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ABSTRACT

The status quo that the shortage of water resources in North China and the arbitrary discharge of
sewage in rural areas have led to the deterioration of water environment, which not only aggravates
the contradiction between supply and demand of regional water resources but also brings harm to
people’s life and health. How to properly discharge sewage according to the actual situation in rural
areas is a question that needs to be answered urgently. The method adopted in this paper is to build a
constructed wetland with low cost and simple operation and maintenance in the study area, and purify
the water quality through parallel + multi-stage cascade surface flow constructed wetland system. The
results show that the purification effect of the wetland system is acceptable, and the removal rate of
each index shows a decreasing trend with time. The larger the area is, and the more plant species
there are, the better the removal effect will be. The trend of concentration change along the water flow
path of each index is also gradually decreasing, and the decline in the early stage is larger. The method
of standard index evaluation is adopted to evaluate water quality purification effect of the wetland
system, and all indexes reach the standard. In accordance with the Surface Water Environment Quality
Standard (GB3838-2002), after wetland purification, the water quality indexes of COD, TP, NH5-N and
DO all reach Class IV water quality standard, and BOD; reaches Class Il water quality standard. The
wetland system effectively reduces the impact of arbitrary sewage discharge on the water environment
in rural areas and achieved water quality purification and ecological restoration. The quality of the
living environment of local residents is improved. The beautiful environment also promotes people’s
awareness of protecting wetland ecological environment.
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INTRODUCTION people’s health level and build an environment-friendly so-
ciety by constructing constructed wetland system with low

With the development of economy and the improvement of . . .
cost and simple operation and maintenance.

people’s living standard, the demands for water resources
is increasing, and accordingly, the amount of wastewater
and sewage generated is also increasing. Particularly in
the economically underdeveloped rural areas, there is no
sewage treatment plant, and the domestic sewage generated
is discharged directly in the environment. The problem that ;
the water environment is polluted and destroyed by the dis- ~ quality (Haberl etal. 2003, Vymazal 2007, Zhang 2011). The

charged wastewater and sewage is becoming more and more constructed wetland combines sewage treatment with the
serious (Zhong et al. 2012, Wan et al. 2016). The pollution ecological environment, which not only purifies water quality
effectively but also beautifies the ecological environment and

enhances the appreciation of regional ecological landscape
(Wu et al. 2010, Zhang et al. 2012, Shi et al. 2017). The
constructed wetland has gained more attention and concern
of people by its unique multiple-advantages and now is
extensively applied to river sewage treatment. The types of
constructed wetlands are divided into surface flow, horizontal
etal. 2012). The factors causing water environment damage subsurface flow, vertical subsurface flow and combined flow
are more, and governance difficulty is large. To solve those (Zhang 2011, Chen et al. 2008).

problems, this paper focuses on how to purify polluted water In the surface flow constructed wetland, the sewage flows
resources, protect and improve the environment, improve  horizontally from the inlet end of the pool to the outlet end

Constructed wetland is a kind of process to purify sewage
through the triple synergy of physical, chemical and biolog-
ical effects of substrate, plants and microorganisms. When
sewage enters into the constructed wetland, its pollutants are
adsorbed, filtered and decomposed by beds to purify water

of the water environment not only aggravates the crisis of
water source shortage but also damages the water ecological
environment seriously, which brings challenges to economic
development, people’s living environment and health. The
problem of how to govern the polluted water environment,
alleviate the shortage of water resources and return a good
living environment to people shall be solved urgently (Zhong
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without fillers and is purified by wetland plant absorption,
rhizome interception and microbial degradation (Tong et al.
2014, Zhao et al. 2018). Surface-flow constructed wetlands
have relatively low construction and operational costs but
occupy a larger area. In the horizontal subsurface flow con-
structed wetland, the sewage flows from below the surface of
the packing layer and horizontally from the inlet end of the
pool to the outlet end. The water quality can be purified by
the adsorption and interception of the packing, plant absorp-
tion and microbial degradation, which can withstand greater
hydraulic load and pollution load (Kato et al. 2010, Czudar
2011). In the vertical subsurface flow constructed wetland,
the sewage flows vertically through the filter material layer
in the pool. The direction of flow can be from top to bottom
or from bottom to top of the packing. It can withstand high
pollution load and improve the removal rate of pollutants. The
combined flow constructed wetland is generally composed
of two or more constructed wetland pools of the same or
different types through cascade or parallel mode, etc. The
combination mode is usually confirmed according to the
actual situation.

