aep A gt
v =—150 —{: 150 STzl s e et Nt e 353 3
S -'i e BT 27 A g
D.C Supply i Anode
@ Drainage pipe

Fig. 5: Elevation view of a circular electrokinetic model.
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can be seen from Fig. 7(c), the four dial gauges were placed
at the mid-point of the anode and cathode. Furthermore,
four voltage sensors were placed at the mid-depth just below
the four dial gauges to monitor the change in the voltage
and temperature sensors as shown in Fig 7(b). The cathode
chamber was connected to a drain pipe at the bottom from
where the electrolyte was drained out at regular intervals,
while the anode chamber was refilled at regular intervals.

Sample Preparation

Preparation of the soil bed in the testing tank was a challeng-
ing task as any sort of non-homogeneity was not desirable.
The soil bed was prepared at the bulk density corresponding

D.G = Dial Gauge

\\

A ANODE CHAMBER /

All dimensions are in mm S
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to the optimum moisture content. A pre-calculated amount
of soil was mixed with the water corresponding to the OMC,
and this soil was compacted in the tank in 5 layers. The
bottom two layers were given a little less compactive effort
as compared to the upper one to incorporate the settlement
due to overburden stresses. Once the soil bed was prepared,
Cone Penetration Test (CPT) was conducted at different
locations to check for uniformity in the prepared soil bed.
The results were plotted in terms of penetration of the cone
in mm per blow which is termed as Dynamic Penetration
Index (DPI). In the case of the rectangular tank, CPT tests
were conducted at the four corners, while in the case of the
circular tank, it was conducted at two diametrically opposite

—CATHODE
\’ CHAMBER

i 'v}*ELECTRODE WITH
GEOSYNTHETIC

,{/

Fig. 6: Plan view of circular EK model.

Fig. 7: Circular EK model (a) soil chamber (b) soil with dummy electrode (c) soil with D.G and P.R.
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points. The results of the tests are shown in Fig. 8. Fig. 8(a)
shows the CPT results for the rectangular model, while Fig.
8(b) shows the CPT results for the circular model. The CPT
profiles for both types of the model were almost uniform
for all locations except a slight decrease was observed at
the bottom owing to the densification due to overburden
stresses.

RESULTS AND DISCUSSION

Surface Heaving

The time vs heaving profiles for all the three test setups are
shown in Fig. 9, Fig. 10, and Fig. 11. The soil sample was
mixed thoroughly with distilled water at optimum moisture
content and compacted statically to the desired depth to
achieve density nearest to maximum dry density. Fig. 9 shows
the percentage heaving with time recorded in the oedometer
tests. The heaving showed a continuous increase with time.

Penetration (mm/blow) Penetration (mmiblow)
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Fig. 8: CPT Test results for (a) Rectangular model and (b) Circular model.
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Fig. 9: Heave in soil inundated with 16 M NaOH solution in Oedometer test.
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The maximum percentage of heaving was 5.55% which was
achieved in approximately 40 days after which no significant
heaving was observed. Similarly, Fig. 10 shows the heaving
recorded in the nine-dial gauges in the rectangular elec-
tro-kinetic test setup. The graph is evidence of an obvious
increase in the heaving with time for all the dial gauges.
However, when the distance from the anode was increased,
the percentage of heaving decreased. The maximum value
of heaving in the case of rectangular test setup was 4.39%
which was observed in the dial gauges nearest to the anode.
The reason could be attributed to the fact that the soil nearer
to the anode gets rapidly interacted with NaOH as the flow
of the electrolyte is from anode to cathode. Further, it was

also observed that the heaving shown by the dial gauges at
the edges was slightly higher than those at the middle for a
fixed distance from the anode. The possible reason behind
this particular observation could be that the flow of elec-
trolytes along the model boundaries would be faster due to
less resistance offered at the soil-boundary interface. The
time-heaving profile obtained from the four dial gauges in
the circular test setup is shown in Fig. 11. It was seen that
the heaving in the case of the circular electro-kinetic model
was increasing sharply with increasing interaction time. The
maximum heaving observed, in this case, was 5.42%. The
heaving in the four dial gauges did not show much deviation
since the radial inward flow of electrolyte causes uniform
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Fig. 10: Heave in soil inundated with16 M NaOH solution in rectangular EK model.
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Fig. 11: Heave in soil inundated with16 M NaOH solution in circular EK model.
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soil-alkali interaction at a particular radial distance from
the anode.

It is also worth noticing that the rate of heaving, repre-
sented by the slope of the time-heaving curves, is maximum
in the case of the circular model where the electrolyte flow
was radial. Moreover, the rate of heaving in the case of an
oedometer increases initially and becomes constant after
25-30 days. In the case of the rectangular model, the rate of
heaving increases initially up to 30-35 days, reduces there-
after, and becomes constant after 50-55 days. Unlike in the
above two experiments, the rate of heaving in the case of the
circular model shows a sharp increase with time and did not
show any reduction up to 60 days.

A comparison of the percentage heaving in the case of
all the three setups is shown in Fig. 12. From the fig. it can
be observed that the percentage heaving was maximum in
the case of the oedometer test followed by the circular EK
model and then the rectangular EK model. When heave is
considered, the soil weight contributes an additional com-
ponent of vertical load (Merifield et al. 2009). It could be
possible that in the case of the large-scale EK models, a
portion of the heaving at the bottom layers is suppressed
by the overburden pressure of the overlying soil. This
effect would not be prominent in the case of an oedom-
eter as a relatively very less amount of soil is used in the
specimen.

Heaving Pressure

The heaving pressure in EK models was measured through a
proving ring which is placed on the surface at three different

locations which are already shown in their respective plans.
On the other hand, the heaving pressure in the oedometer is
the total amount of load required to bring back the deflection
in the dial gauge to its original position. A comparative bar
chart depicting the heaving pressure obtained for all both
EK tests is shown in Fig.13. Again, the maximum heaving
pressure was observed in the oedometer test which is 67.5
t.m* while the heaving pressure in the circular EK model
and rectangular EK model is about 37.8 t.m>and 18.8 t.m>
respectively. The heaving pressure in all three proving rings
in the circular model is approximately the same while in the
case of the rectangular model, the heaving pressure reduces
as the distance from the anode increases.

Comparison of Rectangular and Circular EK Model

The sections that follow give a comparison of the variation
of the various factors in the rectangular EK model and the
circular EK model.

Variation of Electric Potential

The plot of the electric potential versus time as measured
during the EK tests in rectangular and circular EK models
are shown in Fig. 14 and Fig. 15 respectively. The electric
potential was measured using voltage sensors at the mid-
depth just below the dial gauges. Fig.14 shows the variation
of electrical potential in the rectangular EK model. The re-
corded electric potential showed a decrease in moving from
anode to cathode. The electric potential increases as the flow
start from the anode to the cathode and then decreases with
the precipitation of sodium ions across the soil specimen.
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However, a non-uniformity in electric potential variation
was observed due to the non-uniform flow of electrolytic
solution in the soil sample. This non-uniformity in flow
may occur due to the large volume of soil and non-uniform
precipitation of sodium ions in the soil sample.

Likewise, Fig. 15 depicts that in the circular EK model,
a similar electric potential profile was observed with time
for all four locations which indicates the uniformity in flow
at every location. As the experiment continues, the electrical
potential increases due to the movement of ions from the
anode to the cathode. After 15 days, a linear decrement in
electrical potential was observed with time which occurs due
to the precipitation of sodium hydroxide into the soil. After
the precipitation of sodium hydroxide, the electric potential
becomes constant across the soil sample. Therefore, it is
apparent that the change in electrical potential of the circu-
lar EK model was approximately the same, however in the
rectangular EK model the electrical potential varies as we
move from anode to cathode.

Unconfined Compressive Strength

The unconfined compressive strength (UCS) test was

conducted in accordance with ASTM D2166 (2016) to
analyze the change in the strength of soil specimens after
alkali interaction. The UCS value of the virgin soil conducted
before its interaction with NaOH was found to be 141 kPa.
Fig. 16(a) shows the UCS values of alkali interacted soil in
a circular EK model collected from the mid-depth below the
location of dial gauges. The UCS value was in the range of
84-93 kPa for all four specimens after an interaction period
of 60 days. Similarly, Fig. 16(b) shows the UCS value of
alkali interacted soil in a rectangular EK model collected
from the mid-depth below the location of dial gauges. The
UCS values were in the range of 90 to 124 kPa after an
interaction period of 60 days. The samples collected from
the mid-section showed the highest UCS value as compared
to the left and right sections. This particular observation can
be related to the percentage of heaving where the lowest
heaving was observed at the midsection.

The reduction in UCS value with respect to virgin soil
after alkali interaction can be attributed to the dissolution of
clay minerals in an alkaline environment and the formation
of new compounds (Sivapullaiah & Manju 2005). From the
UCS graph of circular and rectangular EK models, it was
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also observed that the UCS value in the circular model at all
four sampling points was similar whereas, in a rectangular
model, the reduction in the UCS values was less pronounced
on moving from anode to cathode. This was because the
intensity of the alkali interaction was not the same at all the
points at a given time as the flow of electrolyte from anode
to cathode causes the electrolyte to reach different sampling
points at different times.

Shear Strength Parameters

Unconsolidated Undrained triaxial tests were also conducted
in accordance with ASTM D2850 (2015) at the collected

Manish Kumar Mandal and Bala Ramudu Paramkusam

specimens at three confining stresses of 50 kPa, 100 kPa, and
150 kPa. The shear strength parameters calculated from the
obtained results for the rectangular EK model are shown in
Fig. 17. Fig.17 (a) shows the variation of friction angle with the
distance from the anode along all three sections. The cohesion
and internal friction angle of an un-interacted soil sample is
obtained at 55 kPa and 13°. The interaction of NaOH causes
an increase in the friction angle. The friction angle is reduced
as the distance from the anode increases. Furthermore, the
cohesion decreased as the interaction of the NaOH increased
as can be seen from Fig. 17(b). Higher decrement in cohesion
values was found for the samples nearer to the anode. These
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changes in cohesion values decrease as the distance from the
anode increases. Similarly, Fig. 18(a) and Fig. 18(b) show the
variation of friction angle and cohesion respectively for the
circular EK model. The values of friction angle and cohesion
were almost similar for all the soil samples. However, there
was a definite change in the cohesion as well as in the friction
angle of the soil after its interaction with NaOH.

In an attempt to find the possible reason behind such a
change in the friction angle and cohesion, it was realized
that the pH value is a vital parameter that may potentially
influence the mechanical response of the clayey soils. As
reported by (Gratchev & Sassa 2009), the edge surface of the
clay particle is highly dependent on pH. In a highly alkaline

medium when pH is very high, these edges become more
negative due to the adsorption of OH ions. This induces the
face-to-face association of the particles which is responsible
for the change in the shear strength parameters.

Scanning Electron Microscopy

The morphological changes in the soil matrix under alkali
interaction were studied by scanning electron microscopy.
After the interaction period of 60 days, samples were collect-
ed for SEM analysis. The SEM images of the virgin soil and
the soil interacting with 16M NaOH solution are shown in
Fig. 19. Distinct flaky particle structure of the virgin soil can
be observed in Fig 19 (a). The SEM image of soil interacting
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with alkali shown in Fig. 19(b) shows some disintegration or
weathering. This morphological change in the soil supports
the formation of a new compound due to alkali interaction
which causes heaving.

X-ray Diffraction Analysis

XRD analysis was performed to check for the formation of
any new products in the soil after its interaction with the 16M
NaOH solution. The soil specimens were collected soon after
the completion of the 60 days interaction period. These spec-
imens were dried and ground to a fine powder with a mortar
and pestle. X-ray diffractometer was used to scan the sample
and identify the mineral composition of the soil specimen cor-
responding to XRD peak position and intensities using JCPDS
software. The X-Ray diffraction patterns for virgin and alkali
interacted soil are shown in Fig 20. New peaks corresponding
to NASH have been observed by the XRD analysis which is a
mineral of zeolite group (Sodium aluminum silicate hydrate)
which is responsible for the heaving of soil.
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Fig. 20: X-ray diffraction analysis of soil and soil inundated with 16 M
NaOH solution.
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CONCLUSIONS

The following conclusions can be drawn from the experi-
mental analysis conducted in the present study:

e Interaction of soil with an alkali causes an unexpected
heaving in the soil in the soil. The maximum percentage
of heaving due to alkali interaction was observed in the
oedometer test followed by the circular EK model and
rectangular EK model. More uniform alkali interaction
was achieved in the case of the circular EK model when
compared to the rectangular EK model in low permeable
soil.

e A considerable decrease in the unconfined compres-
sive strength of the virgin soil was observed after its
interaction with the alkali solution. In the case of the
rectangular EK model, the effect of alkali on the UCS
value was reduced as the distance from the anode was
increased.

e Variation of electrical potential with time in the soil
shows the flow of alkali solution into the soil is uniform
in the case of the circular EK model.

o Alkali interaction causes an increase in the friction angle
and a decrease in cohesion value. The respective change
was directly proportional to the intensity of the alkali
interaction which is a function of the time of interaction
and flow of the electrolyte.
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ABSTRACT

In this study, the adsorption of trivalent chromium ions by green-mediated iron nanoparticles
was studied statistically. The effect of independent variables such as pH, temperature,
time, adsorbent dosage, and initial metal ion concentration on uptake capacity and removal
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test was proved to be less than 0.05 which indicates that the principal component analysis
could be useful for adsorption data. The AHC analysis showed that among all variables, the
contribution of pH was high in the adsorption of trivalent chromium ions by ZVIN and MIN
nanoparticles. The value of R2 in statistical modeling of adsorption of trivalent chromium ions
by ZVIN particles was high in PCR (0.981) than in MLR (0.945) and PLS (0.752) models.
Similarly, for MIN particles, the R2 value of PCR (0.982) was higher than the MLR (0.943)
and PLS (0.742) models. The analysis of goodness of fit statistics showed that the PCR
model effectively predicted the uptake capacity and removal efficiency more than MLR and
PLS models.

Trivalent chromium

Zero-valent iron nanoparticles
Magnetic iron nanoparticles
Principal component analysis
Partial least squares
Agglomerative hierarchical clustering

INTRODUCTION a higher percentage of metal ion removal from water and
wastewater hence it is widely used for the treatment of indus-
trial effluents and solid or liquid waste containing complex
metal ions (Abdolali et al. 2014). The commercially avail-
able adsorbents have been widely used for the removal of
chromium ions from the aqueous solution (Renu et al. 2017).
In recent times, nanoparticles are receiving more attention
than conventional materials in the adsorption process due
to their high surface area and faster adsorption rates. Car-
bon-based nanomaterials, carbon nanotubes, graphene, and
metal oxide-based nanomaterials have been widely used as
adsorbents for the removal of heavy metals from water and

Heavy metals are defined as metals with high atomic weight
or high density (Briffa et al. 2020). Heavy metal discharge
from various industrial activities is of global environmental
challenge. The heavy metal ions such as Cr(VI), As(IIl)
and Pb (II) that are present in wastewater have dangerous
impacts on life. Especially, pollution by chromium ions is
more common in developing countries. The chromium ions
are widely used in many industrial processes such as leather
tanning, electroplating, metal coating, etc. (Sun et al. 2016).
Currently, a lot of tons of Cr-bearing solid or liquid wastes
are getting discharged from anthropogenic sources (Bedemo

et al. 2016). The methods such as chemical precipitation,
coagulation, flocculation, Electrochemical treatment (ECT),
Electrocoagulation, Electro-flotation, Electro-oxidation,
Ion-exchange, Membrane filtration, Electrodialysis, Biore-
mediation, and Phytoremediation have been widely used
for the removal of chromium ions from aqueous solutions.
However, these methods have some major drawbacks such
as low efficiency, high-energy requirements, production of
toxic sludges, and sensitive operating conditions. Compared
to other techniques, the adsorption process has revealed

wastewater (Sadegh et al. 2017).

The nanoparticles can be synthesized using various phys-
ical and chemical processes however the green synthesis of
nanoparticles is getting wider attention among researchers
and scientists. The green synthesis of nanoparticles does
not require any toxic substances. It consumes less energy
and produces safer products and by-products (Usman et al.
2019). Generally, plant extract, enzymes, microorganisms,
and organic wastes are used as reducing agents for the
production of nanoparticles. However, the prediction of the
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adsorption data with statistical tools is very limited. Few
studies such as the adsorption of boron on calcium alginate
gel beads (Ruiz et al. 2013), Zinc ion adsorption on mango
leaf powder (Kaushal & Singh 2017), ascorbic acid removal
by activated carbon (Ozdemir & Onal 2013) were reported.
In this study, the tea waste extract was used as a reducing
agent for the synthesis of ZVIN and MIN nanoparticles. The
ZVIN and MIN particles were then tested for their efficacy
in the adsorption of trivalent chromium ions. The main aim
of this research is to statistically analyze the adsorption data
of chromium ions by ZVIN and MIN nanoparticles.

MATERIALS AND METHODS
Materials

The chemicals such as chromium (III) nitrate nonahy-
drate [Cr(NOs);. 9H,0], ferric chloride (FeCl;), ammonia
(NH,OH), and sodium dodecyl sulfate (NaC,,H,5SO,) were
used in the experimental program. They were obtained from
SDFCL (Sdfine-Chem Limited) and all were analytical
reagent grade. The tea waste, sugarcane bagasse, and neem
leaves were collected from Vellore, Tamil Nadu, India. The
statistical analysis was performed using XLSTAT and SPSS
software.

Preparation of Nanoparticles

The Zerovalent Iron Nanoparticles (ZVIN) and Magnetic
Iron oxide Nanoparticles (MIN) were green synthesized
using effective and novel methods. The detailed prepara-
tion of nanoparticles was explained in our previous study
(Arthy & Phanikumar 2016). Fig. 1 shows the schematic
representation of the synthesis of nanoparticles. Briefly,
the ZVIN nanoparticles were prepared by mixing 17 mL of
0.1% SDS with 100 mL of tea waste extract (2.6 g of tea
waste was boiled in 100 mL of DIW), and the solution was
continuously stirred at a temp of 60°C. To the above mix,
0.1 N FeCl; was added till the color of the solution changed
from orange to black. After color changes, the solution was
stirred for 15 min and was oven-dried at 80°C for 24 h. The
dried particles were washed several times with ethanol and
water and again it was oven-dried at 80°C. The MIN nano-
particles were prepared by adding 15 mL of 0.1% sodium
dodecyl sulfate solution to 5SmL of Iron/tea solution (2g of
tea waste was boiled in 100mL of 0.2M FeClj; solution). To
the above solution, 50 mL of 16.5% of ammonia was added
dropwise by continuously stirring it at 60°C. The solution
turned black immediately. The particles were separated using
the magnet and coated with neem leaf extract (6.7 g of fresh
neem leaves were boiled in 100 mL of DIW). The particles
were then washed several times with water and ethanol and
were oven-dried at 80°C for 15 h.

M. Arthy and B. R. Phanikumar

Characterization of Nanoparticles

The nanoparticles were characterized using UV-Visible
spectroscopy, BET surface area analysis, XRD, FTIR, SEM,
EDX, AFM, VSM, and Pszc- The size of the nanoparticles
was found to be 53.7 nm and 16.3 nm respectively for ZVIN
and MIN. The instrumentation analysis of ZVIN and MIN
was reported in our previous work (Arthy & Phanikumar
2016, Arthy & Phanikumar 2015).

Batch Adsorption Tests

The effect of independent variables such as adsorbent dosage,
pH, time, initial metal ion concentration, and temperature was
studied on the adsorption response of uptake capacity (mg/g)
and removal efficiency (%). The batch adsorption process
was carried out by varying the independent variables such as
adsorbent dosage (0.05 to 0.125 g), pH (2-7), time (5-120 min),
initial metal ion concentration (50-300 ppm), and temperature
(30, 45 and 60°C). The metal ion concentration after the ad-
sorption process was measured using Varian AA240 atomic
adsorption spectrometer (Arthy & Phanikumar 2015). The
metal ion uptake capacity and removal efficiency of ZVIN and
MIN was calculated using the following equations:

Uptake Capacity (q., q) = [C;- C.]/ M; x V (D
Removal Efficiency Y (%) = ([C; - C.1/C) x 100 ...(2)

Where V is the volume of solution (mL), M is the mass
of the dry adsorbent (g), and C; and C, are the initial and
equilibrium concentrations of Cr** in the aqueous solution
(mg/L). All the experiments were performed in duplicate and
the mean values were considered for analysis.

Principal component analysis (PCA) and
Agglomerative Hierarchical Clustering (AHC)

PCA is a dimensionality reduction method that is used to
reduce the dimensions of a large data set. Reducing the
number of variables will reduce the accuracy of the data set
whereas reducing the dimensionality will still contain most
of the information in the data set.

Before performing PCA and HCA, the data must be
standardized using the following equation:

Z=X-/o .03

Where X is the score of original variables, p is the arith-
metic mean of the variable and o is the standard deviation
of the variable (Frescura et al. 2020). In this study, the Z
score was calculated using SPSS software. To access the
differences and similarities between the factors, HCA was
used. PCA performs the principle component analysis on
the adsorption data set which converts the original data into
new variables called principal components.
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Fig. 1: Synthesis of ZVIN (a) and MIN (b) Nanoparticles.

Statistical Prediction of Adsorption Data

The prediction of uptake capacity and removal efficiency was
done by different models MLR, PLS, and PCR. Multivariate
analysis is an efficient tool for developing a quantitative
relationship, between the predictor variables X (pH, initial
metal ion concentration, temperature, time, and adsorbent
dosage) and a dependent variable Y (uptake capacity, removal
efficiency). In this study, the generalized equation of MLR
and PLS model was given by equation 4 whereas the gener-
alized equation for PCR is given by equation 5.

