Separation and Purification Technology 272 (2021) 118725

Contents lists available at ScienceDirect

Separation and Purification Technology
journal homepage: www.elsevier.com/locate/seppur

Constructed wetland treatment of source separated washing wastewater in
rural areas of southern China
Yahui Li 1, Shikun Zhu 1, Yu Zhang , Minghuan Lv , Jean Joël Roland Kinhoun , Tingting Qian ,
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China’s toilet modernization has enabled thousands of villages to separate their feces and urines from the
greywater or washing wastewater. Human feces and urine are usually used as raw materials for fertilizers, but the
lack of understanding of discharge characteristics of washing wastewater in China rural areas affects the
development of treatment technology and the reuse of treated water. In this study, a village in the lower reaches
of the Yangtze River was selected to investigate the discharge characteristics of washing wastewater, and four
kinds of subsurface constructed wetlands were used for treatment and reuse. The results showed that the pro
duction of washing wastewater in rural aeras was 59–232 L/(cap .d), with an average of 121 L/(cap .d). The
bathing wastewater contributed the highest proportion of 46.19%. COD was identified as the key pollutants with
average concentration of 337 mg/L. Compared with domestic wastewater, the concentrations of TN and TP were
much lower with the average of 11.1 mg/L and 0.6 mg/L respectively. After treated by the constructed wetland
with ceramsite, volcanic rock and anthracite as composite substrate, the effluent water met the requirements of
paddy field crop irrigation, and the removal rates of COD, TN and TP achieved 61.5%, 68.8% and 70.5%
respectively. Wetland plants and modular design had significant positive effects on the removal of nitrogen and
phosphorous, but little effect on COD removal. The fecal coliforms in the effluent were all lower than 4.0 lg
(MPN/L) in the four constructed wetlands, indicating they were not the limiting factors for irrigation reuse.

1. Introduction
Toilet modernization is an initiative to upgrade toilets in developing
countries, which was first proposed by the United Nations International
Children’s Emergency Fund, China’s toilet modernization for rural
household toilets was formally proposed by the central government in
2017. As an important part of the Rural Revitalization Strategy, it plans
to greatly improve the utilization rate of harmless toilets in about three
years through government investment and policy support. The goals of
2020 are to basically complete the harmless transformation of rural
household toilets in the eastern region, central and western urban sub
urbs and other areas with foundation and conditions, basically treat or
utilize the toilet feces, and preliminarily establish a long-term man
agement and protection mechanism.
The toilet modernization in China changed the sanitation facilities
and their operation system in rural aeras. Two technical routes were