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

MATERIALS AND METHODS

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

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

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

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

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

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

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

The calculation formula for the hydraulic load is:

G4 = Q/A (1)
In the formula: g, - Surface hydraulic load, m>/(m?-d);
Q - Wetland water flow, m3/d; A - Wetland area, m>

According to calculation formula (1), the wetland hy-
draulic load change range was 0.15~0. 19m*/(m*d), and the
average hydraulic load was 0. 17m*/(m>d).
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Removal rate analysis: During the study period from May
to November 2018, water samples were taken approximately
twice a month at a fixed location; totally 14 samples were
taken, and each index was tested separately. In accordance
with pollutant concentration at the inlet and outlet, the
removal rate of each index was calculated. The calculation
formula of the removal rate is as follows:

_CO_Ce

0
In the formula, 77: pollutant removal rate; C,: inlet pol-
lutant concentration, mg/L;

x100% ()

C,: outlet pollutant concentration, mg/L; The pollutant
concentration at the inlet and outlet, and the removal rate of
each index can be seen in the Figs. 2-6.

According to Figs. 2-6:

(1) The effluent concentration in Wetland I is lower than
that of Wetland II when influent concentrations of var-
ious indexes are the same. Thus, the purification effect
in Wetland I was superior to that in Wetland II. This is
because the water area of Wetland I is larger than that
of Wetland II; the plants planted in wetland I are lotus

I Wetland .
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Fig. 1: Layout plan of surface flow constructed wetland.

Table 1: Water quality testing items and methods.

Testing item

Testing method

Chemical oxygen demand (COD)

Five-day biochemical oxygen demand (BOD5)
Total phosphorus (TP)

Total nitrogen (TN)

Ammonia-nitrogen (NH;5-N)

Dissolved oxygen (DO)

Dichromate method

Dilution and inoculation test

Ammonium molybdate spectrophotometric method

Alkaline potassium persulfate digestion-UV spectrophotometric method

Nessler’s reagent spectrophotometry

Todometry

Nature Environment and Pollution Technology ® Vol. 19, No. 3, 2020
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Fig. 3: Inlet and outlet pollutant concentration, and average removal rate of BODS on different dates.
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Fig. 4: Inlet and outlet pollutant concentration, and average removal rate of TP on different dates.
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Fig. 6: Inlet and outlet pollutant concentration, and average removal rate of NH;-N on different dates.

flower and reeds, and the plants planted in wetland II
are reeds. It can be concluded that the size of water
area affects the purification effect, and in large area, the
sewage stays a longer time and the purification effect is
better; different plants have different purification effects
on sewage; the mixed plantation of lotus and reeds has
better than plantation of reeds.

Due to different areas and different aquatic plants in
Wetland I and Wetland II, the removal rates of various
testing indexes in the two areas are different. The mean
removal rates of COD, BODs, TP, TN and NH;-N are
respectively 22.5%, 48.7%, 19.8%, 41.5% and 40.8% in
Wetland I, and 19.4%, 46%, 12.9%, 35.3% and 36% in
Wetland II. In general, the relationship between influent
concentration and removal rate is consistent; when the
influent concentration is high, the removal rate is higher
accordingly.

TP is removed through plant absorption in surface flow
constructed wetland. Results show although the removal

rate in Wetland I is slightly higher than that in Wetland
11, the removal rate of TP in both Wetland I and Wetland
IIis not favourable. The higher removal rate in Wetland
I'is because Wetland I plants lotus flowers while Wetland
II does not. The plants may absorb a certain amount of
TP during growth and metabolic process, and absorb
small molecular phosphate-contained substances in
sewage through roots and synthesize to plant structure.
However, the phosphate absorption function of plants
does not contribute much to TP removal in constructed
wetland, and the main approach is substrate’s absorption
of TP in the wetland. It is not effective for surface low
constructed wetland to remove TP relying on plants.

The removal rate of TN reaches the highest in August,
and the removal rate is higher in Wetland I than Wetland
IL. It probably relates to DO concentration in the wet-
land system. The constructed wetland mainly removes
nitrogen in the water body through nitrification and
denitrification of microorganism, and the anabolism of

Nature Environment and Pollution Technology ® Vol. 19, No. 3, 2020
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plants (Zhu et al. 2010, Yu et al. 2013). The main content
in TN is NO;-N. When DO concentration is reduced,
it will help the denitrification of nitrate nitrogen. The
area of Wetland I is large, and higher biomass requires
more DO than that of Wetland II, leading to possible
internal oxygen deficiency in the system; more NO;-N
is converted and TN removal rate is rising.