Uptake capacity/Removal Efficiency = O + 1 x pH + 2
x Time + B3 x Initial metal ion conc + B4 x temperature +
B5 x adsorbent dosage .4

Uptake capacity/Removal Efficiency = 0O + f1 x F1 + 2 x
F2 + B3 x F3 + B4 x F4 + B5 x F5 ..(5)
where,

B0 - B5 represents the coefficients estimated by MLR,
PLS, and PCR models

RESULTS AND DISCUSSION

The maximum experimental uptake capacity of ZVIN and
MIN were found to be 231.19 and 232.59 mg/g respectively.
The removal efficiency of ZVIN and MIN were found to be
92.6% and 93% respectively (Arthy & Phanikumar 2016).

Analysis of Data

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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Principal Component Analysis (PCA)

A principal component consists of a score vector and a
loading vector. The score vector contains information on
how the adsorbents are related to each PC. Loading vectors
define the reduced dimension space and contain information
on how the variables relate to each PC (Alvarez-Uriarte et al.
2011). The influence of variables such as pH, initial metal
ion concentration, temperature, time, adsorbent dosage,
uptake capacity, and removal efficiency on factors is given
by factor loadings. It helps in the identification of the most
important variables which has a significant influence (positive
or negative) on the factors. The factor loading higher than 0.5
was assumed to be significant (Alvarez-Uriarte et al. 2011).
Hence, the factor loading of less than 0.5 was not reported
in this study. Fig. 2(a) illustrates the factor loading of ZVIN
particles on the adsorption of trivalent chromium ions. Factor
1 has high positive loading for pH (0.921), uptake capacity
(0.911) and removal efficiency (0.929). Factor 2 has high

M. Arthy and B. R. Phanikumar

positive loading for initial metal ion concentration (0.826)
and high negative loading for adsorbent dosage (-0.578). Fac-
tor 3 has high positive loading for adsorbent dosage (0.624)
and temperature (0.735). Factors 4 and 5 have high positive
loading for time (0.998) and temperature (0.577) respectively.
Fig. 2(b) shows the scree plot of ZVIN particles, totally of
seven factors were extracted for the adsorption of trivalent
chromium ions using ZVIN particles. The Eigenvalue of the
factors were found to be 2.743, 1.380, 1.098, 1.001, 0.733,
0.042 and 0.004 respectively for factor 1, factor 2, factor 3,
factor 4, factor 5, factor 6 and factor 7. The percentage of
variability was found to be 39.188%, 19.717%, 15.682%,
14.293%, 10.47%, 0.593% and 0.057% respectively for fac-
tor 1, factor 2, factor 3, factor 4, factor 5, factor 6 and factor
7. Fig. 2(c) illustrates the factor loading of MIN-particles on
the adsorption of trivalent chromium ions. Factor 1 has high
positive loading for pH (0.934), uptake capacity (0.907), and
removal Efficiency (0.934). Factor 2 has high positive loading
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Fig. 2: Loading plot of ZVIN (a) and MIN (c) and Scree plot of ZVIN (b) and MIN (d).

for time (0.508) Initial metal ion concentration (0.785) and
negative loading for adsorbent dosage (-0.5). Factor 3 has high
positive loading for adsorbent dosage (0.661) and temperature
(0.724). Factor 4 has high positive loading on time (0.701) and
negative loading on initial metal ion concentration (-0.552).
Factor 5 has high factor loading on temperature (0.584). Fig.
2(d) shows the scree plot of MIN- particles which resulted in
seven factors, the Eigenvalues of the factors were found to be
2.738, 1.460, 1.120, 0.899, 0.734, 0.045, and 0.004 respec-
tively for factor 1, factor 2, factor 3, factor 4, factor 5, factor
6 and factor 7. The percentage of variability was found to be
39.117%, 20.859%, 15.999%, 12.847%, 10.481%, 0.647%
and 0.050% respectively for factor 1, factor 2, factor 3, factor
4, factor 5, factor 6 and factor 7.

Eigenvalues indicate the importance of the factors.
Thus, the factors with an Eigen value greater than one were

assumed to be significant. Similarly, the percentage of vari-
ability should also be greater than 10 (Alvarez-Uriarte et al.
2011). Hence, the number of factors retained for ZVIN and
MIN was found to be 4 and 3 respectively. For ZVIN and
MIN particles, Factor 3 showed high positive loading for
temperature when compared with Factor 5 hence it is not
considered. The cumulative variance of ZVIN and MIN were
found to be 88.88% (four factors) and 75.97% (three factors),
while the minimum decisive factor of the satisfactory analysis
is 70% (Cvejanov & Skrbic 2017, Sciutto et al. 2017).

Agglomerative Hierarchial Clustering (AHC)

Agglomerative hierarchical clustering is an iterative classi-
fication method, which clusters the dissimilarities between
objects together. The type of dissimilarity depends on the
nature of the data and the subject studied. The result of AHC
is shown in the dendrogram which shows the progressive

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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Table 1: AHC Result analysis by class of ZVIN.

M. Arthy and B. R. Phanikumar

Table 2: AHC Result analysis by class of MIN.

Class 1 2 Class 1 2
Objects 14 4 Objects 16 4
Sum of weights 14 4 Sum of weights 16 4
Within-class variance 6.074 1.466 Within-class variance 3.646 1.436
Minimum distance to the centroid 0.698 0.319 Minimum distance to centroid ~ 0.176 0.308
Average distance to the centroid 2.141 0.918 Average distance to centroid 1.480 0914
Maximum distance to the centroid 3.695 1.518 Maximum distance to centroid ~ 3.636 1.520

grouping of data. From the dendrogram, the appropriate
number of classes into which the data can be grouped can
be identified. In this study, the ward’s agglomeration method
and Euclidean distance of dissimilarity were chosen.

Fig. 3(a) and 3(b) show the dendrogram of ZVIN and
MIN particles respectively. The dendrogram has been ma-
jorly classified into two clusters C1 and C2 for both ZVIN
and MIN particles. The AHC was used to examine the dif-
ferent operating conditions of adsorbents in the removal of
trivalent chromium ions. The elements belonging to the same
group are similar to each other and the elements in different
groups are heterogeneous in relation to the same variables
(Vandeginste 1998). In this study, cluster C2 belongs to the
observations on pH for both ZVIN and MIN particles. The
cluster C1 belongs to the observations of other input variables
like time, temperature, initial metal ion concentration, and
adsorbent dosage. The result indicates that, when compared
with other independent variables, the pH influences more
the removal of trivalent chromium ions by ZVIN and MIN
nanoparticles. Table 1 and Table 2 show the AHC result by
class respectively for ZVIN and MIN particles. The C2 is
more homogeneous than the C1. This is validated by the
result of the Within-class variance shown in Table 1 and
Table 2 of ZVIN and MIN. The within-class variance of C1
is found to be 6.074 and 3.646 respectively for ZVIN and
MIN which is higher than C2.

Modeling of Adsorption Data

Multiple Linear Regression Analysis

The purpose of multiple linear regression is used to learn the
relationship between the predictor variable and the depend-
ent variable. In linear regression, models of the unknown
parameters are estimated from the data using linear models.
Linear regression has many practical applications such as
prediction, forecasting...etc. It can be used to fit a predictive
model to an observed set of input x and output y values. The
generalized equation of MLR is given by equation 6.

Y, =p0+P  X; +........ + B, X, ...(6)

Where, B; (i = 0,.,n) are the parameters generally esti-

mated by least squares and X; (i =1,.,n) are the explanatory
variables (predictors) (Sousa et al. 2007). Multiple linear
regression analysis (MLR) is one of the most widely used
methodologies for expressing the dependence of a response
variable on several independent variables. Despite its success
in many applications, the regression approach can face seri-
ous difficulties when the independent variables are correlated
with each other (McAdams et al. 2000). Multicollinearity,
or high correlation among the independent variables in a
regression equation, can make it difficult to correctly identify
the most important contributors to a physical process. In this
study, the linear regression was calculated using the ‘For-
ward’ model. Eq. 7 and 9 show the MLR model for uptake
capacity of ZVIN and MIN respectively whereas Eq. 8 and
10 show the MLR model for removal efficiency of ZVIN
and MIN respectively.

Uptake capacity of ZVIN - 0.789 pH + 0.525 IMIC - 0.351

Adsorbent dosage ...(7)
Removal Efficiency of ZVIN - 0.949 pH ...(8)
Uptake capacity of MIN - 0.792pH + 0.510 IMIC - 0.346
Adsorbent dosage ...(9)

Removal Efficiency of MIN - 0.95 pH ...(10)

Principal Component Regression

Principal component regression (PCR) combines principal
component analysis (PCA) and multiple linear regression
(MLR). In PCR, instead of directly using dependent variables
on the explanatory variables, the principal components of
explanatory variables are used as regressors. The principal
components with higher variances are selected as regressors.
The PCR is used to overcome the multicollinearity problem.
Eq. 11 shows the generalized equation of PCR.

Y=B0+B F, +...+ B,F,...(11)

Where, B; (i = 0,., n) are the parameters generally es-
timated by least squares and F; (i =1,.,n) are the factors
calculated by principal component analysis. Eq. 12 and 14
show the PCR model for uptake capacity of ZVIN and MIN
respectively whereas Eq. 13 and 15 show the PCR model
for removal efficiency of ZVIN and MIN respectively. In
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Table 3: Statistical analysis of uptake capacity by ZVIN and MIN nanoparticles.

Uptake Capacity ZVIN MIN
MLR PCR PLS MLR PCR PLS

Observations 18 18 18 20 20 20
Sum of weights 18 18 18 20 20 20
DF 14 15 16 16 16 18
R? 0.945 0.981 0.752 0.943 0.982 0.742
Adjusted R? 0.934 0.978 0.513 0.932 0.978 0.521
MSE 0.066 0.022 0.234 0.068 0.022 0.245
RMSE 0.257 0.148 0.484 0.261 0.148 0.495
MAPE 29.328 27.011 41.409 39.142
DW 0.985 0.631 1.015 0.649
Cp 3.482 4.737 3.265 4.000
AIC -45.398 -66.078 -50.183 -72.865
SBC -41.836 -63.407 -46.200 -68.882
PC 0.086 0.027 0.086 0.028

this study, the linear regression of principal components was  Partial Least Square

calculated using the ‘Forward’ model.
Uptake capacity of ZVIN - 0.534 x F1 + 0.321 x F2 ...(12)

Removal Efficiency of ZIVN - 0.545 x F1 - 0.270 x F2
...(13)

Uptake capacity of MIN - 0.534 x F1 + 0.303 x F2 - 0.124
x F3 ...(14)

Removal Efficiency of MIN - 0.549 x F1 - 0.224 x F2 +
0.117 x F3 ...(15)
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Partial least square is a rapid, well-organized, and best
regression method based on covariance. It is a technique
that decreases the predictors to a lesser set of uncorrelated
components and achieves least square regression on these
components, instead of on the original data. PLS is used to
find a relationship between explanatory variables (X) and
independent variables (y). The generalized equation for PLS
is given by the following equation

Y=Xb ...(16)
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Fig. 3: Dendrogram obtained from AHC of ZVIN (a) and MIN (b) particles.

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022



1514

M. Arthy and B. R. Phanikumar

Table 4: Statistical analysis of Cr** ion removal by ZVIN and MIN nanoparticles.

Removal Efficiency ZVIN MIN

MLR PCR PLS MLR PCR PLS
Observations 18 18 18 20 20 20
Sum of weights 18 18 18 20 20 20
DF 16 15 16 18 16 18
R? 0.901 0.970 0.790 0.902 0.965 0.794
Adjusted R? 0.895 0.966 0.473 0.897 0.958 0.466
MSE 0.105 0.034 0.199 0.103 0.042 0.195
RMSE 0.325 0.184 0.446 0.321 0.204 0.442
MAPE 148.729 110.638 53.343 33.135
DW 0.990 1.069 1.152 1.245
Cp 3.070 2.403 2.195 4.000
AIC -38.635 -58.233 -43.553 -60.098
SBC -36.854 -55.562 -41.562 -56.115
PC 0.124 0.042 0.119 0.052

Where b is the calibration vector. Eq. 17 and 19 show the
PLS model for uptake capacity of ZVIN and MIN respec-
tively whereas Eq. 18 and 20 illustrate the PLS model for
removal efficiency of ZVIN and MIN respectively.

Uptake capacity of ZVIN - 0.766 x pH + 0.038 x Time +
0.121 x IMIC - 0.199Adsorbent dosage + 0.232 Tempera-
ture (17

Removal Efficiency of ZVIN - 0.785 x pH + 0.039 x Time
+0.124 x IMIC - 0.204 x Adsorbent dosage + 0.238 x Tem-
perature ...(18)

Uptake capacity of MIN - 0.773 x pH - 0.058 x Time +
0.116 x IMIC - 0.186 x Adsorbent dosage + 0.206 x Tem-
perature ...(19)

Removal Efficiency of MIN - 0.8 x pH - 0.06 x Time +
0.120 x IMIC - 0.192 x Adsorbent dosage + 0.213 x Tem-
perature ...(20)

Comparison of MLR, PCR and PLS Models

Goodness of Fit

Tables 3 and 4 show the statistical analysis of the adsorption
data by ZVIN and MIN respectively. The DF represents
the number of degrees of freedom, which indicate that the
number of independent values, can vary in a study without
breaking any constraint. The DF of MLR, PCR, and PLS was
given in Tables 3 and 4. The values indicated that the PCR
and PLS model has high degrees of freedom when compared
with MLR for both uptake capacity and removal efficiency
of ZVIN and MIN nanoparticles. The R* is interpreted as the

amount of the variability of the dependent variable explained
by the model. The better fit of the model should have the
value of R? close to 1. In this study, the R? value of PCR
was found to be greater than in other models. Similarly, the
adjusted R? value is also greater for the PCR model (Tables
3 and 4). The mean of the squares of the error (MSE) is the
average squared difference between the predicted values and
the actual values. The Root Mean Square Error (RMSE) is
the standard deviation of the residuals. The values closer to
zero are better hence, the MSE and RMSE values of the PCR
model were found to be less when compared with MLR and
PLS models. The mean absolute percentage error (MAPE) is
ameasure of the prediction accuracy of forecasting methods.
The result shows that the PCR model has less MAPE value
than MLR (Tables 3 and 4).

Durbin-Watson (DW) is a test for autocorrelation in the
residuals from a statistical regression analysis. DW statistic
value always lies between 0 and 4. If the result lies between
0 and <2 there is a positive autocorrelation. If the value is
2 there is no autocorrelation detected in the sample. If the
value lies between >2 and 4 it is negative autocorrelation. In
this study, the value suggests a positive correlation for both
ZVIN and MIN nanoparticles (Tables 3 and 4). Mallows Cp
coefficient evaluates the accuracy and bias of the full model
to the models with a subset of the predictors. The Mallows
Cp value should be close to the number of predictors plus
the constant. The nearer the Cp coefficient to the predictor
variable, the less the model is biased. The value of Cp of
ZVIN and MIN on uptake capacity and removal efficiency
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Fig. 4: Variation of predicted values on uptake capacity (a, b, ¢) and removal efficiency (d, e, f) of ZVIN nanoparticles by MLR (a, d), PCR (b, ) and

PLS(c, f) models.
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indicated that both MLR and PCR models are less biased.
Akaike’s information criterion (AIC) is an estimator of pre-
diction error. AIC estimates the amount of information lost
by the model. It is used to compare the quality of the model.
Schwarz’s Bayesian Criterion (SBC) is a decisive factor for
model selection, the model with the lowest BIC is chosen.
Table 3 and 4 shows the PCR model has fewer AIC and
SBC values than the MLR model for both uptake capacity
and removal efficiency of ZVIN and MIN nanoparticles.
Amemiya’s prediction criterion (PC) is similar to adjusted
R?, where, it penalizes more heavily than adjusted R-square.
The value of PC is less for the PCR model when compared
to the MLR model for both ZVIN and MIN nanoparticles
on the removal of Cr’* ions.

Thus the analysis of goodness of fit indicates that the PCR
model is best suited for the prediction of uptake capacity and
removal efficiency for MLR, PCR, and PLS models.

Prediction of Uptake Capacity and Removal Efficiency

Fig. 4 and 5 show the variation of predicted values on uptake
capacity and removal efficiency of ZVIN and MIN nanopar-
ticles by MLR, PCR, and PLS models. The figures show that
the PCR model has effectively predicted the uptake capacity
and removal efficiency of ZVIN and MIN nanoparticles.

CONCLUSION

In this paper, two statistical analysis techniques (PCA and
HCA) and three statistical modeling techniques (PCR, MCR,
and PLS) were applied to the adsorption data. These data
analysis tools enhance the understanding of the adsorption
process. PCA and HCA were applied to identify the chief
contribution of independent variables in the removal of Cr**
ions from an aqueous solution. The results indicated that
among all variables, the contribution of pH in the removal
of Cr** jons from an aqueous solution was found to be high.
PCR, MLR, and PLS were used for the prediction of adsorp-
tion data. The analysis of goodness of fit for MLR, PCR, and
PLS models indicates that the PCR model is best suited for
the prediction of uptake capacity and removal efficiency.
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ABSTRACT

Boom and skimmer are mechanical techniques in Oil Spill Response and Recovery (OSRR)
that collect oil from the water surface. However, there are several drawbacks of using boom
and skimmer, such as the oil could pass over the boom during strong wind and high tides.
Moreover, the currently available oil skimmer designed by the engineers is heavy-duty; in
consequence, it is ineffective in shallow water. Thus, there is a need to develop a portable
oil spill skimmer to complement the current drawbacks. Several journals on the fabrication
of the oil spill skimmer were reviewed. Findings from literature shows that the development
of oil spill skimmer lacks user requirements when designing a portable oil spill skimmer.
This article provides a systematic review of Kansei Engineering and the Analytical Hierarchy
Process in the product development process. Therefore, Kansei Engineering and Analytical
Hierarchy Process (AHP) can be incorporated in the early stage of designing a portable
oil spill skimmer. This paper also includes the application of Kansei Engineering and AHP
in design research articles. Findings from observed articles indicate a lack of design and
development technologies relating to products for environmental protection; the AHP and
Kansei Engineering application is somewhat lacking. Moreover, the fabrication of an oil spill
skimmer focuses more on technical specifications and includes fewer user requirements.
As a result, the characteristics such as ease of use, robustness, and safety cannot be
evaluated. The AHP and Kansei Engineering methodology can be extended to the design
and manufacture of products for environmental protection.
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Oil spill skimmer

INTRODUCTION body without sinking too far successfully. Without falling
overboard, it must even tolerate small waves or currents along
lakes, rivers, and oceans. The spillage recovery rate refers to
the speed at which the skimmer can extract oil within a given
timeframe. Maneuverability is the skimmer’s ability to travel
about on water rapidly and reliably while moving about oil
spillages. Last but not least, autonomous functionality can
help users ease their workload when handling oil spillages
by having to monitor the oil spill skimmer themselves. To
satisfy the needs of the consumers, these technological spec-
ifications somehow need to be built into oil spill skimmers.

A mechanism for removing oil that floats on a liquid surface
is known as an oil skimmer. Depending on the technical
configuration, it is used for a variety of purposes, including
the remediation of oil spills as part of systems for treating
oily water, the removal of oil from machine tool coolants
and aqueous parts washers, and the processing of fat, oil, and
grease in wastewater treatment facilities for the production
of food. Oils, grease, and fats must be extracted using skim-
mers in industrial applications to comply with environmental
discharge regulations before further processing. It may min-
imize water retention, odor, and unsightly surface scum by
eliminating the top layer of oils. It should be observed that
to extract condensed oil, all oil skimmers will accumulate
a proportion of water with the oil, which will have to be

REVIEW ON OIL SPILL
Causes of Qil Spill

decanted. Oil spill skimmers have a wide range of criteria
to meet, such as buoyancy, the recovery rate of oil spillage,
maneuverability, autonomous capacity, and many others to
recover oil spills in any large body of water successfully.
Buoyancy refers to the skimmer’s ability to float in any water

Chemical pollution of saltwater happens as a result of mo-
tor oil spills overboard, collision-related fuel oil leaks, and
spills from the shoreline that transport diesel fuel to fishing
boats. In oil spill treatment, marine oil leaks are categorized
as thick oil with a density of more than 10 mm and thinner
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oil with a thickness of less than 10 mm. Besides, light oil
with a thickness of less than 1 mm is known as oil film and,
according to its presence on the water surface, can be divided
into multiple levels.

Effects of Oil Spills

Oil spills cause significant economic damage and affect
public health. The number of living species would be de-
graded by oil on the sea and washed up oil on the beach for
an extended period without being retrieved, causing harm
to the fishing and aquaculture industries. Due to a lack of
dissolved oxygen, oils that pollute the water cause fish to die
in huge numbers. Oil sticking to the soil, rock embankments,
and island banks, creating aesthetics, and causing foul odors,
adds to the tourism industry’s significant losses (Zhang et al.
2018). Fig. 1 shows the occurrence of significant oil spills
around the world.

Overview of Qil Spill Respond and Recovery
Techniques

The modernized world needs speed in all areas. There-
fore, the most critical thing is speed and fast work. Dif-
ferent devices and machinery are developed nowadays
to achieve rapidity. In such a new age of globalization,

R. Ramanathan et al.

scaled-down businesses support our country’s development
differently.