mainly adopted for toilet construction and waste disposal [1]. The first
was very similar to the urban system, which was composed of water
flushing toilets, pipe networks and treatment facilities. Human excreta,
together with the wastewater from bathtubs, hand basins, kitchen sinks,
and laundry machines were collected by the pipe networks and then
treated and discharged by the treatment facilities. Nitrogen, phosphorus
and potassium was disposed as waste and massive potable water was
used as transport medium with huge energy consumption in the tech
nical route [2,3]. The effluent needed to meet certain water quality
standards [4], which were usually formulated by the local province
governments [5,6]. Due to the constraints of rural residents’ incomes,
the networks and facilities were affordable in a few areas, such as some
villages in Shanghai, Beijing, Jiangsu Province, etc. The second route
was adopted by more villages, which was composed of resource toilets
and a system for the transport and disposal of urine and faeces [7–10].
Common toilets included three-compartment septic tank toilets, double
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urn funnel toilets and the more modern negative pressure source sepa
ration toilets [11], we called it the modern field cycle model (MFCM).
The principle of the MFCM is to separate and classify domestic wastes at
the source and treat them locally. Its core is to convert excreta and
kitchen waste into fertilizer-based resources and reuse them for farm
land fertilization. At the same time, it uses low-cost and high-efficiency
ecological technology to treat washing wastewater. Its purpose is to
separate the domestic waste from the source, realize the closed cycle of
the material as much as possible, and make it meet the requirements of
sustainable development. However, in the second technical route,
washing wastewater(which mainly comes from bathtubs, hand basins,
kitchen sinks, and laundry machines)became often untreated and dis
charged directly, which in turn led to environmental pollution. Negative
pressure source separation toilet system as an example, domestic waste
and wastewater was divided into three categories: sewage wastewater
(excrement and high-concentration kitchen wastewater), washing
wastewater and other waste. Suction piped collection systems were
recommended to collect excrement, crushed kitchen waste and highconcentration kitchen wastewater, which were then treated by anaer
obic fermentation and used to fertilize farmland nearby [12]. In the
MFCM, the technical unit of washing wastewater drainage was an
important component. Although more than 90% of nitrogen and phos
phorus in domestic wastewater and waste would enter sewage waste
water and be eliminated through resource utilization after source
separation, the drainage problem of washing wastewater must still be
treated with caution. It was necessary to reduce the cost of washing
wastewater discharge under the premise of meeting the dual re
quirements of sanitation and environment. However, little literatures
have been reported about the discharge characteristics of washing
wastewater in rural China and the development of treatment technolo
gies based on raw water conditions. Constructed wetland was a mature
ecological treatment technology with low energy consumption, low cost
and low investment [13–15] and drainage pipe was inconsistent with
the principles of sustainable development [16], therefore, we selected
constructed wetland to treat washing wastewater on site from house
hold. The washing wastewater was purified on-site or nearby through
constructed wetland and discharged to the surrounding land, which
could reduce the cost of wastewater delivery and treatment. At present,
there were many research reports on the use of constructed wetlands to
treat domestic wastewater in rural areas [17–19]. But when using raw
washing wastewater as influent, there was no research on onsite treat
ment of source-separated washing wastewater through anaerobic tanksmodular constructed wetlands in rural China areas.
This research has two main objectives. The first is to clarify the main
sources of washing water and their quality and quantity characteristics
in the rural aeras of southern China, to provide data support for
comparative researches and development of applicable treatment tech
nologies; The second is to study the treatment performance and main
influencing factors of the constructed wetland system for washing
wastewater, and evaluate whether the low-cost treatment technology
could meet the requirements of washing wastewater reuse.

maintained. In addition, studies had showed that the horizontal flow
CWs had certain advantages in the removal efficiency of organic matter,
which is conducive to the treatment of washing wastewater [20].
2.1. Field investigation of washing wastewater
Five typical households were selected to determine the and quality of
the washing wastewater in the target village. Each component, including
kitchen rinsing wastewater (KRW), bath wastewater (BW), wash basin
wastewater (WBW), laundry wastewater (LW) and miscellaneous
wastewater (mainly mopping wastewater, MW), was collected sepa
rately. After mixing evenly, samples were prepared for each component
with a cycle of 24 h. Besides water volumes, COD、SCOD、BOD、
LAS、TN、NH+
4 -N、TP 、SS and fecal coliforms were monitored using
the methods described in section 1.4. The field investigation started on
March 29, 2019 and lasted for one month.
2.2. Designs of the constructed wetlands
The process flow of constructed wetland was shown in Fig. 1. The
washing wastewater was collected through the household pipes and
then flowed through the temporary storage tank, microgrid pretreat
ment pond, water distribution bucket and constructed wetland
sequentially, and was discharged after treatment.
The four groups of wetlands were designed differently in terms of
plants, Substrate and structures, including gravel-wetland without
plants (hereinafter referred to as “CW1′′ ), gravel-wetland with plants
(CW2), improved Substrate-wetland with plants (CW3) and improved
Substrate-modular-wetland with plants (CW4). Fig. 2 showed types of
constructed wetlands.
The four groups of constructed wetlands were all horizontal sub
surface wetlands and were located in a well-ventilated artificial canopy,
with dimensions of 1.20 m length, 0.40 m wide and 0.60 m deep. There
was a 10 cm water distribution area and a 10 cm catchment area after
water inflow and before water outflow, filled with gravel (20–30 mm in
diameter) inside. The lower layer of the middle part was filled with
combined Substrate with a thickness of 50 cm, and the upper layer was
filles with soil with a thickness of 10 cm. The depth of the combined
Substrate was 50 cm, and the top layer of the wetland was covered by
soil with 10 cm. Perforated pipes were used for water distribution and
water collection. Wetland plants were reeds and evergreen irises, with a
plant density of 30 plants/m2. The Substrate of CW1 and CW2 was
gravel with diameter of 5～15 mm, and the Substrate of CW3 and CW4
were ceramic grain, volcanic rock and anthracite from bottom to top
(layered fill, each layer was about 16.7 cm). Among them, the diameter
of ceramic grain, volcanic rock and anthracite was 5～15 mm, 5～10
mm and 5～8mm respectively. The influent for the start-up phase of the
experiment was actual wastewater diluted with twice the tap water, 45 L
per wetland per day. The influent for the operation phase of the
experiment was actual wastewater, 60 L per wetland per day. The
influent of experimental was intermittent, 3 times/day. The experi
mental period was from March to September 2019.This data for this
experiment were taken from August and September 2019, which was
from the plant maturation period. Table 1 showed design parameters of
constructed wetlands.