(5) The removal trends of NH;-N in Wetland I and Wetland
I are largely consistent. Before August, the removal rate
of NH;-N is increasing; in September, due to impact
of water conditions and microorganism activities, the
removal rate is reduced; the removal rate of NH;-N
in October and November is increased continuously,
probably because of smaller NH;-N concentration in
the water flowing in.

(6) The COD removal situations in Wetland I and Wetland
II can be seen in the figure. From May to November,
COD is removed to certain degree, and the removal rate
in September and October is higher. It is related to COD
concentration of water flowing in. When in-flow water
COD concentration is high, the removal rate is rising
accordingly.

(7) The purification effect of BOD5in Wetland I and Wet-
land II is better, and BOD5 removal rate is higher from
May to October, and in November is low. The removal
rate of BODj is related to in-flow water concentration
and wetland temperature. According to BOD5 removal
rate changes, in the study stage, there are no obvious
rules for BODs removal rate.

Analysis of the change of water quality indicators along
the water flow path: In order to analyse the variation of
indexes along the water flow path in the wetland, sampling
points were set respectively along Wetland I and II. The
sampling points in Wetland I are the inlet point, 1#, 2#, 3#,
and outlet point; sampling points in Wetland II are the inlet
point, 1#, 2#, 3#, and outlet point; the inlet sampling point
of Wetland I and Wetland II is the same. Samples were
made totally 7 times on the sampling points set along the
two wetlands in the beginning of every month from May
to November. After water sample testing and analysis, the
changes in various indexes along the water flow path were
basically consistent in Wetland I and II. Thus, due to space
limitation, this paper only analyses rules of indexes changes
along Wetland I. The index changes along the water flow path
can be seen in the Figs. 7-11.

According to Figs. 7-11.

(1) The change of COD along the water flow path: Since
the in-flow water quality in the wetland is affected by
agricultural or domestic pollution, the change in in-flow
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water concentration every month is large. COD concen-
tration turns smaller along the water flow path. When
in-flow water concentration is high, the corresponding
concentration downtrend will be more obvious.

(2) The change of BOD; along the water flow path: The
concentration of BODy decrease gradually except in
September and November. Since the in-flow water
BODj; concentration is smaller in September, there is no
removal effect in the wetland; while BOD5 concentration
in November is increased other than decreased probably
due to impact of temperature.

(3) The change of TP along the water flow path: The con-
centration of TP show a downward trend along the water
flow path, indicating that wetland has a good removal
effect on TP. Particularly in August and September, the
prosperous plants in the wetland have more obvious
absorption effect for phosphate, so that TP concentration
along the water flow path is more obvious in August and
September than that in other months.

(4) The change of TN along the water flow path: The con-
centration of TP is decreasing along the water flowing
direction in the wetland, particularly obvious in the
front end of the wetland. Probably due to larger organic
content in the front end, and suitable C/N proportion is
good for the growth of denitrifying bacteria to improve
TN removal effect.

(5) The change of NH;-N along the water flow path:
NH;-N concentration shows a downtrend along the
water flowing direction of the wetland. Moreover,
when the NH;-N concentration in in-flow water is high,
the decreasing trend is more obvious. The decrease
of NH;-N concentration is caused by microorganism
ammonization, and also absorption effect of wetland
plants. Higher NH;-N concentration makes their effects
more remarkable.

Evaluation and analysis: According to monitoring data in
the study area, the standard index evaluation method was
adopted to evaluate water quality purification effect in the
wetland system. The results could distinctly and visually
show purification situations along the water flow path and
main pollution factors.

The calculation formula for standard index Sij of water
quality parameter i on j point is:

5, =S 3)
i C.
In the formula, §;; - Standard index of water quality
parameter i on j point

Vol. 19, No. 3, 2020 ® Nature Environment and Pollution Technology
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C;; - Concentration of water quality parameter i on j
point, mg/L

C,; - Standard value of water quality parameter i point,
mg/L

The single factor evaluation index of each index along
the water flow path can be acquired, referring to Table 2. The
calculation results of single factor evaluation indexes in the
table were analysed. If the result is smaller than 1, the water
quality reaches the standard, while if the result is larger than
1, the water quality is out of limit.