Mechanical recovery is recognized as the most effective
and environmentally sustainable procedure of all these ap-
proaches. It is also the first preferred approach for the rehabil-
itation of oil spill systems (Mirajkar et al. 2019). Therefore,
as an essential aspect of the general oil spill response and
preparedness system, connectivity to the mechanical recovery
capacity by skimmer is necessary.

Chemical spills and oil slicks are listed as follows in
three groups in the aquatic setting (Tuan Hoang et al. 2018):

Dispersion and solidifier are one of the methods that tackle
oil spill issues in chemical techniques. Dispersant application’s
main objective is to decompose oil slicks into tiny droplets that
can be immersed and dispersed quickly (Muizis 2013). They
slow oil formation in water emulsions and are hazardous to
marine life in general (Almeda et al. 2014). On the other hand,
a solidifier possesses hydrophobic and oleophilic characteris-
tics that attract oil while repelling water (Hum & Hamza 2016).
High waves and water currents aid solidification by providing
mixing strength to the oil and solidifiers.

There are also in-situ oil burning and biodegradation
methods in the OSRR techniques. In situ oil burning is

Average number of major oil spill around the world
(over 700 tonnes)
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Fig. 1: The average number of significant oil spills around the world.
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the most efficient process since, without any advanced
equipment, the maximum concentrations of spilled oil can
be eliminated. The critical drawback of burning is that it
produces secondary emissions that create toxic by-products
that can pose risks to human health and the environment.
Furthermore, the goal of bioremediation is to promote the rate
of natural biodegradation of oil without adversely affecting
the atmosphere (Singh et al. 2020).

Physical Methods

The physical and chemical characteristics of the oil remained
unchanged despite the use of physical techniques to restrict
and avoid the spread of the oil spill and oil slick. Many ob-
stacles have been used to contain oil leaks, such as booms,
skimmers, adsorbent fabrics, and oil slicks (Fingas 2016).

Boom

The boom was a standard system used to prevent oil spills and
spreading slicks (Fritt-Rasmussen & Brandvik 2011). Nev-
ertheless, the efficient operation of booms was impacted not
only by the boom’s structure but also by the characteristics of
the waves, such as wind speed, amplitude, and height. They
gather the oil in more significant layers to recover quickly
and easily from the water’s surface. They are effective safe-
guarding devices for the marine environment, rivers, and seas
since they can readily reroute an oil spill’s path to preserve
delicate ecosystems (Pagnucco & Phillips 2018). Skimmers
or other techniques aimed at removing impediments to oil
flow could be employed to recover the oil spills and slick.
Different kinds of booms such as fence and curtain booms
were illustrated in Fig. 2 (Gong et al. 2014).

Unfortunately, because it directly violates the natural
tendency of oil to scatter, break, and disperse under the in-
fluence of wind, waves, and tides, this method has a number
of structural problems (ITOPF 2018). Therefore, even though
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storage and extraction systems work within a few hours of the
initial release, floating oil would appear to be encountered at
ameager rate. The benefits of booms include being portable,
limited storage space, corrosion resistance, immediate treat-
ment, highly effective in calm waters (Hoang et al. 2018). In
comparison, their key drawbacks were poor stability in the
case of heavy winds and currents and low flexibility.

Skimmers

Skimmers are self-propelled machines that mechanically
remove floating oils from the water surface (skimming).
They are frequently employed in the physical recovery of
oil spills and may be found in a range of equipment. They
are commonly used in conjunction with booms and mainly
consists of a reservoir tank for collection and settling of oil
after removal (Fingas 2016). The major benefit of skimmers
is that they can function in inclement weather and do not
alter the oil’s properties. The recovered oil might be refined
or burned for further treatment. Skimmers shown in Fig. 3
might be classified as oleophilic skimmers, weir skimmers,
elevating skimmers, submersion skimmers, suction/vacuum
skimmers, and vortex/centrifugal skimmers (Kauble 2011).

Development of Oil Spill Skimmer

A boat-type oil skimmer has been innovated and researched
to improve the oil skimmer in design and skimmer design
requirements. The modification improves the oil skimmer
design, including shaft size, sorbent material, oil scrapping
design, scrapper placement speed, and scrapper material.
Manivel & Sivakumar (2020) claimed that the efficiency
of the new boat oil skimmer has slightly improved after the
design modification.

A research was conducted to design and fabricate a
belt-type oil skimmer. The belt-type oil skimmer is then
tested for its efficiency by using various types of belt ma-

Fig. 2: The types of booms used to control the oil spill spread (Gong et al. 2014).
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(a) Disc - Olcophilic skimmer

(<) Rope- oleophilic skimmer

R. Ramanathan et al.

oleophilic skimmer

() Belt-

Fig. 3: Oleophilic Skimmers (Kuable 2011).

terial. Patel (2013) concluded that belt-type oil skimmer
significantly improved the oil recovery efficiency. The
oleophilic belt was chosen as the best material to recover
oil compared to steel, nylon, rubber, and polyurethane.
However, Pawar et al. (2020) recommended polyure-
thane as the best material. Research by Widiaksana et al.
(2018) analyzed the effectiveness of oil spill recovery
using a disc-type oil skimmer. Based on the research done
theoretically and experimentally, the increase in surface
area of discs dipped in water increases the oil recovery
significantly.

A more advanced oil skimmer was fabricated by
Mathews et al. (2018), where a power source from solar
was implemented. The oil skimmer robot has the ability to
keep collecting oil for several weeks with the aid of a solar
system with renewable energy. Recent research by Shirbhate
etal. (2018) created an oil-skimming aqua robot to tackle the
oil spill disaster. The robot helps to segregate the oil layer
from the water and uses GPS to monitor the robot’s location.
Also, the ultrasonic sensor scans the level of oil collected
in its storage.

All this fabrication and design research was done with
minimal conscience of the user requirement of the Oil Spill
Skimmer. It is due to difficulties for industrial engineers to
analyze the user requirement. Only the aspects of technical
requirements and designers’/researchers’ opinions were
considered while designing the oil spill skimmer. In con-
clusion, there is a need to consider user requirements and
technical requirements to design and fabricate an Oil Spill
Skimmer. The oil skimmer’s maneuverability, however,
was not specified as it is only stated that the oil skimmer
could only float on water. There is no evidence of the oil

skimmer’s maneuverability in the literature examined. A
dynamic skimmer is a device that is either moved through
the water or stationary, and the water and oil are moved
by it (Pawar et al. 2020). Most skimmers are designed to
be dynamic. As a result, an oil skimmer with portability
and maneuverability attributes must be designed and man-
ufactured.

Multiple-Criteria Decision-Making (MCDM)

In manufacturing, there are several fundamental processes
that need to be considered such as material selection, design
development, performance analysis and after sales service.
Concisely, the most crucial process that should not be ig-
nored are design development and performance analysis.
During design development stages, MCDM approach could
be utilised (Renzi et al. 2017) whereas the precision func-
tionality analysis could be used for performance evaluation
(Abdullah et al. 2015). Due to the diverse and personalized
functionality needed by end-users, decision-making in en-
gineering design has drawn the interest of design engineers.
The phases of the design process are affected by these per-
sonalized features. Many design criteria are now considered
during concept exploration, model creation and selection,
configuration design, and parametric design (Renzi et al.
2017). Multicriteria decision-making (MCDM) is a term
for selecting the best option from a set of possibilities by
weighing them against a set of parameters. When consid-
ering options, decision-makers should use multi-criteria
decision-making approaches as scientific equipment. Re-
searchers and engineers have suggested and implemented
a variety of MCDA approaches to decision-making in
engineering design. Choosing the right MCDA approach to
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compare various options is crucial since different methods
will generate different outcomes for the same problem (El
Amine et al. 2014).

Application of MCDM

Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS)

Anugraha et al. (2019) researched the best concept selection
of dry-soybean machines using the TOPSIS method. The
method successfully selected the best concept in which the
defect rate is lowered to 6.5 percent, and the manual sepa-
rating process is removed. Water consumption is reduced to
800 liters per 35,125 kg of tempe produced. A critical review
done by El Amine et al. (2014) proved that TOPSIS was the
approach that was more compliant with decision makers’
preferences since the findings produced were very respectful
of the decision makers’ preferences after comparing several
types of multi-criteria decision analysis (MCDA) by ranking
alternatives. In the initial conceptual design phase for aircraft
production, a method of assessing and selecting different
alternative configurations based on devised standards using
AHP, TOPSIS, and QDF was researched by Bae et al. (2017).

A hybrid Fuzzy TOPSIS and multi-objective particle
swarm optimization (MOPSO) implementation of a multi-
disciplinary product optimization was introduced by Renzi
and Leali (2016) for solving issues related to the conceptual
design of heel tips for women’s shoes. In addition, unique
parameters have been introduced within the MOPSO to im-
prove solution precision and reduce the computational cost,
such as the chaotic inertia weight. For the final selection
method from the Pareto front, Jafaryeganeh et al. (2020)
conducted a comparative analysis using Weighted Sum,
Weighted Product, TOPSIS, and ELECTRE for determining
the evaluated rank of alternatives.

An article investigated seven widely used multi-criteria
decision-making assisting approaches (weighed sum, weight-
ed product, compromise programming, TOPSIS, quadratic
mean, and ELECTRE 1) (El Amine et al. 2016). Thus, the
weighted product was determined to be the optimum mul-
ti-criteria decision-helping technique based on these criteria.

Analytical Network Process (ANP)

A novel mixture of fuzzy decision-making trial and assess-
ment laboratory (DEMATEL), undefined analytical network
method (ANP), and fuzzy technique for order choice by
similarity to ideal solution (TOPSIS) was used by Vinodh
et al. (2016) in the analysis to improve the effectiveness
of concept collection. Liu et al. (2021) published a paper
to propose a realistic approach for dealing with pandemic
circumstances through urban furniture design, utilizing an
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integrated technique of Quality Function Deployment (QFD)
and Analytic Network Process (ANP). The research focuses
on the design selection of a product to select the best quality
design of a wheelchair by using Analytic Network Process
(ANP) as the decision-making method. Also, the Theory of
Inventive Problem Solving (TRIZ) was used to solve several
issues related to the market demand for wheelchairs (Hambali
& Amira Farhana 2018).

The combination of the theory of innovative problem
solving (TRIZ), morphological chart, and analytic network
process (ANP) was used in the recent advanced design crea-
tion of a creep testing rig for a full-scale cross-arm (Sharaf et
al. 2020). This technique is a rigorous concurrent engineering
process for developing concepts, refining ideas, developing
design methodologies, and selecting the best option. Asyraf
etal. (2019) used similar hybridized approaches to create and
choose the best design idea for product development based
on product design criteria (PDS). By integrating the theory
of innovative problem solving (TRIZ), morphological chart,
and analytic network process (ANP) techniques, a study
was conducted to analyze the framework of the conceptual
design of a portable fire extinguisher constructed of carbon
fiber-reinforced polymer composites. It displays the ability
to generate ideas, create design methods, and choose the best
design concept (Asyraf et al. 2020).

ViseKriterijumska Optimizacija I Kompromisno Resenje
(VIKOR)

In the presence of competing and non-commensurable (at-
tributes of separate units) parameters, VIKOR is an MCDM
approach that focuses on rating and choosing from a finite
range of viable alternatives. It uses a multi-criteria rating
index to determine how similar a solution is to the “ideal”.
Mardani et al. (2016) stated that as a consequence, the
derived compromise solution is a realistic solution near-
est to the positive ideal solution and the furthest from the
negative ideal solution. A compromise is described as an
agreement achieved by mutual compromises between the
alternatives.

Research by Qi et al. (2020) identifies the best product
idea that matches or exceeds most consumers’ standards
while still adhering to design requirements. In IR-VIKOR,
customers’ preferences for design attribute values, signifi-
cance scores of design criteria, and features are integrated
to find the best solutions for generating the rough evaluation
index of each design alternative. Furthermore, in comparing
the types of VIKOR methods, Chatterjee and Chakraborty
(2016) found that fuzzy VIKOR is preferred to other VIKOR
methods. Traditional VIKOR and fuzzy VIKOR and ro-
bust and updated VIKOR processes are found to behave
similarly.
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Analytical Hierarchy Process (AHP)

The Analytical Hierarchy Method (AHP) is a decision-mak-
ing tool developed by Saaty Thomas (1980) that aims to
enhance the decision-making of engineers and researchers.
In the analysis by Ayu Nariswari et al. (2019) in handling
the stock of spare parts in the aircraft industry, the use of
AHP can be seen. The findings indicate that AHP can lead
to a highly informative, accurate, straightforward, rapid, and
systematic classification model with an output comparable to
traditional approaches. AHP has also been utilized by Du et
al. (2020) to select the right remanufacturing of heavy-duty
machine tools. The result indicates that the AHP classifica-
tion model is more efficient and transparent than the current
mathematical models.

Researchers have combined many approaches with AHP
in their studies in recent years. (Diouf & Kwak 2018), for
instance, incorporated Fuzzy Analytical Hierarchy Meth-
od (FAHP) and Data Envelopment Analysis (DEA) to
rate and pick their company’s best supplier. The research
study found that other businesses facing similar challenges
would adopt both the AHP and DEA systems. Also, Yazdi
(2017) mentioned that the combination of fuzzy fault tree
analysis (FFTA) and FAHP was added in a case study. The
research aims to apply FAHP to improve the objectivity
of experts’ opinions and test them by FFTA for failure
likelihood analysis.

AHP has also been used widely in ergonomics and has
been reviewed by Abdul Aziz et al. (2018). The key aim
of the study was to determine and verify the potential of
work-related musculoskeletal disorders (WMSD) by using
AHP to calculate the risk factor. In addition, the Technique
for Order Preference by Similarity to Ideal Solution (TOP-
SIS) and AHP was paired with the aid of the Human Factor
Analysis and Classification Scheme (HFACS) to classify
human error causes in emergency departments (Hsiech
et al. 2018). Besides, Nazim developed the AHP-SCOR
Integrated Model (ASIM) to facilitate decision-making in
the supply chain (Nazim & Yaacob 2017). They evaluated
the best provider and picked it according to the parameters
chosen.

Using the Analytical Hierarchy Process (AHP) system to
analyze the development of a suitable wheelchair configura-
tion, Ahmad et al. (2017) conducted research to improve the
design of existing wheelchairs to reduce physical tiredness
and promote older persons’ independence or ability. A study
by Liao and Chen (2018) suggested using the renowned
benefits, opportunities, costs, and risks (BOCR) as an
assessment factor and using the AHP decision model and
sensitivity analysis to assess organizational results. Sensi-
tivity analysis can determine the best solution to developing
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criteria to understand the complicated relationships among
competitive advantages.

Advantages and Disadvantages of Multi-Criteria
Decision-Making Method

According to Siksnelyte-Butkiene et al. (2020), the distin-
guished advantages and disadvantages of MCDM methods
will help to establish which way is the most suitable for
the assessment of design selection, technologies, and many
more. Finding common MCDM approaches and charac-
terizing their strengths and weaknesses is a crucial step in
developing the research’s framework. This process leads to a
survey of users to ascertain which benefits and downsides are
more prevalent for each methodology (Velasquez & Hester
2013). Table 1 shows the advantages and disadvantages of
MCDM methods.

Kansei Engineering

A literature review by Vieira et al. (2017) on Kansei Engi-
neering (KE) claimed that it aims to define the feel-good
aspect of the client in a product’s design process. Ginting
& Ali (2019) noted that the Kansei Engineering (KE) goals
are to recognize human needs and preferences and provide
mathematical and statistical attributes to relate technical
requirements with responses. A comment in a study from
Mele & Campana (2018) is that it is possible to create a
successful interface between human and virtual design envi-
ronments by integrating KE to incorporate both engineering
specifications and consumer experience in product design.
This technique is used to improve customer satisfaction by
developing the product.

Hartono (2020) integrated the Kansei Engineering ap-
proach along with Kano and TRIZ in a study. By enhancing
consumers’ quality, imaginative ideas, and emotional satis-
faction, the new approach was tested and effective. Also, the
integration of KE with Kano and QFD can be seen in a study
by Hartono et al. (2017) conducted to strengthen the com-
putational structure of a logistics operation. The combined
strategy effectively appreciates what can be understood and
adopted by the service provider in optimizing the services
offered while concentrating on prioritized options for limited
capital. On top of that, in a surgical glove case report, Ginting
& Ali, (2019) integrated KE and QFD. The study findings
demonstrate that the integration of KE and QFD defines
more acceptable technological goals for the technical char-
acteristics used in the quality and quantity of a component.

The single semantic product of the CNC machine is dif-
ficult to express the shape features effectively, and therefore
cannot effectively meet users’ relatively vague semantic pref-
erences. Thus, according to Chen et al. (2012), there is a need

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology



USER-CENTRED DESIGN METHODS FOR DESIGNING A PORTABLE OIL SPILL SKIMMER

Table 1: The advantages and disadvantages of the Multi-criteria Decision Making (MCDM) method.
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Method  Advantages Disadvantages Source

AHP ¢ One of the most often employed techniques and often com- ¢ Additional research is needed to confirm the  (Kaya et al. 2018,
bined with others. As compared to other MCDM systems, findings, and different parameter hierarchies ~ Kumar et al. 2017,
this approach is faster. can affect the weight allocation differences. Siksnelyte et al.

¢ The approach has a comprehensible logic that is commonly ¢ When it comes to assigning weights, the more 2018, 2020)
used to answer energy policy/project selection questions, engineers involved, the more complicated the
and it is also widely used for technology assessment and issue gets.
location selection. « Interdependence among alternatives and goals
¢ In comparison to other approaches, the computing method may contribute to an erroneous outcome.
is elementary.
« Since the approach is based on a hierarchical system, it focuses
more on each analysis parameter.
TOP- » TOPSIS is a very simple to compute and algorithmically or- ¢ TOPSIS, in its standard form, is deterministic =~ (Abdulgader et al.
SIS ganized approach that significantly simplifies implementing it. and ignores ambiguity in weightings, making 2018, Jato-Espino
 The principle is represented in a straightforward mathematical it easy to use but potentially unstable. et al. 2014, Kumar
structure that has logical and understandable logic.  This approach is suitable for a challenge with 2018, Siksnelyte et
* Because of its simplicity, it is one of the most widely used a single source of information only. al. 2018)
MCDM techniques * It functions mainly on the principle of Euclidi-
¢ In terms of the idea of being separated from optimal systems, an distance and thereby ignores the distinction
it has a genuinely instinctive physical significance. between negative and positive factors.
VIKOR ¢ Removes the effect by calculating the combination between  * When a conflicting issue happens, it may be ~ (Gul et al. 2016,
positive and negative ideal solutions. challenging to be dealt with. Liao et al. 2014, Liu
¢ In the measurement phase, the approach accepts the value ¢ When working with different types of data, et al. 2014, Siksne-
variations. modifications are needed because modeling  lyte et al. 2018)
« adapted to respond to a variety of energy issues a real-time model becomes difficult.

ANP e The ANP method considers the feedback relationship and ¢ A complicated mathematical process (Chou 2018,
between model stages and the interconnections among ¢ In ANP, multiple pairwise comparison matri-  Jato-Espino et al.
components. ces are needed more than in AHP. 2014, Wu et al.

« It shows how the criteria in the objectives or higher-level ¢ Itcan’t be judged solely based on one aspect. 2018, 2019)
success criterion are interdependent and affect each other. e It is more time-intensive and more complex
than the AHP.

to build a combination of product semantics corresponding
to user semantics preferences and obtain the product features
corresponding to this combination of semantics. Thus the
Kansei Engineering approach is introduced. Kansei Engi-
neering technology discusses how to transfer consumers’
imagined feelings towards a product into the technology of its
design elements to communicate product aesthetics concepts
and images through the scientific analysis method. Also, it
can be applied to almost all industrial design fields, including
the design of heavy machines such as CNC machine tools
(Chen et al. 2017).

Furthermore, until recently, the emotional aspects of
machine tool design were overlooked. With the advancement
in the industrial design of machine tools, it is essential to
statistically and adequately comprehend the users’ emotional
expectations; thus, Kansei Engineering is implemented (Liu
etal. 2013). Mental concepts of users are often challenging to
identify and, consequently, a satisfactory product is difficult
to design (Huang et al. 2012). In particular, designing injec-
tion molding machines (IMMs) often lacks user feedback and
relies heavily on manufacturers’ technical specifications and

imaginary targets. Technical specifications are frequently
used to make decisions on which machine to buy or use.
Although these technological characteristics can be assessed,
critical machine needs, such as simplicity of use, safety, and
robustness, are challenging to quantify and compare. As a
result, Mondragén et al. (2005) use Kansei Engineering to
demonstrate how the technique may measure the perception
of those aspects.

Combination of AHP and Kansei Engineering

In recent years, researchers have thoroughly researched the
adaptation of KE and AHP. The priority of emotional archi-
tecture in KE was studied by integrating the AHP process
(Syaifoelida et al. 2018). In the user requirement aspect, the
design of the car center stack was analyzed based on their
emotional feelings, and the produced designs were evaluat-
ed using AHP to choose the best design. Besides, AHP and
Kansei were used to investigate the interface architecture of
electric cars (Wu & Kang 2020). Meanwhile, Impho et al.
(2018) constructed a drinking water filtering system using
AHP, KE, QFD, and TRIZ. KE was combined with QFD to
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achieve consumer specifications, whereas TRIZ was used to
solve issues around technological requirements.