2. Materials and methods
In this paper, a village in southern China was selected to investigate
the discharge characteristics of washing wastewater and four types of
horizontal subsurface flow constructed wetlands were employed to
evaluate the performance of onsite treatment. The population of the
village was between 2500 and 2550, of which the young people were
usually out of their houses in the daytime, working at the factories
nearby, and back to home in the nighttime when their washing waste
water would generate and be discharged. The farmland surrounding the
village provided site convenience for the reuse of the treated washing
wastewater. Compared with the vertical CWs, the horizontal subsurface
flow constructed wetlands usually has a simpler water distribution
structure, which makes it easier to be constructed, operated and

2.3. Analytical methods
COD and SCOD were measured using the fast airtight catalytic
digestion method with titration of ferrous ammonium sulfate according
to the Standard Method [21]. The sample of SCOD was filtered through a
0.45 μm membrane before measured. BOD were measured according to
mercury-free pressure measurement, with a biological sensor(OxiTopiIs12, Germany).The concentrations of total nitrogen(TN),NH+
4 -N,
NO3-N,NO2-N,total phosphorus (TP), Linear alkylbenzene sulfonate
(LAS) and Suspended Solid(SS)were measured according to the Standard
2
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Fig 1. Process flow of washing wastewater treatment by wetland.

Fig 2. Types of constructed wetlands.

3. Results and discussions

Table 1
Design parameters of constructed wetlands.
Wetland types

CW1

Size parameters (L × W × H)
Substrate Types

1.20 m × 0.40 m × 0.60 m
gravel
ceramic grain, volcanic rock,
anthracite
5～15
5～15,5～10,5～8
50
16.7,16.7,16.7
No plants
reeds + evergreen irises
250
Integrated design
Modular design

Substrate diameter (mm)
Substrate height (cm)
Plant species
Hydraulic load (L/(m2⋅d)
Wetland structure

CW2

CW3

3.1. Quantity and parameters of washing wastewater

CW4

Washing wastewater of rural households was mainly produced by
living activities such as vegetables and dishes washing, bathing,
laundry, face washing, teeth brushing, mopping and other domestic
activities (laundry wastewater was mainly produced by washing ma
chines, and wash basin wastewater was mainly from face washing and
teeth brushing). The investigation in the target village showed that the
quantity of washing wastewater ranged from 59 to 232 L/(cap .d), with
the average value of 121 L/(cap .d). Liang et al. [22] reported the water
consumption in similar rural areas of southern China was 100～200 L/
(cap .d), and the estimated quantity of washing wastewater was quite
close to the value in this study if taking into account the sewage con
version rate and the water used for flushing toilets. Washing wastewater
characteristics were highly variable as they depend on the socio-cultural
behaviors, the sanitation facilities, the income and the habits of the
residents [23].Washing water was very similar to the graywater in

Methods [21]. Fecal coliforms were measured according to rapid paper
method(Guangdong Dayuan Oasis Food Safety Technology Co., Ltd,
China). Dissolved oxygen (DO), pH and temperature were measured
onsite with a portable measuring instrument (Hach-HQ11d, USA).

3
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more than 1.8 times higher than values of other compositions. Bathing
wastewater and washing basin wastewater had the similar characteris
tics in almost all the water quality parameters measured in this study,
although the account of bathing wastewater was 4.3 times higher than
that of washing basin wastewater. Miscellaneous wastewater was less
polluted washing wastewater, with average concentrations of COD, LAS,
TN and TP of 192, 6.4, 7.8 and 0.3 mg/L, respectively. But due to the
minimum production, miscellaneous wastewater had little impact on the
mixed wastewater quality.
Pollution loads of washing wastewater from different sources were
calculated according to above data of water quality and quantity, as
shown in Fig. 4. The results showed that bathing wastewater, kitchen
rinsing wastewater and laundry wastewater were the three major con
tributors to washing wastewater pollutants, with a total pollution load
rate of 82.82～92.73%. Bathing wastewater was the largest source of TN
with a pollution load rate of 42.29%; kitchen rinse wastewater was the
largest source of TP with a pollution load rate of 43.63%; laundry
wastewater was the largest source of LAS with a pollution load rate of
46.35%. The contributions of the three sources washing wastewater to
COD and NH+
4 -N were quite close, with the load rate about 30%
respectively.