The table shows the single factor index of DO, TP,
NH;-N, COD and BODj in out-flow water of Wetland I and
Wetland I is largely smaller than 1, reaching the water qual-
ity standard; single factory index of TN is larger than 1, and
water quality is out of limit. As a whole, each single factor
evaluation index shows a downtrend with the movement of
purified water flow during wetland purification. It means
pollutants are effectively removed along the water flow path,
and water quality becomes better gradually.

In line with Surface Water Environment Quality Standard

Table 2: Single factor evaluation index of each index along the water flow path.

Evaluation index Water inlet Water outlet in Wetland I Water outlet in Wetland II
DO 0.78 0.77 0.86

TP 0.9 0.73 0.8

TN 3.32 2.04 2.11

NH;-N 1.18 0.72 0.81

COD 1.13 0.87 0.93

BOD; 0.78 0.4 0.35

Vol. 19, No. 3, 2020 ® Nature Environment and Pollution Technology
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Table 3: Water quality classification of inlet and outlet water of main indexes from May to Nov 2018.

Inlet Wetland I Wetland II
Water quality
Index Mean value Water quality Outlet mean value Water quality Outlet mean value Water quality
(mg/L) Class (mg/L) Class (mg/L) Class
COD 33.8 \% 26 v 27.8 v
BOD; 4.7 v 2.4 I 2.4 I
TP 0.27 v 0.22 v 0.24 v
NH;-N 1.77 \% 1.08 v 1.22 v
DO 5 111 5.1 111 43 v

(GB3838-2002), the water quality class of DO, TP, NH;-N,
COD and BODj at inlet and outlet can be seen in Table 3.
According to the table, after wetland purification, the outlet
water quality index COD, TP, NH;-N and DO all reach Class
IV water quality standard, and BOD; reaches Class II water
quality standard.

CONCLUSION

In accordance with the observation data of the wetland in
nearly one year, the purification effect, concentration changes
along the constructed wetland and purification indexes were
evaluated and analysed. Results show that the sewage purifica-
tion effect in parallel + multi-stage cascade surface constructed
wetland is favourable. According to aforesaid results:

(1) The mean removal rates of COD, BODs, TP, TN and
NH;-N in the wetland are respectively 22.5%, 48.7%,
19.8%, 41.5% and 40.8% in Wetland I, and 19.4%,
46%, 12.9%, 35.3% and 36% in Wetland II, effectively
reducing and eliminating hazards of domestic sewage
discharge to the external water body. The size of wetland
area and plants varieties affect sewage purification to
a certain degree because different types of plants have
different absorption functions for various pollutants;
the area sizes cause different courses of sewage along
the water flow path. Therefore, to improve wetland
purification effect, further tests shall try to add sewage
course area along the wetland when the wetland area is
fixed, and select plants with strong absorption effect to
improve the removal rate.

(2) The factors affecting concentration changes of indexes
along the water flow path are more; for instance, the
in-flow water concentration, temperature and plants
and microorganisms in the wetland affect concentration
along the water flow path to a certain degree. The con-
centration of all indexes is decreasing along the water
flow path, and the decrease is fast in the front end of
the wetland system.

(3) The analysis on water quality after purification accord-
ing to standard index evaluation method shows that DO,
TP, NH;-N, COD and BODs all reach the water quality
standards; single factory index of TN is larger than 1,
and water quality is out of limit.

Wetland treatment effect: NH;-N>TN>BOD; >COD>TP.
In line with Surface Water Environment Quality Standard
(GB3838-2002), the outlet water quality index of COD, TP,
NH;-N and DO, all reach Class IV water quality standard, and
BODjreaches Class II water quality standard. Although TN
outflow water does not reach Class IV class quality standard
for lakes and reservoirs, the average removal rate is high, and
the removal effect is obvious.

Surface flow constructed wetland has relatively simple
operation and maintenance and long service life. Moreover,
the plants such as lotus flowers and reeds planted in the
wetland not only have ornamental value but also have certain
economic value. They could improve the water environment
while creating a beautiful natural landscape. Therefore, the
surface flow constructed wetland built in rural area with a
relatively backward economy can not only achieve water
quality purification and ecological restoration but also im-
prove the quality of local residents’ living environment. The
beautiful environment also promotes people’s awareness of
wetland ecological environment protection.
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