In deciding the technique for selecting the right music
school, AHP and KE were also included. When used to
create selection programs and evaluation frameworks for
choosing music colleges, the variants of the Nagai method
(5W1H), AHP, ISM, and GRA were tested (Sheu et al. 2016).
Interface modeling using KE and AHP for mobile learning
has been researched (Hadiana 2017). As a result, a mobile
learning system interface prototype based on an emotional-
ly dynamic and easy concept was launched to have a high
effect on the interface and increase the accessibility of the
mobile learning system. AHP and KE were introduced in
the design of Jun Porcelain to reinvent the graphic style
and improve the tradition (Chai et al. 2016). In promoting
the business process in an organization, the application of
a helpdesk plays a significant role. Therefore, Hadiana &
Abdurrohman, (2018) analyzed clients’ desires in terms of
emotions using KE and AHP to optimize the new helpdesk
framework. A research was conducted by Huda & Hadiana,
(2020) to study consumer emotions against the existing
helpdesk framework. The best alternative recommendations
were selected using AHP to enhance the current helpdesks
with the affected parameters.

Environmentally focused technologies such as oil spill
skimmers have been created chiefly only through the efforts
of engineers, as so few to none emerge from the skimmers’
potential consumers. As customer perceptions of oil spill
skimmers can shift from time to time, it is important to adjust
this design technique, creating the need to integrate consum-
ers into the design process. Kansei Engineering and Analyt-
ical Hierarchy Process (AHP) are the two commonly used
techniques for integrating user requirements into engineering
architecture. Nevertheless, in the design and development of
technologies relating to products for environmental protec-
tion, the AHP, and Kansei Engineering strategy is somewhat
lacking. The AHP and Kansei Engineering methodology can
be extended to the design and manufacture of products for
environmental protection.

CONCLUSION

In conclusion, the fabrication of a portable oil spill skimmer
lacks the involvement of user requirements. An oil spill is a
disaster that could harm the environment and the ecosystem.
Although there are several techniques to overcome the tragedy,
the mechanical methods themselves have some limitations.
Due to its limitation, a portable oil spill skimmer is a comple-
mentary technique that helps the boom and skimmer technique
collect the oil residue. Thus, it eliminates the reset-up boom
and skimmer, which consumes a lot of workforce and cost.

R. Ramanathan et al.

The development of conceptual designs starts with im-
plementing the Kansei Engineering method to analyze the
user requirement and technical specifications through human
emotion and feelings. AHP has also grown in popularity as
a tool for organizing, analyzing, and modeling complicated
choices. As a result, AHP is used to pick the most refined
Kansei Engineering-developed conceptual design. This
article sought to explore Kansei Engineering and AHP’s
use in product design development to understand Kansei
Engineering and decision issues that AHP might effectively
address. The paper’s goals were to summarise current liter-
ature on Kansei Engineering and AHP applications in the
design development process and determine user and techni-
cal requirements using Kansei Engineering and choose the
optimum conceptual design using AHP.

The study indicates that the fabrication of an oil skimmer
was more concerned with technical specifications than with
customer requirements. As a result, technical requirements
cannot be directly compared to robustness, safety, or ease of
use. Kansei Engineering can therefore be used to assess the
robustness, safety, and ease of use of the system. There was
also no argument or evidence that the oil spill skimmer could
be maneuvered. The findings from the articles also show
that there is a limitation in the design and development of
technologies related to environmental protection goods and
the AHP and Kansei Engineering applications.
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ABSTRACT
Nat. Env. & Poll. Tech.
Website: www.neptjournal.com Alternative fuel technology of third-generation biofuels in place of conventional fossil fuels
. is currently being witnessed at a global level. Due to its sustainability and environmental
Received: 10-11-2021 friendliness, in recent years more importance is being given to biodieselin Cl engine
Revised: 18-12-2021 applications. Recent trends show that microalgae are promoted as a bio-fuel due to their
Accepted: 11-02-2022 inherent advantages of abundant availability of oil sources and faster growth rate with ease
Key Words: of cultivation. Particular species of algae such as Chlorella, Botryococcus braunii, and
Algae cultivation Scenedesmus obliquus are conventionally favored for biodiesel production as they have a
Harvesting prominent amount of lipids content. This review outlines the current state of experimental
Drying investigations on the use of different algae biodiesel blends with diesel for Cl engines. Amongst
Transesterification the different algae-based biodiesel, the dual Calophyllum Inophyllum methyl ester blend
Cl Engine (CIME20) with DEE demonstrated the maximum brake thermal efficiency (BTE) and better
brake-specific fuel consumption (BSFC) of Cl engines. In terms of emissions, the CO, UBHC,

\Engine emissions

INTRODUCTION

Economic growth and development increase the energy
demand. Recently global energy requirements are met by
fast-depleting fossil fuels. Alternative fuels are particularly
important to the transport sector as they address the problems
of high demand rates and increasing costs. Furthermore, these
fossil fuels emit a huge amount of hazardous substances
into the atmosphere contaminating the fragile environment
(Enamala et al. 2018). The use of renewable and sustainable
energy sources of biofuels for energy production came into
existence as a better replacement for conventional fossil fuels.
Emissions from vehicles have increased drastically over the
past decades (Baral et al. 2015). To achieve environmental
and economic sustainability, fuel production must be renew-
able and capable of reducing CO,. In these circumstances,
microalgae play a vital role in suppressing atmospheric
CO, to O,, the primary contributor to global warming and
other greenhouse gases (Saratale et al. 2017). Gaseous fuels,
biodiesel, and alcohol-based fuels are the most common al-
ternative fuels for IC engines. Most biofuels fall into one of
three categories, namely I, II"* and 111" generation biofuels.

DIFFERENT GENERATIONS OF BIOFUELS

Fig. 1 shows various biodiesel feedstock classified by their
generations. Land-based food crops produce first-generation

and smoke levels are significantly lower for algae blends in contrast to neat diesel.

biofuels from cultivated crops known as wheat, barley, corn,
and sugarcane produces bioethanol or butanol by fermenta-
tion of starch. Transesterification of feedstock like rapeseed,
sunflower, palm, castor, and cooking oil (Prakash et al. 2018,
Jeyakumar & Narayanasamy 2019) produces biodiesel.
Second-generation fuels employ ligno cellulosic non-food
biomass such as Jatropha, Mahua, Neem, Karanja, Aegle
marmelos, Methyl ester from the tannery industry, Safflower,
Mesua ferrea, and Rice husk in biodiesel production (Balasu-
bramanian & Purushothaman 2019, Siluvaimuthu et al. 2019,
Thiyagarajan et al. 2016, Dhananmurugan & Subramanian
2015, Singh et al. 2015, Kanthasamy et al. 2020, Vinukumar
et al. 2017). I* and II"* generation biofuels with fossil fuels
gaining research attention due to their significant benefits.
Additionally, soybean, jatropha, canola, corn, and animal
fats are being tested as fuels (Xin et al. 2011). Generations
of such biofuels require an abundant amount of water and
agricultural land for crop cultivation and biofuel production.
Third-generation biofuel feedstock like algae, overcome
these drawbacks as it does not interact with the food envi-
ronment. However, the yield of algae biofuel necessarily
stepped up to meet the higher demand.

MICROALGAE AS BIOFUEL

Microalgae utilize sunlight and variant micronutrients from
the environment for inherent growth (Ramachandra et al.
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2013). Climate change legislation and governmental author-
ities are attempting to minimize greenhouse gases by opting
for sustainable algae biofuels. Due to its lowest measure of
emitted greenhouse gases, it has tremendous potential for
alternative fuel technology. It is photosynthetic in nature
without roots, stems, and leaves. Almost three lakhs species
of algae are distributed and grown throughout the world in
seawater, freshwater, and brackish water. Algae are classified
into microalgae and macroalgae. Microalgae are single-celled
organisms whereas macroalgae are multicellular organisms.
Both kinds of algae can be effectively used in producing the
byproducts of biodiesel and bioethanol. However, the yield
of biodiesel through the transesterification process from
microalgae is better whereas macroalgae are found to be
superior in yield of bioethanol. As algae are carbon neutral,
their use in biofuels does not result in any detrimental effects
on the environment (Zaimes & Khanna 2013). Substances
such as proteins, lipids, and carbohydrates are the main
constituents of microalgae biomass. Biofuel production from
microalgae is a promising field owing to its higher growth
rates and potential to accommodate a superior amount of
triglycerides. The composition of lipid content determines

S. R. Hariprakash and T. Prakash

the yield and quality of biodiesel produced (Ananthi et al.
2021).

STRAIN SELECTION

Fig. 2 shows unique algae species utilized in methyl ester
production. Algae cells are neutral lipids. High saturation
and rapid accumulations of lipids in the cellular system
at different phases of algae growth make them a potential
diesel fuel substitute. Strain selection must be cared for,
higher accumulation of lipids can lead to the formation of
oxides in fuel injector lines during the process of combustion
(Piloto-Rodriguez et al. 2017).

PRODUCTION OF OIL AND METHYL ESTER
(BIODIESEL)

Algae Cultivation

Fig. 3 represents methyl ester production. For microalgae
to grow, the temperature must be between 20°C and 30°C.
The intensity of Sunlight is important for biofuel produc-
tion (Alam et al. 2015). Algae cultivation is accomplished

Biodiesel by 'i
Transesterification
of oil

o ~ +

Generation of
Biofuels

Biodiesel From
Lignocellulosic
Biomass

Biodiesel From
Micro Algae's

i N J

Fig. 1: Generation of biofuels.

% OF DRY WEIGHT (BIOMASS)

Neochloris
oleoabundans
54%

Dunaliella sp.
67%

Chlorella
Vulgaris
56%

Botryococcus
braunii
17%

Scenedesmus
obliquus
55%

Fig. 2: Unique microalgae species for methyl ester production.
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Fig. 3: Biodiesel production from algae.

with two different types of systems including open ponds
(raceway) and closed reactors (photobioreactor). Commonly
used reactors are Tubular PBR, Flat PBR, and Column PBR,
where tubular PBR is less expensive and offers higher bio-
mass productivity (Dragone et al. 2010). The tubular PBR
gives superior pH, better temperature control, improved
culture strain, finer combination, lesser evaporative losses,
and superior cell densities. It is also relatively economical
in terms of maintenance (Mata et al. 2010).

Open Cultivation Systems

The earliest type of farming involved a one-foot deep open
cultivation system covering many acres that were exposed
to natural sun rays. It can be made of concrete or simply
excavated into the ground lined with plastic to prevent
leakage and contamination (Duran et al. 2018). Nutrients
(such as N and P) can be delivered directly by channeling
water from water treatment or sewage treatment plants
(Saleem & Moe 2014). The cost-effectiveness of the method
adopted for manufacturing microalgae biomass is influenced
by the algae strain used, local climatic conditions, cost of
land, and availability of water. Open cultivation methods
have two major drawbacks: first, their output is lower, and
second, the environmental factors are more difficult to man-
age (Spolaore et al. 2006). Raceway-based pond biomass
cultivation method tends to cover a total area of 440,000
m? (Andersson et al. 2014). Closed cultivation systems are
more productive even though open culture systems are more
economically viable due to issues such as H,O, temperature
losses, vapor losses, and CO, dispersion into the environment
resulting in environmental contamination issues (Ho et al.
2011).

Closed Cultivation Systems

Closed culture systems offer a monitored environment that
effectively addresses contamination concerns. An open

culture method increases carbon dioxide fixation efficiency
due to adequate mixing opportunities. However, as a result
of its high infrastructure costs, the closed system technology
is very expensive. This type of bioreactor is very effective,
producing higher biomass concentrations (2—5 g.L"") within
two to four weeks with a greater surface area to vol. ratio
than open cultivation systems (Wang et al. 2008, Min et
al. 2011). Multilayer bioreactor is the most practical and
cost-effective way to treat waste H,O from industrial and
agricultural operations, both in terms of scaling up and
nutrient removal (Chisti 2008). In terms of commercial
production efficiency, the tubular photobioreactor is superior
to other closed systems. A series of straight, clear plastic or
glass tubes are used to gather solar energy with a diameter
of less than 0.10 m, as penetration of sunrays is reduced in
larger tubes. The tubes and a reservoir are used to circulate
the microalgal broth (Rawat et al. 2011).

Algae Harvesting

In water, algae are frequently seen in a diluted form. Nearly
20-30% of the entire production cost is required for biomass
recovery from dilute media. Flocculation, flotation, centrif-
ugation, and filtration are the different harvesting proce-
dures available. Filtration has proven good as it includes
passing broth containing algal biomass through filters that
collect algae biomass and allow the medium to flow through.
A typical filtration procedure is best suited for harvesting
algae biomass (>70um) meanwhile for recovery of algae
biomass (<30um) ultra and microfiltration are technically
viable alternatives to traditional filtration (Brennan &
Owende 2010). Dewatering cannot be accomplished using
a simple filtration approach (dead-end filtration) because
of problems with back mixing. However, simple filters
can be used in conjunction with centrifugation to improve
separation (Harun et al. 2010).
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Drying

After the harvesting process, the dry solid concentration
of biomass sludge is still modest. Moisture absorption of
dewatered slurry is the final step in algae processing, with a
moisture level of 12 to 15% Algae slurry is dried or dehydrat-
ed at this point to achieve a stable state for future processing
Solar, convection, spray and freeze drying are some of the
most common drying processes (Chen et al. 2015, Guldhe
et al. 2014, Show et al. 2015, 2019).

Solar Drying

Sun drying is the most cost-effective way of drying. It re-
quires a prolonged drying period and might result in deteri-
oration, fermentation, and spilling of the biomass. In as little
as 3-5 h, closed sun drying machines can boost the ambient
temperature from 35°C to 60°C.

Convective Drying

Oven drying is a sort of hot air medium drying that is com-
monly used for convective drying. The minimum temperature
range of this method is 40-55°C. However, the time required
for removing the water content is about 12 h which is shorter
than solar drying.

Spray Drying

The spraying technique yields a dark green powder by means
of hot gas drying, mostly air. It maintains more nutrients
than convective-dried items, which lose 10-20 percent of
their protein content.

Freeze Drying

Freeze drying is the most popular method of conserving bio-
mass as it preserves cell contents without damaging the cell
wall. It involves the removal of bound water molecules by
desorption. The time duration of different drying techniques
is revealed in Fig. 4

QOil Extraction from Algae Biomass

The most frequent methods of oil extraction include oil press,

S. R. Hariprakash and T. Prakash

solvent, supercritical fluid extraction, and ultrasound tech-
nology. Quick, scalable, and efficient extraction techniques
are needed as they do not damage the extracted lipids.

Expeller/Oil press

This technique is frequently used to extract oil from dry
biomass. To make this procedure easier, it is necessary to
dry the algae. A high-pressure approach is utilized to break
down cells and squeeze off oil. It removes about 75% of the
oil and requires no particular skills. Despite the prolonged
extraction time, it’s shown to be quite effective.

Solvent Extraction

This technique is relatively inexpensive and is found to yield
more amounts of algae oil. In this method, dried algae are
treated with organic solvents such as benzene, cyclohexane,
hexane, acetone, and chloroform. Though organic solvents
are more soluble in organic solvents than water, they break
the algal cell wall and extract oil from aqueous media.
Amongst different solvents hexane has excellent extraction
capacity and inexpensiveness.

Supercritical Fluid Extraction

In this process of extraction, cells are ruptured using high
pressure and temperature. This technique utilizes the treat-
ment of liquefied CO, under pressure and heated to a temper-
ature as it has both liquid and gas characteristics. However,
it’s found to be inadequate due to inter-sample interactions.

Ultrasound Technique

This process involves creating high-intensity cavitation bub-
bles using ultrasonic waves. Shockwaves are generated when
bubbles collapse crushing cell walls and expelling desirable
chemicals. However, this type of extraction possesses higher
interaction of solvents with lesser extraction time. Owing to
its technical viability some sort of research must be done.

Soxhlet Extraction Technique — Solvent Extraction

Fig. 5 illustrates the usage of a Soxhlet extractor to extract
oil from algae biomass. The constructional arrangement
consists of a round bottom flask, thimble, condenser, and

TIME DURATION (HOURS)
22 HOURS
- 11 HOURS
67 HOURS
u Freeze Drying
® Oven Drying

Sun Drying

Fig. 4: Duration of drying.
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extraction chamber. This apparatus uses a circular bottom
flask that is filled with 300 mL of n-hexane, while the dry
algae biomass is kept inside the thimble wall. The circular
bottom flask is heated to 70°C with the help of the heating
unit due to which the n-hexane gets vapourised and enters
the condenser. Hexane vapor is condensed in the condenser
and gets converted into warm hexane liquid. Once the dried
algae biomass is in contact with the warm hexane solvent,
oil is extracted from the biomass. The oil and warm hexane
liquid are collected in the round bottom flask and the cycle
is repeated. After the completion of cycles, the warm hexane
liquid and algae oil are transported to a solvent extractor
where they are separated.

Determining Free Fatty Acid Percentage Of Algae Oil

Titration is used to assess the free fatty percentage of
algae-based oil. A 0.1-0.5 mL of oil sample is taken and
weighed using a conical flask. After weighing 50 mL of
solvent mixture (95% ethanol and diethyl ether in 1:1 ratio)
was added to the sample and is well mixed. Following the dis-
solving procedure, a burette was filled with 0.1 N potassium
hydroxide (KOH) and the initial reading was recorded. Then
the dissolved mixture is titrated by the vigorous swirling of
the flask with a 1% of phenolphthalein indicator (Karmakar
etal. 2017) until the solution turns pale pink. Finally, the end
burette reading was observed. The formula described below
determines the acid content of algal oil and the percentage
of FFA was obtained by multiplying the acid value with the
factor of 0.503.

= 2 ) Condenser

Vapour 1

Extraction Chamber

P Thimble
7’
Il Siphon arm
— &

.7 Extraction Solvent
Boiling Flask

/ v Al
[ y

Fig. 5: Soxhlet extractor.
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Acid Value =

Molecular weight of KOH x Normality of KOH
x Volume of KOH solution used

Weight of algae oil sample
% FFA = 0.503 x Acid value

Transesterification Setup and Process

Before commencing this process, the obtained oil is checked
for the percentage of FFA (Free Fatty Acid). Transesterifi-
cation set-up is shown in Fig. 6. It is the most economical
chemical process of converting the triglycerides in algae oil
into methyl ester in the existence of a catalyst (Kubude et
al. 2019). Transesterification is carried out by boiling 100
mL of Chlorella vulgaris algae oil in a round bottom flask.
0.95 gm of potassium hydroxide is mixed with 25 mL of
methane solution. The prepared mixture is stirred at a tem-
perature of 48-52°C for 30 min. After the stirring process, the
mixture is transferred into the separator and left undisturbed
to allow settling down at atmospheric temperature for 8-10
h by which the glycerol is separated at the bottom of the
separator. The top surface of the biodiesel (methyl ester) is
washed with water to minimize the pH value and remove the
traces of acid (Emirbas & Demirbas 2011, Satputaley et al.
2018).

Use of Algae in Ci Engines

The following section covers a comprehensive review of

ELECTRIC MOTOR

STIRRER
STAND

THREE NECK EMMMQ—EER

ROUND
BOTTOM FLASK

REGULATOR

[Yo o)

Fig. 6: Transesterification setup.
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several research studies conducted by many researchers on
various kinds of algae.

Chlorella vulgaris as Neat Oil and Neat Biodiesel (B 100)

The test fuels of Chlorella vulgaris oil and biodiesel were
experimented with in one cylinder 4 stroke CI engine. BTE
of neat oil and methyl ester was lowered and an increase in
BSFC was observed for algae oil and methyl ester over diesel.
Maximum pressure rise of algae oil and methyl ester were
recorded as 63.26 bar and 58.5 bar respectively over diesel
of 67.65 bar. However, no drastic variations were observed
in Exhaust Gas Temperature (EGT) and NO, between diesel,
neat algae oil, and biodiesel. CO, UBHC, and smoke were
found to be lower. This was due to the existence of 10 to 12
percent of additional oxygen content in the oil and methyl
ester (Satputaley et al. 2018).

Chlorella vulgaris Oil With Low Viscous Turpentine Oil

Three different test fuels (C90T10, C75T25, C50T50) along
with neat diesel (D100) and neat Chlorella vulgaris oil
(C100) were investigated experimentally to determine their
performance characteristics in a single cylinder CI engine
with a maximum power of 5.2 KW at 1500 rpm. After adding
low-viscosity turpentine oil to Chlorella vulgaris oil, the
BTE improved considerably. When Chlorella vulgaris oil
was mixed with turpentine, there was a drastic increase in
BSFC because of the low spray-forming characteristics of
fuel in the combustion chamber (Karthikeyan et al. 2020a).

Chlorella vulgaris as Methyl Ester

The comparative performance of the CI engine with hydrogen
induction technique of micro Chlorella vulgaris biodiesel
with diesel was investigated experimentally in one cylinder
4 stroke CI engine with a rated output of 9KW at 3000 rpm.
The test fuels were investigated for torque, power, and emis-
sions such as CO, HC, and CO, The experimental results
showed that the addition of 10 LPM hydrogen to methy] ester
(MCV20) increased the power and torque of the engine by
7.6% and 10.6%, respectively. A 6% reduction in BSFC was
obtained. From an emission point of view, it was noted that
the addition of 10 LPM of hydrogen to Chlorella vulgaris

Table 1: Advantages and limitations of various extraction techniques.

S. R. Hariprakash and T. Prakash

methyl ester decreased CO, COZ, and HC by 13.7%, 6.8%,
and 34.3%, respectively. However, the addition of hydrogen
increased NO, emissions (Tayari et al. 2019).

A comparative study was carried out on chlorella vulgaris
methyl esters in the different blend ratios of (B30, B40, B50,
and B60) with diesel in a CI engine at a rated power of 1500
rpm. The test fuels were investigated for BSFC, BTE, CO,
CO,, UHC, and NO,. The experimental results showed that
blending methyl ester blends with diesel showed a decrease
in BTE with increased BSFC over diesel at all loading con-
ditions. With higher NOx emissions, all biodiesel blends
had lower CO, UHC, and smoke. However, blending higher
ratios of methyl ester resulted in a poorer performance when
compared to diesel. Hence, an optimum blend of methyl
ester is necessary to enhance the performance of a Cl engine
(Mathimani et al. 2017).

Caulerpa racemosa Algae

Karthikeyan et al. (2020b) investigated the use of Caulerpa
racemosa algae methyl ester with Bi,O; in a one-cylinder
ClI engine at a power rating of 1500 rpm. The test fuels were
analyzed to examine the combustion, performance, and
emission. The experimental outcome showed that the use
of nano-additive with B20 improved the performance, lower
CD and HRR were observed with Bi,O;supplementedblends
than B20. From an emission perspective, it was observed
that B20 with Bi,0; of 100 ppm gave lower CO (3%vol),
HC (200 ppm), and smoke. Emissions of NO, were found to
be higher due to the presence of oxygen at maximum load.

Scenedesmus obliquus Algae

In an experimental study conducted by (Elkelawy et al.
2020), the operational characteristics of a CI engine with
a rated speed of 2200 rpm were investigated using the test
fuels of Scenedesmus obliquus methyl ester blend B50 with
three different proportions of n-pentane blends of5%, 10%,
and 15%. The experimental results showed that B50 with
15 mL.L"" n-pentane blends increased the BTE by 7.1%
and decreased the BSFC by 6.4%. They observed that the

Extraction methods Advantages

Limitations

Reference

Oil Press Easy to use

Solvent extraction Solvents are inexpensive

Supercritical fluid extraction Absence of organic solvents and

simple operation.

Ultrasound technique High interaction of solvents

with less extraction time.

Longer extraction time

Solvent recovery is expensive
and energy-intensive

Found insufficient in the interac-
tion between the samples

High power consumption

(Harun et al. 2010, Rajkumar et al. 2013)
(Harun et al. 2010, Rajkumar et al. 2013)

(Harun et al. 2010, Rajkumar et al. 2013)

(Harun et al. 2010, Rajkumar et al. 2013)
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Table 2: Comparison of performance and combustion characteristics.
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Micro Algae Species

Performance parameters

Reference

BTE

BSFC

Chlorella vulgaris

Chlorella vulgaris
Chlorella vulgaris
Caulerpa racemosa
Scenedesmus obliquus
Chlorella sp.
Calophyllum inophyl-
lum Algae

Spirulina

Spirulina
Schizochytrium

Micro Algae Species

Chlorella vulgaris

Chlorella vulgaris

Chlorella vulgaris

Caulerpa racemosa

Scenedesmus obliquus

Chlorella sp.

Calophyllum inophyl-
lum Algae

Biodiesel and Algae Oil shows reduction in
BTE of about 5.2% and 6.4% compared to

diesel

BTE diminished with increase in blends

BTE decreased with blend B20 and nano

additive

BTE increased by 7.1% with 15 mL n-pentane

blend

B20 with DEE improved BTE by 4.4% as com-

pared to neat diesel

BTE of B20 was found to be lower than diesel

BTE increased by 1.39% with a 30% butanol

blend

BTE of B20 was found to be compatible with

the diesel
Combustion parameters

Cylinder Pressure

BSFC improved by 6.6% with 10 LPM
hydrogen gas for the blend B20

HRR (Heat Release Rate)

Diesel peak pressure increased by 4% and 14% as
compared to algae oil and algae Biodiesel

Higher cylinder pressure was found with the
addition of pentane blends

Biodiesel and Algae Oil consumes more
fuel to give the same power output

Compared to diesel and other blended
fuels BSFC of B60 was higher

BSFC of blend B20 with 100 ppm was
noted to be closer to the diesel

Decrease in BSFC of 6.4% is observed
with 15mL n-pentane blend

BSFC of B30 methyl ester is 3.5% high-
er than diesel.

BFSC of a micro algal B20 blending
with DEE is 3.76% lower than diesel

BSFC of blend B20 was found to be
8.42% higher as compared to diesel.

The addition of butanol with methyl
ester increases BSFC

BSFC is found to be higher for all rati-
os(blends) with respect to diesel.

An increase in HRR was found with
the addition of pentane blends

(Satputaley et al. 2018)

(Tayari et al. 2019)

(Mathimani et al. 2017)

(Karthikeyan et al.
2020c)

(Elkelawy et al. 2020)

(Makarevicien et al.
2014)

(Ranjithkumar et al.
2020)

(Krishaniaa et al. 2020)

(Rajak et al. 2019)

(Rajendra Prasad Red-
dy et al. 2020)

Reference

(Satputaley et al. 2018)

(Tayari et al. 2019)
(Mathimani et al. 2017)

(Karthikeyan et al.
2020a)

(Elkelawy et al. 2020)

(Makarevicienet al.
2014)

(Ranjithkumar et al.
2020)

Spirulina Cylinder pressure was found to be dropped with HRR decreased with an impressed (Krishaniaa et al. 2020)
algae biodiesel as compared to diesel percentage of algae biodiesel blends

Spirulina Cylinder pressure was increased by combining The addition of butanol with algae me-  (Rajak et al. 2019)
butanol with algal methyl ester and diesel (ternary  thyl ester and diesel (ternary blends)
blends) increased the HRR

Schizochytrium B40 and B60 cylinder pressures were found to be (Rajendra Prasad Red-
higher than diesel dy et al. 2020)

blending of n-pentane with methyl ester resulted in longer  Chlorella sp. Algae

ignition delay, with high HRR and that cylinder pressure
was higher. CO, and NO, were found to be increased for
all pentane blends with reduced CO, HC, and O, emissions.

An attempt was made by (Makareviciene et al. 2014) to
establish the performance and emission characteristics of
Chlorella sp. methyl ester in a multi-cylinder CI engine at
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Table 3: Comparison of Emission Characteristics
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Micro Algae Species

Emission Parameters

CO

UHC

Smoke

NOy

Reference

Chlorella vulgaris

Chlorella vulgaris

Chlorella vulgaris

Caulerpa racemosa

Scenedesmus
obliquus

Chlorella sp.

Calophyllum ino-
phyllum Algae

Spirulina

Spirulina

Schizochytrium

10 to 12% of excess

oxygen level in me-

thyl ester and algae

oil results in reduced
CO emissions

CO emissions are
reduced by 13.7% as
a result of hydrogen
enrichment.

CO emissions fell as
biodiesel content in
blends increased

Bi,0j5 and its blends
have lower CO emis-
sions than B20

Excess oxygen in
methyl ester with
pentane addition
lowers CO emissions
by 21.19%

CO reductions upto
10% were observed

B40 with DEE
showed reduced CO
emissions by 33%
compared to diesel

CO emissions from
biodiesel compo-
sitions are higher
compared to diesel

10 to 12% of excess oxy-
gen level in methyl ester
and algae oil results in

reduced. UHC emissions

UHC emissions are
reduced by 34.3% as
a result of hydrogen
enrichment.

The percentage of bio-
diesel in blends reduced
UHC emissions by
14.75%

Bi,05 and its composi-
tions exhale less UHC
than B20

Excess oxygen in methyl
ester with pentane
addition lowers UHC
emissions by 9.82%

Reduced
UHC emissions by
5-25%

B40 with DEE showed
the lowest UHC emis-
sions by 30.7% compared
to diesel

UHC emissions were
decreased by increasing
the amount of biodiesel
in blends

10 to 12% of excess
oxygen level in
methyl ester and
algae oil results

in reduced Smoke
Opacity

Bi,0; and its con-
stituents expel less
Smoke than B20

B20 reduces smoke
emissions by 18.33
%

Smoke emissions
from biodiesel com-
positions are higher
compared to diesel

At 5.15 kW brake
power load, algae oil
demonstrated the
greatest reduction in
NO, of 19 ppm

NO, emissions soared
by 5.1 % when hydro-
gen was enriched

There was no discern-
ible difference in NO,
emissions between

diesel and mixed fuels

NO, emissions for
Bi,05 nano additions
mixed fuel are higher
than for B20

NO, emissions are
raised owing to in-
creased oxygen when
pentane additives are
used

No drastic variations in
NOy emissions were
observed

Blend B60 had a
4.91(%) increase in
NOy.

With B20, NOx emis-
sions are decreased by
10.66%

NO, emissions were
raised owing to an
increase in butanol
blends

No obvious variations
in NOy emissions were
found

(Satputaley et al.
2018)

(Tayari et al.
2019)

(Mathimani et al.
2017)

(Karthikeyan et al.
2020a)

(Elkelawy et al.
2020)

(Makareviciene et
al. 2014)

(Ranjithkumar et
al. 2020)

(Krishaniaa et al.
2020)

(Rajendra Prasad
Reddy et al. 2020)

(Rajak et al. 2019)

a maximum power of 1500 rpm. The empirical study on
chlorella sp methyl ester B30 showed that it had an approx-
imately 3.5 percent greater BSFC than natural petroleum
diesel. When the engine was run on B30 methyl ester, there
was no noticeable variation in the BSFC readings. Energy
utilization of methyl ester was found to be 2.5 to 3 percent
superior to diesel-fueled operation. A noticeable improve-
ment in emission factor was seen. The blending of the methyl
ester with mineral diesel reduced emissions of HC, CO, and

smoke by 75%, 25%, and 10% respectively as compared to
diesel, meanwhile, NO, increases.

Calophyllum Inophyllum Algae

The performance and emission characteristics of dual-blend-
ed biodiesel were examined in internal combustion (CI)
engine with a power rating of 1500 rpm. Using vol. ratios
0f 20%, 40 %, and 60 %, methyl ester made from CIME and
MAME was mixed with diesel fuel. Comparing (B40 and
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B60), B20 with DEE showed a 4.4% higher improvement in
BTE when compared to neat diesel. However, the BFSC of
the B20 blend with DEE was3.76% less than diesel. Mean-
while, B40 with DEE had the lowest HC and no variations in
CO were observed. An increase in NO, was observed when
B60 (30 % CIME + 30% MAME) was blended with DEE
(Ranjithkumar et al. 2020).

Spirulina Algae

Spirulina Methyl Ester

Krishaniaa et al. (2020) experimentally investigated the
performance and emission characteristics of spirulina algae
methyl ester in a single-cylinder compression ignition engine
at a power rating of 1500 rpm. The experimental results ob-
tained showed that blending of Spirulina methyl ester B20
with diesel resulted in higher BSFC and lower BTE.EGT
was raised as engine load increased due to better combustion
quality. Smoke was reduced by 8.3% and a decrease in CO,
emission was observed for B20. NO, emission decreased
for biodiesel blends by 10.66 percent as a result of the lower
combustion process of methyl ester.

Spirulina Methyl Ester With Butanol Blend

Rajak et al. (2019) analyzed the emission and performance
characteristics with the use of Spirulina algae methyl ester
with butanol in a one-cylinder CI engine that had a power
rating of 1500 rpm. The MSB (40, 30 and 20 percent)
n-butanol (10, 20 and 30 percent) blends were 50 percent
with low sulphur diesel fuel in volume basis as B1 (LSD
50-MSB 40-nB 10), B2 (LSD 50- MSB 30-nB20) and B3
(LSD50-MSB20-nB30). The results of their experimental
work revealed that the addition of 30% butanol to diesel-spir-
ulina methyl ester blends improved the BTE with a high heat
release rate and cylinder pressure. The BTE was noted to
be 34.57%whereas for petroleum diesel it was found to be
33.18%. The authors noticed that an increase in n-butanol
resulted in a corresponding increase in BSFC and relatively
low smoke emissions. Contrarily, the NO, emissions were
found to be increased.

Schizochytrium Algae

Rajendra Prasad Reddy et al. (2020) examined the combus-
tion, performance, and emission behavior of Schizochytri-
um-diesel blends in a single cylinder CI engine that had a
rated power of 3.7 KW at 1500 rpm. The test fuels of diesel
and Schizochytrium with ratios of B0, B20, B40, and B60
were prepared and tested. Experimental results showed that
the BTE of B20 was found to be similar (24.53%) to the BTE
of fossil diesel (25.37%). However, the BSFC was higher
with reduced BTE for all the blends which were because of
its lower calorific value. The authors determined that there
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was an improvement as the cylinder pressure was 65 bar
for the B60 blend compared to the fossil diesel (63.1 bar)
at full load. In addition, the ignition delay of methyl ester
blends was reduced due to the presence of intrinsic oxygen
and higher CN. On the contrary, they noted that CO and NO,
levels increased with the methyl ester blends. However, there
was a decrease in UHC at all loads.

CONCLUSION

The purpose of this review study is to provide an overview
of algae oil production and its use in CI engine applications.
Biodiesel production from microalgae involves identifying
the algae species with high oil content and high growth
rates, while the second is treating the selected algae with
several processing steps. The main advantage of the algae
species is that it is carbon neutral and does not release any
harmful emissions into the environment. Techniques such
as algae cultivation, harvesting, drying, and extraction have
been discussed, however, the selection of suitable methods
for obtaining biodiesel continues to be a challenge to the
research community.

The importance of the photobioreactor in cultivating
algae biomass has been highlighted. Open pond cultivation
depends on weather conditions whereas the photobioreactor
depends on CO,, sunlight, and nutrients.

The combination of filtration with centrifugation gives
better separation of biomass from the broth. The size factor
of algae biomass plays a major role in selecting the suitable
filtration technique. If algae strain is more than 70um then
conventional filtration is feasible. However, for the recov-
ery of algae biomass, less than 30um micro filtration and
ultra-filtration are widely used.

Among various drying techniques, the freeze drying
technique is most widely used as it retains the algae biomass
without any damage to cell walls. It is observed that there
is a threefold increase in the yield of oil derived from algae
dried under natural sunlight in comparison with the oil pro-
duced using conventional methods. Dried algae biomass is
subjected to extraction to yield oil and later transesterified
to obtain biodiesel. Amongst different extraction techniques,
the solvent extraction technique is relatively inexpensive and
is found to be the best for obtaining more amount of algae
oil.

The experimental investigations of different algae have
been discussed. It is observed that there is a significant im-
provement in performance with the use of algae biodiesel.
From the review of several experimental studies, it is seen
that the addition of butanol and pentanol with methyl ester
improves the BTE in contrast with BSFC. An increase in
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algae methyl ester mix ratios results in poor performance
with higher NO,.

Adding 30 % butanol to the diesel-spirulina methyl
ester blends improves the BTE t034.57% with high HRR
and cylinder pressure whereas for diesel it is found to be
33.18%. BTE of the dual fuel CI engine is found to be 31%
for dual Calophyllum inophyllum methyl ester blend (B20)
with Diethyl Ether and there is a drop in BSFC of 3.76%
in comparison with diesel. This is because the high oxygen
concentration of biodiesel might make it burn much more
effectively. However, algae methyl ester blends without
alcoholic blends are found to have lower BTE with higher
BSFC. From the emissions aspect, it is observed that there
is a decrease in CO, UHC, and smoke for all algae blends
owing to the presence of oxygen sources in the range of
10 to 12 percent in methyl ester and algae oil. No extreme
variations are observed in EGT and Nitrous oxide (NO,)
emission between diesel and biodiesel.

Edible species such as Spirulina algae are gaining im-
mense popularity of late in the food processing industry. It
has however not been widely explored as a possible alterna-
tive fuel for CI engines. Only a limited number of research
studies have been carried out on its use. The challenging
knowledge gap to find the best alternatives to fossil fuels
needs to be addressed in future research endeavors. Minor
blending (B20) of methyl ester is identified to be the most
effective way to improve CI engine performance.

ABBREVIATIONS

BTE - Brake Thermal Efficiency

BSFC — Brake Specific Fuel Consumption
CO — Carbon Monoxide

UBHC - Unburned Hydrocarbon

NO, — Nitrous Oxide

HRR - Heat Release Rate

CP — In-Cylinder Pressure

EGT - Exhaust Gas Temperature
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INTRODUCTION that street canyon orientation is the most influential factor,

The thermal comfort of urban street space is related to peo- followed by aspect ratio.

ple’s comfortable experience of outdoor activities (Lee et Landscape elements such as trees, waterscapes, and

al. 2018, Zhu et al. 2020). This is particularly evident in the
pedestrian street space, because people are not just for traffic,
but will stay, talk and hang out on foot, which will prolong
people’s stay time in the pedestrian street.

The thermal comfort of street space has been widely
discussed by many scholars. Yahia & Johansson (2014) dis-
cussed the advantages and disadvantages of different urban
design patterns in Damascus and argue that efficient use of
vegetation positively affects the thermal environment. Deng
et al. (2016) found that deep street canyons with higher
aspect ratios reduce solar access and air temperature. In
a study conducted by Rodriguez Algeciras et al. (2016),
to achieve acceptable thermal comfort in the summer and
winter seasons, the value for this design factor (aspect ra-
tio) was suggested as 1 and 1.5. Achour-Younsi & Kharrat
(2016) discussed the impact of the geometry of an urban
street canyon on outdoor thermal comfort and found that the
deepest streets are the most comfortable. Abdollahzadeh &
Biloria (2021) evaluated the thermal performance of streets
in residential zones of Liverpool, NSW, Australia, and found

shading facilities play a positive effect on the regulation of
thermal comfort (Soares et al. 2021, Zhao & Fong 2017).
However, research mainly focuses on the influence of street
space morphology (e.g., orientation, aspect ratio, sky view
factor, and surface conditions) at the present stage, ignoring
the role of streetscape (Li et al. 2020). The spatial morphol-
ogy of the street is more stable and difficult to be changed,
but the streetscape can be easily modified (Yang et al. 2018).
Moreover, these studies mainly focus on the summer season,
and there is a lack of studies that take into account both
summer and winter. Therefore, the study of the influence
of street landscapes on thermal comfort in different seasons
should be taken seriously.

Table 1 shows the relationship between the values of PET
and heat feeling. The thermal comfort model is divided into
an eight-point scale by combining physiological parameters
and environmental parameters. Based on the human body’s
energy balance, PET is matched to the human biometeoro-
logical evaluation of the thermal component in each different
climate. According to the literature reviewed, although PET
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is not proposed for the climate in China, it can still be an
effective evaluation index for thermal comfort in China. In
China’s cold (Lai et al. 2014), hot summer and cold winter
(Rupp et al. 2015), and hot summer and warm winter (Li et
al. 2016) climate zone, PET has been proven to be applicable.

Shanghai is located in the hot summer and cold winter
climate region in China. As the economic center of China,
it has a wide variety of pedestrian streets. Tree planting
patterns in pedestrian streets are more diverse, but the effect
of trees on thermal comfort in pedestrian streets is unclear.
In this study, we will use ENVI-met as a simulation tool to
explore the impact of greening trees on the thermal comfort
of pedestrian streets (Hu et al. 2021). The objectives of this
study are to (1) explore the influence of green coverage on the
thermal comfort of pedestrian streets in summer and winter
under different street orientations and aspect ratio conditions.
(2) Analyze the influence of planting layout on the thermal
comfort effect of trees. (3) Propose the landscape greening
strategy for pedestrian streets.

MATERIALS AND METHODS
Study Area

Shanghai is located in the east of China at a longitude between
120.5°E and 122.1°E and latitude between 30.4°N and 31.5°N.
In summer, the average daytime air temperature is 26°C and
the mean relative humidity is 77%. The mean wind speed
is 3.2 m.s” and the primary wind direction is southeast. In
winter, the average daytime air temperature is 18°C and the
mean relative humidity is 65%. The mean wind speed is 3.0
m.s" and the primary wind direction is northwest. July and
January are the hottest and coldest months respectively in
Shanghai.

Construction of Simulation Models

Tree model

Table 1: PET value and thermal perception.

PET(°C) Human Subjective Comfort Feeling
<4 Very Cold

4-8 Cold

8-13 Cool

13-18 Slightly Cool

19-23 Neutral

23-29 Slightly Warm

29-35 Warm

35-41 Hot

>41 Very Hot

L. S. Cao et al.

Leaf Area Index (LAI) can describe an area or a plant’s over-
all degree of lushness (Cao et al. 2021). Changes in the LAI
can contrast different degrees of greening. LAD is defined as
the ratio of the total leaf area to the unit volume in different
levels of the canopy. LAD can describe the leaf density and
the distribution of a plant (Ng et al. 2012). Where the LAD
is 0, it means the trunk is in this area.

LAI = [,'LAD - Ah (1)

Where H (m), Height of the vegetation; Ah (m), Vertical
Grid Size; LAl Leaf Area Index; LAD (m.”.m™), Leaf Area
Density

In this study, the evergreen tree species Cinnamomum
camphora (L.) Presl., which is widely grown in Shanghai,
was modeled. The tree’s height of 10 m was ideal for the
Shanghai street’s urban design pattern. According to the
measurement results of Gao et al. (2010), the LAI value of
Cinnamomum camphora was set to 3.8 both in summer and
winter. The vertical grid size was set to Im and the LAD value
(from top to bottom) of the model is calculated according to
Eq. (1), as shown in Fig. 1. The remaining conditions adopt
the default values of the system.

Street Model

The setting of the aspect ratio of streets refers to the actual
size of Shanghai pedestrian streets and related architectural
design guidelines (Abdollahzadeh & Biloria 2021). The
width is set to 18 m, and the building models on both sides
of the street are established according to four aspect ratios
(0.5, 1, 1.5, 2) (Fig. 2). The length of the street is set to 60
m. The green coverage of streets was estimated by the ratio
of the vertical projection area of the tree crown to the street
area. Increase the green coverage with a gradient of 12%
(4 trees) based on a blank street (Fig. 3). To simplify the
experimental process, this study only modeled the streets
in the east-west (E-W) and north-south (N-S) orientations.

Simulation by ENVI-Met

A model domain with a 60 x 60 x 30 grid version was ap-
plied in the simulations. The grid sizes for the site were set
to be 2 m. In addition, 10 nesting grids were added around
the model to improve simulation accuracy (Yang et al. 2020).
The simulation was carried out on the 15th of July since this
day is more or less in the middle of the three hottest months in
summer, and the day 15th of January was studied to represent
the winter season because it is in the middle of the three coldest
months. The simulated period lasted from 9:00 local time (LT)
in the morning until 16:00 LT in the afternoon including the
time period with obvious sunshine. The main parameters used
in the summer and winter simulations are shown in Table 2.

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology
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Fig. 1: Description of the tree model.
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Fig. 2: Description of the aspect ratio of the street(m).
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Fig. 3: Planting layout of the tree and its corresponding green coverage.

RESULTS
Effect of Green Coverage on PET in Summer

Characterization of PET

Fig. 4 shows the relationship between green coverage and the
PET means (9:00-16:00) of the streets in summer. It can be
found that as the green coverage increases, the PET values
of the streets all tend to decrease, and this trend tends to level

off after the green coverage reaches 60%. The PET values of
E-W orientation street are higher than that of N-S orientation
street under the same green coverage, and the gap between
the two increases with the increase of street aspect ratio.

With the increase of the aspect ratio, the influence of
the green coverage on the PET becomes smaller, which
is particularly obvious in the N-S orientation street. With
the increase of green coverage, the standard deviation of

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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Table 2: Main parameters input in the ENVI-met.

L. S. Cao et al.

Simple forcing: air temperature (K)

Simple forcing: relative humidity (%)

Wind speed at 10 m above ground level (m.s™h)
Wind direction (°)

Cloud cover

Materials of buildings and roads

Clothing parameters

Body parameters

Min 298 at 6:00; max 305 at 16:00
Min 70 at 16:00; max 85 at 6:00

Simulation Parameters Summer Winter
Day 15 July 15 Jan
Time 9:00-16:00 9:00-16:00
Roughness length 0.1 0.1

Min 276 at 6:00; max 282 at 16:00
Min 60 at 16:00; max 75 at 6:00

32 3.0
135 315
0 0

Default settings in ENVI-met
0.3

Default settings in Biomet

Default settings in ENVI-met
0.9

Default settings in Biomet

K - —e—N-S —=—EW
43 —e—N-S —=—EW 43
\\

39 39

35 S S 35 S

31 ‘ﬁ } 31

27 1 1 1 1 1 1 1 27 1 1 L L 1 1 1

0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84

&) (a) aspect ratio 1/2 (b)aspect ratio 1
=
5
o

23 —e—N-S —=—E-W 43 —e—N-S —m—E-W

39 39

\\\\ N
. .

35 B 35

31 Tl 31 N =

27 1 1 1 1 1 1 1 27 1 1 1

0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 8

(c) aspect ratio 3/2

(d) aspect ratio 2

Fig. 4: Mean (9:00-16:00) and standard deviation of PET in summer.

PET values decreases, indicating that green coverage could

stabilize thermal comfort in the daytime.

Difference Analysis of PET Means

The single-sample T-test method was used to analyze the
differences in PET means between green streets and blank
streets. The results are shown in Table 3. For the N-S ori-
entation, with the increase in aspect ratio, more and more

Vol. 21, No. 4, 2022 ® Nature Environment and Pollution Technology
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green coverage is needed to significantly reduce the PET
means of the street. For the E-W orientation, regardless
of the aspect ratio, 24% green coverage can significantly
reduce the PET mean of the street. It can be seen that green
coverage has more influence on the thermal comfort of the
E-W orientation streets.

The Impact of Green Coverage on PET at Different
Time Points

To analyze the difference in green coverage on PET at dif-
ferent time points, taking Table 1 as a standard, mark the
greening coverage corresponding to the PET grade difference
(relative to the blank street) at each time point. The results
are shown in Figs. 5-6.

With the increase of aspect ratio, the time points
that PET values have grade difference become less.
Relatively speaking, the number of impacted time
points in N-S orientation streets is less than in E-W

1547

orientation streets, which is consistent with the previous
results.

For the N-S orientation, when the aspect ratio is less
than or equal to 1, almost all time points will be affected
effectively. When the aspect ratio is 3/2, only the PET val-
ues at 10:00, 13:00, and 14:00 are effectively affected. And
when the aspect ratio reaches 2, only the thermal comfort
at 10:00 is upgraded. For the E-W orientation, regardless of
the aspect ratio, the thermal comfort of most time points has
been improved. As the aspect ratio increases, green coverage
has little effect on thermal comfort between 11:00 and 13:00.

Effect of Green Coverage on PET in Winter

Characterization of PET

Fig. 7 shows the relationship between green coverage and
the PET means (9:00-16:00) of the street in winter. Although
there is still a downward trend in the PET values with the
increase of green coverage, this effect is relatively weaker

Table 3: The results of the single-sample T-test between green streets and blank streets.

Aspect ratio Orientation Green coverage
12% 24% 36% 48% 60% 72% 84%
172 N-S 208 017* L0027 001 .000%* .000%: 000
E-W .094 004 .000%* .000%* .000%* .000%* .000%#*
11 N-S 376 077 011%* .004% .0071 % L0071 % 007
E-W 117 006 .000%* .000%* .000%* .000%* .000%*
3/2 N-S .683 371 .095 .046%* .016%* 014 011%*
E-W 121 007 .000% .000%: .000%: .000%: .000%*
2/1 N-S .796 570 .193 .108 .044% .041% .035%
E-W .193 015% .001 % .000% .000% .000%* .000%*

Note: * Significance at the 0.05 level. ** Significance at the 0.01 level. The same is below.

24+ e

36

48

60 P

Green coverage (%)

84 -

9 10 11 1213 14 15 16

Aspect ratio 1/1

9 10 11 12 13 14 15 16

Aspect ratio 1/2

9 10 11 1213 1415 16

Aspect ratio 3/2

9 10 11 1213 14 15 16 Time

Aspect ratio 2/1

Fig. 5: The green coverage of N-S orientation streets when PET produces grade change.
Note: Light green: one-level difference; Dark green: two-level difference; Blank: no grade difference. The same is below.
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than in summer and mainly affects the N-S orientation streets.
Similarly, with the increase in aspect ratio, the impact of
green coverage on thermal comfort is gradually weakened.
For the E-W orientation, only when the aspect ratio is 1/2,
the green coverage has an effective impact on the PET values.
In addition, with the increase of green coverage, the standard
deviation of PET values decreases. It can be seen that the
green coverage also makes the thermal comfort of streets
tend to be stable in winter.

Difference Analysis of PET Means

Table 4 shows the differences in PET means between green
streets and blank streets. For the N-S orientation, when the
aspect ratio is 1/2, starting with 24 % green coverage, the
PET means can be significantly reduced. After the aspect
ratio reaches 1, 36% green coverage is needed to make the
PET mean decrease significantly. For the E-W orientation,
only the street with an aspect ratio of 1/2 has a significant
difference in PET mean starting from 24% green coverage.
For streets with other aspect ratios, the green coverage does

Green coverage (%)
&=
T

72 |

84

L. S. Cao et al.

not have a significant impact on the thermal comfort of the
streets.

The Impact of Green Coverage on PET at Different
Time Points

Fig.8-9 shows the greening coverage corresponding to the
PET grade difference (relative to the blank street) at each
time point. In contrast to summer, the green coverage of N-S
orientation streets has a greater influence on thermal comfort
than N-S orientation streets in winter. The thermal comfort
of the majority of time points has decreased when the aspect
ratio is 1/2. The green coverage no longer significantly af-
fects thermal comfort after the aspect ratio reaches 1 except
between 10:00 and 14:00.

The Impact of Planting Layout Factors on PET

Whether the planting layout of trees has an impact on their
thermal comfort effect? To make clear it, we took the street
with an aspect ratio of 1/2 and 36 % green coverage as an
example and summarized four planting layouts based on on-

9 10 11 1213 14 15 16

Aspect ratio /1

9101112131415 16
Aspect ratio 1/2

9 10 11 1213 14 15 16 Time
Aspect ratio 2/1

910111213 14 15 16

Aspect ratio 3/2

Fig. 6: The green coverage of E-W orientation streets when PET produces grade change.

Table 4: The results of the single-sample T-test between green streets and blank streets.

Aspect ratio Orientation Green coverage
12% 24% 36% 48% 60% 2% 84%
172 N-S .061 .005%* .000%* .000%* .000%* .000%* .000%*
E-W 278 .023%* .000%* .000%* .000%* .000%* .000%*
1/1 N-S 541 151 .013%* .002%%* .000%* .000%* .000%*
E-W 451 406 493 .698 .587 789 .891
32 N-S .630 205 .028%* .003%#* .000%* .0007%* .000%*
E-W .530 526 742 465 271 .386 439
2/1 N-S 671 239 .033* .003** .000** .000%* .000%*
E-W .570 .619 877 .368 191 255 292
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Fig. 8: The green coverage of N-S orientation streets when PET produces grade change.
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Fig. 9: The green coverage of E-W orientation streets when PET produces grade change.

site investigations on pedestrian streets (Fig. 10). The PET
values of these four cases in different street orientations and
seasons were simulated and calculated. Single-factor ANO-
VA analysis is used to analyze the difference in calculation
results. The results are shown in Fig.11.

Fig. 11 shows that regardless of the street orientations
and season, planting layouts cannot bring about significant
differences in the thermal comfort effects of trees. For N-S
orientation, in both summer and winter, the ‘two-group’
planting layout results in the highest PET values for the
street, and the ‘two-row-middle’ planting layout results in
the lowest PET values. For E-W orientation, in both summer
and winter, the ‘two rows side planting layout can make the
street more suitable. But it should be pointed out that these
differences are not significant.

DISCUSSION

Effect of Green Coverage on Thermal Comfort of Streets
The study found that tree greening has a positive impact on

(@) (b)

the thermal comfort of the street in summer, and a negative
impact in winter. However, the significance of this effect
is affected by the orientation and aspect ratio of the street.

In summer, tree greening has less influence on thermal
comfort in N-S orientation streets than in E-W orientation
streets. with the increase in aspect ratio, the N-S orientation
streets need more and more green coverage is needed to
significantly improve the thermal comfort of the street, while
E-W orientation streets only need 24 % green coverage. For
the N-S orientation, building shadows on both sides can affect
the thermal comfort of the street. For the E-W orientation,
only the shadows of the building on the south side can affect
the thermal comfort of the street. This is the main reason
why the N-S orientation streets can provide better thermal
comfort (Srivanit & Jareemit 2020). However, more building
shadows cover trees, which weakens the blocking effect of
trees on light, resulting in a reduction in the plant’s regula-
tion of thermal comfort(Zheng et al. 2020). That’s why the
influence of trees in N-S orientation streets is weaker than
that in E-W orientation streets. Similarly, with the increase

© (d)

Fig. 10: Four planting layouts of trees: (a) two rows-side; (b) two groups; (c) two rows-middle; (d) one row-middle
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Fig. 11: Difference in thermal comfort effect of four planting layouts.

of the aspect ratio, the shadow range of buildings on both
sides of N-S orientation streets expands, and more trees are
covered by building shadows. Therefore, more trees are
needed to effectively regulate the thermal comfort of the
street. In contrast, the building shadow range on the E-W
orientation streets changes little. No matter what the aspect
ratio is, 24 % of the green coverage can effectively improve
thermal comfort.

On the contrary, in winter, tree greening has a bigger
influence on thermal comfort in N-S orientation streets than
in E-W orientation streets. This is also because of the impact
of building shadows on trees. In winter, the direct angle of
sunlight becomes smaller, resulting in a larger shadow range
of the building. The shadow of the building on the south side
of E-W orientation streets easily covers the whole street.
That’s why for E-W orientation, green coverage can only
effectively improve the thermal comfort of streets with an
aspect ratio of 1/2. For S-W orientation, although the shad-
ow range of buildings is also expanded in winter, the streets
have sufficient light at noon (11:00-14:00), and trees can
effectively reduce the thermal comfort of this time period.

In addition, the study found that the planting layout
had no significant effect on the thermal comfort effect of
trees. The shading effect of the canopy is the main reason
trees regulate thermal comfort(Chen et al. 2021, Speak et al.
2021). However, different planting layouts will not have a
significant impact on the shade range of trees under the con-
dition of a certain number of trees. So there is no significant
difference in the thermal comfort effect brought by different
tree planting layouts.

Greening Strategy for Pedestrian Streets

For the N-S orientation, to get a more suitable thermal

feeling in summer, the larger the aspect ratio of the street,
the more trees need to be planted. The specific relationship
between green coverage and aspect ratio can be referred to
in Table 1. But inevitably, evergreen trees such as camphor
trees also reduce the thermal comfort of streets in winter.
Therefore, for the N-S orientation streets, planting decidu-
ous trees is a more appropriate choice. This ensures that the
thermal comfort of the streets in winter is not significantly
reduced.

For the E-W orientation, in summer, when the green
coverage reaches 24%, the thermal comfort of the street can
be significantly improved. In winter, the green coverage has
little effective impact on street thermal comfort (except for
streets with an aspect ratio of 1/2). Therefore, for the sake
of landscape effect, evergreen trees could be planted in E-W
orientation streets.

In addition, the planting layout had no significant effect
on the thermal comfort effect of trees. This suggests that
we can design the planting layout of trees according to the
landscape needs. At the same time, the green coverage of
streets should be controlled by 60%.

Limitations and Future Research

In this study, only one type of evergreen tree was considered,
and the influence of tree morphology such as tree height,
LAI and crown shape on the results was not considered.
Many studies have found that the morphological variables
of trees have an important impact on their thermal comfort
effect (Cao et al. 2020, Wai et al. 2021). Besides green
trees, landscape elements such as shrubs, waterscape, and
shading facilities can also influence thermal comfort (Liu et
al. 2021), which can continue to be explored in future street
thermal comfort studies.

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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CONCLUSIONS

Taking Shanghai as an example, we used ENVI-met to sim-
ulate the impact of green coverage on the thermal comfort
of pedestrian streets in summer and winter. Results showed
that green coverage has an impact on the thermal comfort
of the street both in summer and winter, and the significance
of this effect is affected by the orientation and aspect ratio
of the street. Overall, the PET value of the street decreases
as the green cover increases. In summer, green coverage
has more influence on thermal comfort in E-W orientation
streets. With the increase in aspect ratio, N-S orientation
streets need more and more green coverage to bring a sig-
nificant impact on thermal comfort, while E-W orientation
streets only need 24 % green coverage. Inversely, in winter,
green coverage has a greater impact on thermal comfort in
N-S orientation streets. With the increase in aspect ratio, N-S
orientation streets need more green coverage to significantly
reduce thermal comfort. For E-W orientation, only when the
aspect ratio is 1/2, the green coverage can effectively reduce
the thermal comfort of the street. The study also found that
the planting layout had no significant effect on the thermal
comfort effect of trees. Based on the above conclusions, the
greening strategy was proposed for pedestrian streets in hot
summer and cold winter regions in China.
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Key Words: to analyze and it primarily depends on the correct simulation of the wind flow structure.
Air Pollution Therefore, studies performed on this in past years are being reviewed. Additionally, a brief
GIS review of different air dispersion models that are integrated with the Geographic Information
Modelling System (GIS) has been studied in this article to assess the exposure. The results of these
Pollutant dispersion studies provide the urban air dispersion model aligning to three sub-models i.e., Emission,
Turbulence Weather Prediction, and Dispersion models. Various factors like wind speed, wind direction,

cloud cover, traffic emission, disposal of waste, transportation, and others are considered.
This study also captures the problems and risks being faced while creating a model, and its
possible mitigation approaches.

INTRODUCTION The 2014 Intergovernmental Panel on Climate Change
(IPCC) reveals that the total emission of greenhouse gases
from 1970 to 2010 increased by 78% from manufacturing
processes and fossil fuel combustion. Since the 1970s, CO,
emissions have more than doubled, and have risen by 40%
since 2000. Even though CO, emissions remained stable
from 2013 to 2016, they increased by 1.5% in 2017 and are
continuing to rise, led by China, India, and the European
and industrial pollution (Domingo et al. 2020). .countries (Anv&./ar etal. 2020). Another majqr global.concern

is Polyaromatic Hydrocarbon (PAH) as it gets linked to

In 2010, the Central Pollution Control Board (CPCB)  ppp2 5 and ultrafine fractions of airborne particulates cause
created the Comprehensive Environmental Pollution Index ¢y ore health risks (Mohanraj et al. 2011).

(CEPI), a system for measuring air, water, and soil pollution
in the country’s industrial clusters. In collaboration with the
Ministry of Environment and Forestry, CPCB established
43 critically polluted CEPI-based industrial clusters after
reviewing the environmental conditions in 88 industrial
clusters across India (CPCB 2016). Contributions to vehicle ~ human health. Depending on their chemical and physical
emissions are primarily urban (on-road), but rural areas can ~ Properties (e.g., chemical structure, water solubility, etc.),
also be affected by off-road agricultural sources (Gutti- these air pollutants may travel hundreds, even thousands of
kunda et al. 2014). Emissions of primary particulate from  Kilometers from their release worldwide.

residential combustion sectors are more common in rural To save human lives and reduce economic losses, com-
and low-income urban areas, where people depend more on  puter models of air pollutant dispersion are being developed
traditional biomass for cooking and heating. to explain and predict the result of such events and incidents.

Ambient air pollution is estimated to cause 7 million deaths
per year (WHO 2018). Air pollution has been linked to a va-
riety of health problems according to several epidemiological
reports. Several studies since March 2020 have also revealed
that COVID-19 development was substantially higher in cit-
ies or regions where certain air contaminants were detected at
comparatively higher levels and are the main cause of traffic

In urban areas, pollutant dissemination in the lower
Atmospheric Boundary Layer (ABL) by the wind flows is
a major concern. The dispersion of pollutants represents
a very important environmental drawback with respect to
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The goal of the model-driven work represented during this
paper is to develop a decision support system to cut back the
impact of pollution caused by road traffic. Such a simula-
tion coming up with a system consists of a comprehensive
air-quality prediction model supported by data management,
a mathematical model, and a friendly interface, integrated
with GIS that uses spatial coordinates to explain the structure
of urban areas, road networks, and waste product distribution
within the atmosphere (Gualtieri & Tartaglia 1998). The use
of a GIS integrated system is very common in research on a
regional-local scale (Gulliver & Briggs 2011).

ATMOSPHERIC BOUNDARY LAYER OVERVIEW

Structure of Atmospheric boundary Layer and
Turbulence

In meteorology, the lowest component of the atmosphere is
the ABL, also known as the Planetary Boundary Layer (PBL),
and its action is directly affected by its interaction with a
planetary surface (Bonner et al. 2010). ABL can change
both in space and time, depending on the orography. Also,
it changes with surface cover, season, daytime, and weather
(Gifford 1976). It experiences a daily cycle of changes in
temperature, humidity, wind, and pollution variations in
response to various fluxes in the air (Stull 2017).

Oke (1976) initially proposed a simple and two-layer
model of the urban atmosphere, which recognizes the Ur-
ban Canopy Layer (UCL) and the Urban Boundary2 Layer
(UBL) respectively. The first layer, called the Urban Canopy,
consists of air in between the urban roughness elements
(mainly building). The second layer, located directly above
the first, is referred to as the urban boundary layer. This is
the phenomenon that exists in local or mesoscale concepts
(Oke 1976). A Roughness Sub-Layer (RSL) near the ground,
also known as the Transition layer, and an Inertial Sub-Layer
(ISL) above it make up this layer (Fisher et al. 2006).

Namrata and N. D. Wagh

The turbulence induces vertical mixing between hori-
zontally moving air at one stage which is important in the
dispersion of pollutants (Stull 2017). The ABL height is cru-
cial in the dispersal of air pollution. The main environmental
factors of urban turbulence are the roughness of the urban
surface, buildings, trees, and other large structures (Roth
2000). There is a need of modelling the flow as a homoge-
neous flow essentially by well reproducing the turbulence
profiles including the wind velocity profile (Cai et al. 2014).
The relationship between wind speed and height is called the
wind profile. It can be expressed as:

du

dz 1 (D)

U - the local friction velocity (proportional to the square
root of the local Reynolds stress)

[ - the length scale (function of the state of the atmosphere
and height)

Turbulent mixing in the atmosphere is induced by wind
shear and buoyancy. Defining categories including radiation
parameters, surface roughness, wind intensity, and cloud
cover is an easy method for measuring turbulence parameters.
Pasquill’s commonly used approach describes six stability
levels from the extremely unstable (6) to the relatively stable
(1) based on wind direction, sunrise, and cloud cover (Turner
1997, Pasquill 1961) (Figs. 2 and 3).

Fig. 2 & 3: Pasquill stability class: unstable (1), slightly
unstable (2), neutral (3), slightly stable (4), stable (5), and
very stable (6) boundary layer. Neutral (3) class has been
used for overcasting conditions and within one hour after
sunrise/before sunset (Luna & Church 1972).

Flow of Wind Around Buildings

Wind currents over buildings are inherently complicated,
exhibiting a wide variety of physical phenomena such as
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Fig. 1: Diagrammatic representation of the urban boundary-layer (A, B) (Adapted from Piringer et al. 2007).
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high-pressure gradients, large low-speed fields, three-di-
mensional impacts, turbulent flow zones, and boundary
layers (Deck 2005). It is obvious that proper modeling of
pollutant dispersion within a group of buildings continues
to be a very complex issue, as wind movement in a metro-
politan environment can have significant effects on pollutant
dispersion across buildings (Zhang et al. 2005). Moreover,
the issue becomes more complicated due to the diversity and
complexity of the mixture of emission sources, such as in-
dustries, automobiles, generators, domestic fuel combustion,
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roadside dust, construction activities, etc. Therefore, a precise
concentration forecast of contaminants released into the
urban environment is needed to understand the mechanisms
regulating the pollutants’ dispersion (Tseng et al. 2006).
Several methods along with GIS have been widely used to
research the pollutant dispersion around urban buildings.

GIS Overview

A GIS is a computer application that captures, stores,
analyzes, and displays data about locations on the Earth’s
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surface. It is a multi-layered approach to representing data
from multiple sources and connecting spatial and non-spa-
tial information. The analysis of spatial data and handling
of massive spatial databases are the advantages of GIS over
other information systems. There is a vast amount of data that
can help deal with air pollution (Gualtieri & Tartaglia 1998).

MODEL STRUCTURE

The GIS integrated air dispersion model consists of the whole
database and mathematical models. These models work in a
cascade manner that has different parameters. These can be
used as an input for the emission model and its output in turn
is necessary to stimulate pollution levels of the dispersion
models. It consists of 3 different sub-models i.e., emission,
weather prediction, and dispersion models (Gulliver & Briggs
2011). Each of the mandatory model components and related
data is described, separately below.

Emission Model

The emission model has been developed on the idea of the
consequences shown by Joumard et al. (1992), Eggleston et
al. (1991), and Tartaglia (1995). There are multiple sources
of pollution in urban areas, where traffic, manufacturing
industries, and the open burning of waste contribute signif-
icantly to it.

The emission model can calculate traffic-associated
pollutants like - Carbon Monoxide (CO), Hydrocarbons

= Waste
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(HC), Nitrogen Oxides (NOx), and others. It represents the
number of released pollutants and the activity associated with
the release of pollutants. The formula is used to calculate
total pollutant emission Q provided by traffic flow ‘f* for N
vehicular groups.

C
Q= 22:1% XEg(Vm)Xf ...(2)
Where:

C, - the percentage of vehicles in category g in terms of
vehicle feet.

E, -The emission factor due to road vehicles belonging
to group g-traveling in the typical road and environmental
conditions & is expressed as the mass of pollutant per unit
length (m.L") as a function of the average travel speed V,,
(Gualtieri & Tartaglia 1998).

Most emissions emitted by manufacturing industries
are due to the use of fossil fuels, a major source of emis-
sions from the manufacturing sector. Overall, the share of
emissions during the period varies between 65% and 75%;
and was found that carbon emissions represent nearly 70%
of total fuel consumption emissions. The formula used to
calculate the emission is as follows.

Egas=Afuel * C. Vunit = C. Vfuel x E. Fgas * GWPgas
..(3)

Wind
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Fig. 4: The GIS-based dispersion model (based on Gullliver & Briggs 2011).
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Where:
Egas: Emission of greenhouse gas(es) in a ton
Afuel: Activity data of fuel (in L.kg.ton™)
C. Vunit: Conversion factor(s) to convert activity data to ton
(please refer to Appendix 1)
C.V. fuel: Calorific value of fuel (a ton of energy in Tera Joule
(TJ) per ton of fuel
E. Fgas: Emission factor of GHG gas due to combustion of
the fuel (a ton of gas.TJ"' (gas. TH™' of energy input)
GWPgas: Global warming potential of gas

Open burning of waste is a possible nonpoint source of
emissions, causing major concern, particularly in urban areas,
and pollutants that are released are Carbon monoxide, Par-
ticulate matter, Sulphur dioxide, Nitrogen oxide, etc. Waste
produced depends on factors such as population, livelihood,
season, way of life, topography, and industry. The equation
used to estimate the emission of pollutants was given as
shown below (NEERI 2010).

Amount of Pollutant emitted (P) = SWB x EF (4
Where:

P = Amount of pollutant emitted (Kg.day™, g.day™', or

ug.day™)

SWB = Solid Waste Burned (MT.day™")
EF = Emission Factor (Kg.MT!, g MT!, or ug.MT)

Meteorological Pre-Processor and Weather Prediction
Models

The weather forecast refers to the use of science and tech-
nology to estimate the future condition of the environment
in relation to a specific area or location (pressure, temper-
ature, etc) (Yerramilli et al. 2011). While various methods
are available, quantitative weather forecasts are provided by
numerical models alone. Such models employ a closed sys-
tem of mathematical equations based on mass, momentum,
and water vapor conservation, as well as the equation of state
and thermodynamic energy for differential temperature. To
solve these equations mathematically, the study area should

Table 1: List of different weather prediction models.
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be formulated in a rectangular shape with an evenly spaced
horizontal intersecting grid in the horizontal direction and
appropriate vertical levels for numerical solution.

Due to limitations in mathematical formulation, numeri-
cal setup, and computing tools, the horizontal grid resolution
is limited to a few miles. As the atmospheric model comprises
dynamic and physical components, it is important for these
processes such as planetary boundary layer, atmospheric
radiation, convection, face physics, and cloud microphysics
must be parameterized on a smaller scale.

Anomalies in weather forecasting and a rise in errors
as prediction progress are caused by measurement errors,
model grid interpolation, flaws in the presentation of physical
processes, and mistakes due to numerical solution meth-
ods. Rapid developments in computational resources have
resulted in the design and implementation of atmospheric
models as suitable for real-time weather forecasts of different
weather phenomena with scales from a few kilometers to
thousands of kilometers. There are many weather prediction
meteorological models available and the mainly used ones
are the RAMS, MM5, and WRF (Yerramilli et al. 2011). The
following is a summary of these models.

Dispersion Model

Air pollution models are the only tool that quantifies the
deterministic relationship between emissions and concentra-
tions or depositions, including the effect of past and future
scenarios and determining the efficiency of reduction strat-
egies. Measurements of air pollution provide information
on atmospheric concentrations and deposition at specific
places and times, but they do not provide clear guidance
on identifying the causes of the air quality issue. Transport,
absorption, chemical transformation, and ground deposition
all play arole in determining the atmospheric concentrations
of substances. Atmospheric pollutants are carried over longer
distances by large-scale atmospheric wind currents and
then released into the atmosphere by small-scale turbulent

Model Developer Name Features Function
RAMS Colorado State University Highly versatile numerical code  To simulate and forecast
meteorological phenomena
MMS5 Written in Fortran and developed ~ Non-hydrostatic, Terrain-follow- ~ To simulate mesoscale atmospheric circulation (Grell et al.
at Penn State and NCAR ing sigma-coordinate model 1995)
To predict weather forecasts and climate projections
WRF National Centre for Atmospheric =~ The prognostic variables and
Research (NCAR) completely compressible non-hy-
drostatic equations

Note. RAMS: Regional Atmospheric Modelling System; MMS5: Mesoscale Model; WRF- Weather Forecasting and Research
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flows, where they mix with the environment. The turbulence
dynamics and turbulent diffusion are commonly considered
intractable, even under laboratory conditions (Yerramilli et al.
2011). The atmospheric dispersion is influenced by weather
factors, as transport is driven by wind flows and dispersal by
air stability, vertical mixing, and mesoscale winds. There is
no general full formula describing the physical relationship
between the atmospheric air emission concentrations and
the meteorological causative factors and processes. Overall,
modeling data reduces the expense of continuous monitoring
over vast areas and over longer periods of time.

Box Model

The mass-conservation principle is used in box models. The
site is treated like a box that releases toxins and undergoes
physical and chemical processes. It needs simple meteor-
ology and emissions input, and it allows contaminants to
flow into and out of the box. The inside of the box is not
specified, and the air mass is handled as if it is well mixed
with uniform concentrations (Holmes & Morawska 2006).
This model, on the other hand, simulates the accumulation
of contaminants inside the box after initial conditions are en-
tered, but it does not include any details about the pollutants’
local concentrations. For this reason, they are inappropriate
for modeling particle concentrations in a local environment
where concentrations and therefore particle dynamics are
highly influenced.

Lettau (1970) proposed for the first time a simple urban
air quality box model, in which the concentration decreases
exponentially and reaches its balance value. It is calculated
as:

c=b+ % .5
Where:
¢ - Pollutant concentration in air living box
b - Pollutant concentration in entering air
q - Pollutant mass emission rate per unit area in the city
1 - Length of the box in direction of the wind
u - Wind speed
H - Mixing Height

Gaussian Model

The Gaussian plume model is the air emission dispersion
model most used. This fits well with the majority of field
and laboratory evidence while there are frequent non-sys-
temic variations from a Gaussian distribution. This model
is commonly used in atmospheric dispersion modeling, es-
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pecially for regulatory purposes, and is frequently “nested”
in Lagrangian and Eulerian models (Leelossy 2014). Under
steady-state conditions, these models are based on a vertical
and horizontal Gaussian distribution of the plume (Zhang et
al. 2000) And are described as follows:

Cy,zhe ) = -—exp(-2(2))

210y 0y 0z
1 (z—he\2 1 (z+he\2
(exp (-3 (52) ) +exp (‘z(a—ze) )
..(6)
Where:
C - Concentration level (ug.m'3 , or as a ratio in fraction or
ppm),

x — Distance downwind from the source (m),

y - Distance perpendicular from the source(m),

7z - Elevation of the destination point (m),

h, - Elevation of the source (m),

Q- Release rate of pollutant (mass emission rate — g.s'l, or
volumetric flow rate -m3.s'1),

u - Average wind speed (m.s'l),

o, and o, - Diffusion parameters in the y and z directions
(both in m)

is the centreline concentra-

The term
(2moyoz)

2
1(y
tion; eXp(—E(a—) accounts for off-axis location;
z

2 .
exp (_ 1 (Z__he) ) accounts for the source elevation
2 oy

2
1/(z+h
above the ground surface; and exp (— 2 (—e) ) treats
Oz

the ground surface as a perfect reflector, absorbing none of
the pollutants.

The plume width is determined by oy and o, which are
defined either by stability classes (Pasquill 1961, Gifford
1976) or travel time from the source.

Since plume models use constant approximations, they
do not account for the time taken for the pollutant to migrate
to the receptor, which is a significant limitation in terms of
particle dispersion modeling (Yerramilli 2011). Although
most Gaussian models still consider the diffusion and ad-
vection of contaminants, moreGifford advanced Gaussian
models have recently been established that include physical
processes such as deposition and rapid chemical reactions.
Further disadvantages of the Gaussian approach include the
fact that it is unable to model dispersion under low wind
conditions or at locations close to the source, i.e., distances
less than 100 m.
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Lagrangian Model

The formulation of air dispersion can vary significantly from
one model to another. The Lagrangian and Eulerian solutions
are the most known methods (Holmes & Morawska 2006).
Lagrangian models are like box models and describe a region
of air as a box containing an initial pollutant concentration
(Leelossy 2014). This approach is focused on the estimation
of wind trajectories and the transport of air parcels along the
paths. In source-oriented models, trajectories are calculated
over a period after the source releases an air parcel containing
contaminants (forward trajectories from a fixed source) before
itreaches the receptor location. The trajectories in receptor-ori-
ented models are calculated backward in time from the arrival
of an air parcel at a suitable receptor (backward trajectories
from a fixed receptor). This model works well over flat terrain
for both uniform and stationary conditions (Tsuang 2003) as
well as for non-uniform and unstable media conditions for
complex terrain (Jung et al. 2003). Meteorological data are
used to measure the variance of wind velocity variations and
the Lagrangian autocorrelation function. Because Lagrangian
particle models measure diffusion characteristics by producing
semi-random numbers, they are not limited to stability groups
or sigma curves, as is the case with Gaussian dispersion models
(Holmes & Morawska 2006).

Eulerian Model

The 3-dimensional atmosphere in the Eulerian system is
divided into horizontal and vertical grid cells. Each grid cell
defines changes to the times and thus is called “grid models”.
This modeling has been adopted for ozone studies (Reynolds
et al. 1973) and SO2 studies (Shir & Shieh 1974) in urban
areas. Reynolds’ modeling experiments on the Los Angeles
basin formed the basis for Model-UAM, the well-known Ur-
ban Air shed. This model was used by Holmes and Morawska
(2006) to estimate long-distance transport and dispersion.

Computational Fluid Dynamic Models

The Computational Fluid Dynamic (CFD) model forecasts
the wind speed and pollutant concentration profiles in real

Table 2: Different models and their examples.

Models Examples

CPB, AURORA, and PBM

HIWAY2, OSPM, CAR-FMI, CALINE4,
CALPUFF, UK-ADMS AEROSOL,
SCREEN3, and AERMOD

Box models

Gaussian models

Lagrangian/ Eulerian ~ TAPM, GRAL, ARIA Regional
Models
CFD models ARIA Local, MICRO-CALGRID, MISKAM
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three-dimensional environments, enabling an analysis of gas
dispersion effects of complex terrain (Tsuang 2003). These
models provide complex fluid flow analysis based on mass
and momentum conservation by solving Navier — Stokes’s
equation using three-dimensional finite differential and finite
volume approaches (Lettau 1970). It is formulated as:

Tt V)V = —%Vp —BHvVE ()
Where:

v is the wind field,
p is the density,
vy is the eddy viscosity,

p is the pressure,

g 1is the acceleration vector due to gravity

Given that CFD models are mostly used for complex
geometry, explicit measuring up to a very small scale of tur-
bulence requires a fine grid resolution that leads to very high
computational costs. Subgrid-scale instability, though, also
must be measured and assumed isotropic. Models of CFD
street canyons are commonly used for forecasting air quality
in industrial and urban areas (Yamada 2004). Different types
of models are mentioned below:

Photochemical modeling, Particle models, Statistical
models, Odor models, Deposition modules, and Plume Rise
models are among the various modeling approaches available
and described in Table 3.

MAPPING RESULTS BASED ON GIS

Most GIS packages have many ways to quickly and efficient-
ly view and show data in a map layer. They can zoom into
and out on the map layer, highlight the features selected in
the map layer by the selection, classify them based on certain
criteria, and then display them in a variety of coded colors
(Tippichai 2017).

PROBLEMS AND CHALLENGES

I. The format adopted by the GIS and by the atmospheric
dispersion models are vector and tabulated text data
respectively which is a serious problem (Teggi 2017)

II. There are several problems with urban air pollution
mapping. Because of the multiple emission sources
and their uncontrolled dispersion processes in an urban
setting, the air pollution levels usually differ over very
short distances, often just a few tens of meters (Hewitt
1991).
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Table 3: Different dispersion models.
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matical equations and describe the physical and
chemical processes of the atmosphere.

Particle models The source is simulated by releasing many
particles throughout the fire. Each particle’s
trajectory is calculated, as well as a random
component that simulates atmospheric turbu-
lence. Instead of following the parameterized
spatial distribution pattern, a particle cluster
will extend into space according to atmospheric
turbulence patterns.

The model focused on non-deterministic sta-
tistical data analysis of measured atmospheric
concentrations, which do not clarify or predict
the cause-and-effect relationship, or the rela-
tionship between pollution and environmental
concentrations.

Statistical models

Odor models The model provides instant or semi-instantane-
ous algorithms for simulating concentrations, as

odors are instantaneous for human sensations.

Deposition mod-
ules

Computer module to measure the amount of
plum deposited in the ground due to the phe-
nomenon of dry and wet deposition.

Plume rise models ~ Models typically assume stable conditions,
which means wind speed, wind direction, and

emission rates are all relatively constant.

Model Function Applicable Examples
Photochemical  Models that predict the changes in atmospheric At a wide range of different spa- Community Multi-scale Air Quality
models pollutant concentrations using a series of mathe-  tial clusters from local to global. ~ (CMAQ),

WRF/Chem, Urban Airshed Model
(UAM), Comprehensive Air quality
Model with extensions (CAMX), etc.

The most effective way to sim- ~ HYSPLIT
ulate levels at any time, but re-
stricted to single point sources
with single chemical or sources
that have essential components,
such as toxins, which must be

monitored accurately

Techniques for forecasting air
pollution patterns a few hours
ahead of time so that the public
can be alerted.

Chemical Mass Balance (CMB)model

At Local scales

At Local scales

Close to the source or foralimited ~ PRIME in HYSPLIT and AERMOD
period, with land use or topogra-

phy restrictions

III. In addition to inherent uncertainties related to the
stochastic processes (for example turbulence) in the
atmosphere, all models generate primarily two forms of
uncertainties: (i) structural and (ii) parametric (Holmes
etal. 2009). The use of unpredictable input values (e.g.,
wind speed and direction, number of emission factors,
etc) for model calculations cause parametric uncertainty.
These can be caused by the lack of significant data sets
(e.g., local weather data), data inconsistencies (e.g.,
instrument calibration, measurement conditions insta-
bility), or lack of understanding of key parameters (e.g.,
emission factors) (Kumar et al. 2011). The determina-
tion of emission factors is one of the most important
problems in the Emission model. As a result, emission
inventory has certain limitations and uncertainties, when
it is performed (Collet et al. 2012)

CONCLUSION

The issue of air pollution needs to be addressed

systematically with an all-government approach that
includes preparation for short, and long-term air quality
management strategies. Some of the approaches to
control this include the adoption of renewable power
sources for public transport, industrial activities, and
initiatives to minimize road traffic. Additional approaches
include increasing taxes on fuel and car parking, levying
congestion charges, developing free zones & cycling
paths, use of solar lighting, and encouraging vegetation on
the roadside. For long-term control, many of these updates
will be motivated by improvements in the Numerical Air
Prediction Model in operation.
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APPENDIX 1: CONVERSION FACTORS USED

FOR DIFFERENT FUEL TYPES.

Description

Unit Conversion

Anthracite (raw coal)
Benzol

Briquettes and similar solid fuels manufactured
from coal, n.e.c.

Briquettes, coal, coal dust
Briquettes, coke

Coal

Coal (under sized)

Coal ash

Coal bed Methane

Coal compressed (middling’s)
Coal consumed

Coal for carbonisation

Coal gas

Coal gas, water gas, producer gas and similar gas-
es, other than petroleum gases and other gaseous
hydrocarbons; n.e.c

Coal rejects

Coal slack

Coal tar by-product
Coal tar crude

Coal tar Oil

Coal tar peat

Coal tar processed
Coal tar product
Coal tar, crude
Coal tar, pitch

Coal washed

Coal, not agglomerated, n.e.c.

Coke and semi-coke of coal, of lignite or of peat;
retort carbon n.e.c

Coke breeze
Coke cp
Coke dust
Coke hard
Coke mixed
Coke peat
Coke seme
Coke soft
Diesel

Fuel oils n.e.c

1

1
0.837520938
0.9765625
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Description

Unit Conversion

Fuel, aviation turbine

Furnace oil

Gas compressed natural

Gas oils

Gas, n.e.c

High speed diesel

Kerosene

Kerosene n.e.c

Kerosene type jet fuel

Light petroleum oil

Lignite briquettes

Lignite, agglomerated

Lignite, not agglomerated
Liquid or liquid gas fuel for lighter
Liquefied petroleum gas (LPG)
Liquified natural gas

Medium petroleum oil, n.e.c.

Motor spirit (gasoline), including aviation spirit
n.e.c

Natural gas

Oil, coal tar

Other coal tar oil pitch products, n.e.c.
Other gaseous hydrocarbons

Other light petroleum oils and light oils obtained
from bituminous minerals n.e.c

Other than petroleum gas
Peat, hard/medium
Peat, n.e.c.

Peat, other than hard/medium

Petrol / motor spirit/ gasoline

Petrol, diesel, oil, lubricants consumed
Petroleum coke

Petroleum coke calcined

Petroleum products obtained from bitumen n.e.c.
Pitch other than hard/medium

Pitch, hard/medium

Propane and butanes, liquefied, n.e.c.
Regasified liquefied natural gas

Shale Oil

Spirit type (gasoline type) jet fuel
Superior kerosene

Tar from Coal or Lignite

Water gas

0.798722045
0.000976563
0.000711238
0.856164384
1
0.826446281
0.798722045
0.798722045
1
0.862068966
1
1
1
1
1
0.000711238
0.825082508
0.734214391

0.862068966

—_ = =

1

1

0.8
0.778210117

1
1

Source: -CEEW
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Website: www.neptjournal.com This study aims to determine the association and risk of daily fluctuations of air pollution

parameters in Klang Valley, Malaysia, with cardiovascular and respiratory admissions. The
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a higher risk among elderly more than 60 years old. Immediate effects were found in both
genders, with higher risks observed in males. NO, continues to be suggestively associated
with all respiratory admissions. Children less than 9 years old presented a higher risk of
NO, at various lag times with the highest value at lag0, followed by PM,,. Stratified analysis
showed an incremental risk of respiratory admissions for males exposed to NO, compared
to females. We found noteworthy associations for overall and age-specific admissions
of cardiovascular and respiratory with the pollutants. Compared to particulates pollutant,

Respiratory disorder
Cardiovascular disorder
Klang Valley

gaseous pollutants showed a higher risk in both admissions.

INTRODUCTION

Air pollution has been identified as one of the world’s major
environmental adverse health effects concerns (Mahiyuddin
et al. 2013, Tajudin et al. 2019). Common air pollutants
included particulate matters (PM;, and PM, s), carbon
monoxide (CO), ozone (O3), sulfur and sulfur dioxide
(SO,), nitrogen oxides (NO,), heavy metals, pesticides,
volatile organic compounds, acid gases, solvents, radiation
and bioaerosols (Sentian et al. 2019). These undesirable
materials come from anthropogenic sources such as mobile,
stationary, agricultural, and natural (Usmani et al. 2020,
Amato et al. 2019). These harmful materials may harm hu-
man and ecosystem health, and the built environment, and
lead to economic loss (Li et al. 2016, Rovella et al. 2021).
Many epidemiological studies in all parts of the world have
shown significant associations between air pollution and
human morbidity, including in multi-cities studies, mainly
affecting respiratory and circulatory systems (Phosri et al.
2019, Slama et al. 2019).

Different studies in various parts of the world revealed
that cerebrovascular admissions were suggestively associ-
ated with short-term effects of NO, (Tajudin et al. 2019),
particulate matter 10 micrometers or less in diameter (PM, )
(Moolgavkar 2000), O;, CO and particulate matter 2.5 mi-
crometers or less in diameter (PM, 5) (Chan et al. 2006). In
Malaysia, Mahiyuddin et al. (2013) conducted the first study
on the health effects of air pollution using time series anal-
ysis to determine the association between air pollution and
mortality in urban areas. Findings showed that O;, CO, and
PM,, were the pollutants that were found to be significantly
associated with natural and respiratory mortality. This is also
similar to what was reported by Tajudin et al. (2019).

Since the 1980’s Malaysia faced frequent episodes of
haze and most of them were the major episodes (Usmani et
al. 2020). The sources could be either local or transboundary,
such as forest fire from Indonesia (Sentian et al. 2019, Awang
et al. 2000). Haze comprised high concentrations of PM,,
metal (Fe) ions, and zinc (Zn) together with gaseous (Usmani
et al. 2020). The cost of medical care, especially inpatient
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hospital care in Malaysia increases tremendously. The re-
sults from Hassan et al. (2000), showed that limited activity
days contributed to about 79.3% of the health damage costs,
followed by an asthma attack, which contributed 10.7%.
Other less significant health effects were respiratory, hospital
admission, emergency room visits, and chronic bronchitis
which contributed to total health damage cost estimated at
Ringgit Malaysia (RM) 129 million (RM36-RM258 range).

This study aimed to obtain the risk estimates of pollut-
ants towards cardiovascular and respiratory admissions in
Malaysia’s most urbanized area. This study differs from
other time series studies on admissions and air pollution
because it utilizes data from all main public hospitals in the
Klang Valley area.

MATERIALS AND METHODS
Air Quality and Meteorological Data

The air quality data from 1st January 2008 to 31st December
2010 were obtained from the Department of Environment,
Malaysia (DOE). The air pollutant parameters utilized in
this study were PM,,, CO, SO,, NO, and O;. There were

W.M.W. Rozita et al.

52 continuous air quality monitoring stations (CAQMs) in
Malaysia with six located in Klang Valley at Cheras, Kajang,
Shah Alam, Klang, Gombak, and Petaling Jaya. The daily
average for the pollutants was used to represent the daily
concentration of pollutants concentrations for Klang Valley.

Data on meteorological parameters in Klang Valley
were gained from two stations by Malaysia Meteorological
Department. The data components were a daily 24 h average
of temperature, relative humidity, and rainfall. Fig. 1 showed
the locations of CAQMs and meteorological stations in
Klang Valley.

Study Area

Klang Valley is one of the most industrialized areas fol-
lowing fast urbanization and is a densely populated region
(Hassan et al. 2000). It is the most susceptible region
exposed to air pollution compared to other regions of the
country (Rahman et al. 2015, Juneng et al. 2011). Situated
with mountains in the east and the Straits of Malacca in the
west, this basin provides a conducive environment for pol-
lutants to mount up, particularly when the meteorological
condition is stable. Klang Valley has a 2832 km? area with
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Fig. 1: Locations of continuous air quality monitoring stations (CAQMs) and meteorological stations in Klang Valley.
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a total population of 7.9 million (UN World Urbanization
Prospects 2021).

Hospital Admissions Data

Daily hospital admissions data between 1st January 2008 and
31st December 2010 was obtained from Health Informatics
Centre, Ministry of Health’s (MOH) database. Nine public
hospitals in Klang Valley were selected for this study. The
date of the patient’s discharge from the hospital for which the
diagnosis was classified according to the International Clas-
sification of Disease, Tenth Revision (ICD10) was assumed
to be the date of disease diagnosis. The diseases selected for
these studies were respiratory (JO0-J99) and cardiovascular
diseases (I00-199). The data taken was anonymous.

Modeling and Statistical Analysis

Generalized Additive Model (GAM) with Poison time series
regression was applied to examine the short-term effects of
daily air pollutants on cardiovascular and respiratory ad-
missions. The time variable representing the day, ambient
temperature, relative humidity, total rainfall, day of the week,
and holiday coding were the covariates used in the models.
The time variable of the day was used to control for system-
atic variations by time in the data. Natural spline smoothing
functions were used to control for long-term trends and sea-
sonality from the admissions or other time-varying covariates
that could confound the estimates of risk between admissions
and pollutants. This study follows a similar methodology as
what was done by Mahiyuddin et al. (2013) and Wong et al.
(2008). A partial autocorrelation function (PACF) plot of
the residuals and the minimum Akaike Information Criterion
(AIC) were used to assess the goodness of fit of the models.
After examining the results of PACF and AIC, we applied 4
dfs per year smoothing for time and 2 dfs per year each for
the continuous covariates.
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The following equation of the log-linear model is given
below:

Log [E(y)] =By + B X + BZy + B3Z, + ZS(y; , dfy) ...(1)

E(y): Expected daily hospital admissions counts

X: pollutants concentration

Z,: days of the week,

Z,: holiday indicator

y:  time, temperature, rainfall, and relative humidity
B:  regression coefficients

S:  smoothing function using natural spline

df: degree of freedom: 2 dfs for temperature, relative
humidity, and rainfall; 4 dfs per year for time

We started the modeling process by fitting the single
pollutant models for each pollutant to determine the effects of
the pollutants. Later we run a sensitivity analysis to measure
the consistency and robustness of the estimates. The results
were presented as relative risk (RR) and excess risk (ER) The
ER per 10ug/m3 of each pollutant increase was calculated as
ER=(RR-1)*100. Effects of the pollutants on the current day
(lag 0) to the previous five days (lag 5) were observed. We
followed a similar methodology of sensitivity analysis done
by Vichit-Vadakan et al. (2008) and Mahiyuddin et al. (2013).

RESULTS AND DISCUSSIONS

Descriptive Statistics

Table 1 showed the summary statistics of the hospital ad-
missions. A total of 77,063 admissions for cardiovascular
diseases and 98,869 for respiratory diseases were recorded
from 1st January 2008 to 31st December 2010. There were
on average, 70 admissions for cardiovascular diseases and

Table 1: Summary statistics of the daily hospital admissions (n) in Klang Valley.

Variables (n) Mean SD Min Max Total
Cardiovascular cases 70 15.83 5 119 77063
Gender
Male 43 10.67 13 76 47063
Female 28 7.39 11 53 30306
>60 years old 30 7.47 8 52 33375
Respiratory cases 90 25.65 5 228 98869
Gender
Male 50 13.92 16 114 54847
Female 41 13.44 12 119 44397
<9 years old 87 27.27 22 234 95184

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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90 admissions per day for respiratory diseases. The average
of male admissions was higher than females for both dis-
eases. Forty-three percent of the cardiovascular admissions
were among the 60 years old and above. Children aged less
than 9 years old had the highest admissions (96%) due to
respiratory diseases.

The daily average temperature in Klang Valley was
27.64°C, relative humidity 76%, and rainfall 8.65mm, in-
dicating the tropical climate in Klang Valley. Daily average
concentrations of all the pollutants were; 1066.92 ug.m for
CO, 36.25 ug.m™ for O, 8.82 ug.m™ for SO,, 42.52 ug.m™
for NO, and 51.40 ug.m> for PM,,. (Table 2). The daily
average of pollutants was compared with the ambient Ma-
laysia air quality guideline (MAQG) in 2005 (Department of
Environment 2015) together with the interim target 1 (IT-1)
which was adopted by DOE in the year 2015, and WHO air
quality guideline of the year 2005 (WHOAQG) (Amancio
& Nascimento 2012).

The daily average of PM;, was 51.40 + 15.93 ug.m>,
which exceeded the WHO air quality guideline. The maxi-
mum concentration of PM,, was observed on 12th June 2009
with a concentration of 147.87 ;,lg.m'3 and did not exceed
the MAQG 2005 and MAQG New IT-1 2015 but exceeded
the WHOAQG 2005.

Fig. 2 displayed the trends of hospital admissions and air
pollution concentrations together with a simple smoothing
spline. Cardiovascular series showed a slightly increasing
trend with seasonality fluctuations whilst respiratory series
showed a clear increasing trend with a peak in 2009.

SO, fluctuated around a constant mean with clear sea-
sonality with few days were found to exceed the WHOAQG
2005. NO, and CO declined slightly from 2008 to 2009 and
started to increase in 2010 with clear seasonality. PM,, re-
corded 16 days with concentrations of more than 100 pg.m’3
in 2009 which were related to the haze episodes between

June to August. In contrast, O, showed a slight decreasing
pattern from 2008 to 2010 (Fig. 3).

Modeling

Tables 3 and 4 display the significant results from the sin-
gle pollutant models at various lags models. The models
range from lag0 to lag5 for cardiovascular and respiratory
admissions at all ages together with age and gender-specif-
ic. The highest risk for cardiovascular was found with SO,
(RR=1.048; 95%CI: 1.007-1.091) and followed by NO,
(RR=1.021; 95%CI: 1.009-1.033) (Table 4). Both gaseous
showed an immediate or acute effect at lag0. Among the
elderly, similar pollutants were found to be associated with
cardiovascular admissions. Higher RR was observed among
the elderly for SO, (RR=1.065; 95%CI: 1.012-1.120) and
NO, (RR=1.031; 95%CI: 1.016-1.046) at lag0. However, O,
showed a delayed effect after 2 days of exposure (RR=1.014;
95%CI: 1.003-1.026). In gender-specific analysis, higher RR
was found in males compared to females. NO, (RR=1.025;
95%CI: 1.012-1.039) and SO, (RR=1.069; 95%CI: 1.019-
1.120) continue to show significant associations with imme-
diate cardiovascular admissions (lag0) for males and NO, for
females (RR=1.018; 95%CI:1.002-1.034). Delayed effects of
five days (lag5) for SO, (RR=1.063; 95%CI: 1.0073-1.120)
and O3 (RR=1.013; 95%CI: 1.001-1.026) were observed
among females (Table 3).

In Table 4, NO, was the only pollutant associated with
respiratory (RR=1.021; 95%CI 1.006-1.035:) at lag0. Among
children less than 9 years old, NO, and PM,, were associated
with respiratory admissions at similar lags which were lag0,
lagl, and lag2 days. NO, showed the highest risk of exposure
at lag0 (RR=1.031; 95%CI: 1.014-1.048) and decreasing
risks were observed as the lags increased. However, a differ-
ent pattern was observed in PM,,. Acute or immediate effect
was observed at lag0 (RR=1.013;95%CI: 1.003-1.023) for
PM,,, started to decline at lagl (RR=1.011;95%CI: 1.001-

Table 2: Summary statistics of daily concentration of pollutants and meteorological variables in Klang Valley.

Variables Averaging Mean = SD Min Max MAQG MAQG WHO
Time (2005) New IT-1(2015)  AQG 2005

Temperature (°C) 27.64+1.21 23.6 30.90

Humidity 76.06+6.57 58 93.30

Rainfall 8.65x15.54 0.0 92.4

CO [ug.m™] 8h 1066.92+280.49 285.74 2363.12 10000 10000 11500

O, [ug.m™] 8h 36.25+11.08 10.26 85.71 120 120 100

SO, [ug.m™] 24 h 8.82+2.57 2.70 33.86 105 105 20

NO, [ug.m?] 24 h 42.52+9.77 12.51 76.51 75 75 40

PM,, [ug.m™] 24 h 51.40+15.93 18.95 147.87 150 150 50
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Fig. 2: The trend series of hospital admission in Klang Valley from 2008-2010.

1.021) and increased back at lag2 (RR=1.013; 95%CI:
1.003-1.022). Males continue to show higher risk compared
to females. NO, was consistent immediately associated
with males (RR=1.026;95%CI:1.012-1.041) and females
(RR=1.019;95%CI: 1.001-1.037). PM,, was also associ-
ated with females but at various delayed effects, while CO

was associated with males at immediate effect (RR=1.001;
95%CI: 1.0001-1.001).

NO, was chosen as the pollutant in the sensitivity analysis
because it was consistently associated with cardiovascular
and respiratory admissions. The sensitivity analysis was
performed using alternative dfs for smoothing of time and

Table 3: Summary statistics of the daily cardiovascular hospital admissions (n) in Klang Valley.

Types of admissions Pollutant Lags RR Lower CI for RR Upper CI for RR
CVD all ages NO, 0 1.021 1.00935 1.032641
SO, 0 1.048 1.007337 1.091443
CVD > 60 years old NO, 0 1.031 1.016239 1.046112
SO, 0 1.065 1.011632 1.120241
Ozone 2 1.014 1.002755 1.026129
CVD (males) NO, 0 1.025 1.011795 1.039375
SO, 0 1.069 1.019726 1.120055
CVD (females) NO, 0 1.018 1.002219 1.034269
SO, 5 1.063 1.007391 1.120725
Ozone 5 1.013 1.000757 1.025912

Nature Environment and Pollution Technology ® Vol. 21, No. 4, 2022
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Fig. 3: Daily concentrations of pollutants in Klang Valley from 2008-2010.

Table 4: Summary statistics of the daily respiratory hospital admissions (n) in Klang Valley.

Types of admissions Pollutant Lags RR Lower CI for RR Upper CI for RR
Respiratory all ages NO, 0 1.021 1.006467 1.035246
Respiratory <9 yearsold NO, 0 1.031 1.013681 1.048208
1 1.018 1.00096 1.034336
2 1.018 1.001518 1.034099
PM,, 0 1.013 1.002759 1.022943
1 1.011 1.001228 1.020908
2 1.013 1.002817 1.022361
Respiratory (males) NO, 0 1.026 1.011538 1.041365
1 1.018 1.003517 1.032498
5 1.015 1.011538 1.041365
CcO 0 1.001 1.000112 1.00111
Respiratory (females) NO, 0 1.019 1.001158 1.036559
PM,, 1 1.010 1.000396 1.020393
2 1.013 1.002749 1.022622
3 1.013 1.002984 1.022808
5 1.012 1.002025 1.021832
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lag0. A change in the ER of >20% from the main analysis
in the single pollutant model of NO, at various dfs was used
to indicate the sensitivity of the data. Table 5 showed that the
effects of NO, on cardiovascular and respiratory admissions
were insensitive to the number of df specified. Therefore,
we conclude that the effect estimates did not alter much
even when we change the df for the smoothing of time. This
suggests that the core model is relatively robust to model
specification.

DISCUSSION

Our results from the study demonstrated some important find-
ings. Three pollutants were found to exceed the WHOAQG
2005 on certain days which were SO,, NO, and PM,,. There
was an increasing trend of SO, in our study, with some values
exceeding the WHOAQG 2005 but not exceeding MAQG
2005. The concentration of SO, exceeded the WHOAQG
2005 on the 23" of February 2008 and the 28" of October
2010, with the value of 33.86 pg.m'3 and 22.45 ug.m>,
respectively. However, the annual average concentrations
of SO, are still far below the WHOAQG 2005 which were
less than 10 pg.m'3 for the study period. As for NO,, we
found that there were in total 652 days of which the average
concentrations exceeded the WHOAQG 2005 for which 230
days in the year 2008, 185 days in the year 2009, and 237
days in 2010. The number of days on which the concentra-
tions exceeded the WHOAQG 2005 was more than 50% of
the total number of days in a year.

Only gaseous pollutants were found to be associated
with cardiovascular admission, which was highest in SOZ’
followed by NO, and O;. These associations were consistent
in all types of cardiovascular admissions. Our results are

Table 5: Summary of sensitivity analysis.

Types of df ER [%] %Change in ER Rela-

admissions  for RR tive to Main Analysis
time [%]

Cardiovas- 3 1.023 2.323 11.15

cular all .
ages 4 1.021 2.09
5 1.021 2.145 2.63
6 1.022 2.226 6.51
7 1.024 2.448 17.13
Respirato- 3 1.023 2.320 11.54
ry all ages
4 1.021 2.08
5 1.017 1.658 20.29*
[§ 1.020 2.049 1.49
7 1.023 2.259 8.61
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consistent with the findings from Tajuddin et al. (2019)
which showed a delayed effect for SO, at lag 4, but our
study showed acute effects for SO, at lag0. In Thailand,
Phosri et al (2019) revealed evidence of an association
between SO, and hospital admissions with higher risks
observed for cardiovascular disease. Similarly, epidemi-
ological studies in Brazil (Amancio & Nascimento 2012)
and China (Amsalu et al. 2019, Shen et al. 2020) have
linked SO, to cardiovascular admissions and mortality,
including hypertension, coronary heart disease, and stroke.
The mechanisms underlying the development of circulatory
disorders resulting from SO, exposure have not been thor-
oughly studied. However, the possible mechanism could be
the activation of systemic vascular oxidative stress reaction
(Miller 2020, Fiorito et al. 2018). Furthermore, an increase
in plasma fibrinogen and inflammatory factors leads to
increased blood viscosity and contributes to cardiovascular
dysfunction (Peters et al. 2017).

NO,, PM|, and CO were the three pollutants that were
significantly associated with respiratory admissions. We
found that there were 496 days in which the concentrations of
PM,, exceeded the concentration of WHOAQG of 50 pg.m’
3. The risks were higher among children less than 9 years
old. NO, at high concentrations will highly affect those with
respiratory diseases such as bronchitis and asthma (Kowal-
ska et al. 2020, Carthy et al. 2021). Air pollution reduces
the airway epithelium’s defense mechanism by reducing
barrier function, impairing host response against pathogens,
and exaggerating inflammatory responses. The destruction
of respiratory epithelium increased mucus production and
bronchospasm (Huff et al. 2019).

Our study revealed that the elderly aged 60 years and
above were at a higher risk for exposure to gaseous pollut-
ants. This result is consistent with other findings from the
tropical region (Yap et al. 2019, Chan et al. 2006). Chan et
al. (2006) concluded that long-term exposure to NO,, O;,
and PM, s were significantly associated with increased blood
pressure, total cholesterol, fasting glucose, HBA1c, IL-6, and
neutrophils among elderly aged 65 years of age. However,
in our study, we could not find any significant association
between cardiovascular admissions with particulates, in
our case PM,,. We found that children are also vulnerable
and susceptible to air pollution. The main reason is that
children’s organ development, such as the lungs, does not
fully develop compared to adults. Children’s physiology also
has a higher respiratory rate; thus, they breathe faster than
adults, exposing them to higher pollutant concentrations
(Zhou et al. 2019).

Among the cardiovascular admissions, both genders were
susceptible to gaseous pollutants compared to particulates.
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The risk for males was only slightly higher compared to
females. However, females showed significant risks to par-
ticulates at various lags in respiratory admissions, which was
not observed among males. Furthermore, females showed
significant associations with all pollutants except CO, making
females more vulnerable to pollutants compared to males.
Our findings tally with other findings from all over parts of
the world (Zhang et al. 2015, Boezen et al. 2005). Butter
(2006) in her article explained the reasons why females
are more vulnerable to air pollution. Many environmental
pollutants tend to bind to the body’s receptors. Receptors
for estrogens and androgens in the human body modulate
toxic reactions in a gender-specific way. Besides we know
that males have more relative fat mass, which allows them
to give a larger distribution volume for chemical particles in
the environment. However, females’ bodies metabolize more
quickly than males, resulting in higher toxicity.

Generally, we knew that the risk of having cardiovascular
disease due to air pollution is relatively small compared to
the effect of established cardiovascular risk factors associat-
ed with lifestyles such as smoking, obesity, and high blood
pressure. Even though the risk is small, air pollution effects
are considered a severe public health problem because a
large number of people are exposed over their entire lifetime.

We compare our results from this study with Mahiyuddin
et al. (2013), which was done in the same urbanized area of
Klang Valley. Mahiyuddin et al. (2013) observed that only
PM,,, CO, O; and NO, were associated with mortality.
However, the risks among mortality were found to be higher
than the risk from this study with no acute effects at lag0
observed. This showed that the pollutants’ effects on hospital
admission were acute effects, which will lead to mortality
after a few days of exposure.

Since the study was done in 2008-2010, we compared
the concentrations of pollutants with the MAQG IT-1 for
the year 2015, which was also far above the WHOAQG.
Malaysia introduced the new ambient air quality standard
to replace the old standard that had been used since 1989.
The air pollutants concentration limit will be strengthened
in stages until the year 2020. There are 3 interim targets
set which include interim target 1 (IT-1) in 2015, interim
target 2 (IT-2) in 2018, and the full implementation of the
standard in 2020. Even with the current concentrations, the
risks were still observed. Therefore, the current air quality
standards might not be appropriate to protect public health
in an urbanized area such as Klang Valley.

Separating the effects of one pollutant from the effects
of others is often difficult. At the same time, not all mem-
bers of the population are equally sensitive to such effects.
Some subgroups such as the elderly, asthmatics children,
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and people with heart diseases are more likely to be at risk
from exposure to air pollution compared to others. Several
epidemiological studies have shown that the individual ef-
fects of air pollution are normally rather small. However, the
public health effect can be substantial. This also means that
in general, everyone in the world is exposed to air pollution,
but in varying degrees.

There are several limitations of the study that should
be acknowledged. We used air pollutant data from fix