composition and quality. The Data reported from the United States et al.
[24–28] showed the quantity of graywater generally ranged from 66 to
274 L/(cap .d), and the average quantity of washing wastewater in this
study was located in the middle range. The composition of the washing
wastewater quantity was shown in Table 1 and Fig. 4. Bathing waste
water accounted for the largest proportion of 46.19%, followed by
kitchen rinsing water, laundry wastewater, wash basin wastewater and
miscellaneous wastewater. The high amount of bathing wastewater can
be explained by the local residents’ living habits that the young people
were accustomed to bathing after a whole day’s work, which had
become a normal in China’s developed rural aeras. Fig. 3 showed the
daily production of washing wastewater in one household, in which
bathing wastewater was recorded every day, while the laundry waste
water almost once a week. As a result, the average value of bathing
wastewater was much higher although the laundry wastewater set a
record for a day’s production.
As shown in table 2, the concentrations of COD, BOD, TN, and TP of
the mixed washing wastewater were 337 ± 89 mg/L, 169 ± 40 mg/L,
11.4 ± 3.4 mg/L and 0.6 ± 0.3 mg/L, respectively. Compared with
domestic sewage, the concentrations of TN and TP were much lower, as
washing wastewater didn’t contain human feces and urine which were
the main sources of nitrogen and phosphorus. And compared with the
graywater dada reported in the South Korea et al. [29–32], the con
centrations of COD and TN were in the middle range and the concen
tration of TP was significantly lower with the average value of 0.6 mg/L.
The reason might be that the high-concentration kitchen wastewater
was not included in the washing wastewater which reduced the TP yield.
And the spread of phosphate-free detergent in rural areas might be
another explanation. Notably, fecal coliforms were consistently detected
in the washing wastewater at concentrations between 1.7E + 4 and 1.7E
+ 5 MPN/L, which suggested that tracking and control of hygiene in
dicators should be necessary before discharge or reuse. Laundry
wastewater and kitchen rinsing wastewater were more polluted than
other washing wastewater in most detected indexes. Laundry waste
water contributed the highest concentrations of COD and LAS, with
average values of 503 mg/L and 45.4 mg/L respectively, especially LAS,
whose concentration was 3.2 times higher than the values of all other
compositions of washing wastewater. Laundry wastewater also
contributed the second highest concentrations of BOD, TN and SS.
Kitchen rinsing wastewater contributed the highest concentrations of
BOD, TN, TP, and SS, with average values of 245 mg/L, 14.3 mg/L, 1.1
mg/L and 70 mg/L respectively, especially TP, whose concentration was

3.2. Treatment performance of subsurface flow constructed wetlands

QuantityL/(cap .d)

Table 3 showed the load removal efficiency and the influent and
effluent water quality of the four constructed wetlands. After treated by
the subsurface flow constructed wetlands with different designs, the
effluent concentrations of COD were 161 ~ 162 mg/L in CW1/CW2, and
129 ~ 132 mg/L in CW3/CW4 respectively, with the load removal ef
ficiency between 21.25 g/(m2⋅d) and 25.38 g/(m2⋅d). The removal rates
of COD were between 51.4% and 61.5% as shown in Fig. 5. It was higher
than the data reported by S. Saumya. et al in 2015 [33]. The effluent
concentrations of SCOD were 152 ~ 154 mg/L in CW1/CW2 and 120 ~
122 mg/L in CW3/CW4, which meant more than 90% of COD in the
effluent water existed in the form of SCOD, while the proportion in the
influent water was 58.4%. The load removal efficiency of SCOD was only
5.00～9.25 g/(m2⋅d) ,which was much lower than COD as shown in
Table 3. It suggested that insoluble COD, compared with the SCOD, was
more easily removed by the constructed wetlands, similar to the data
reported by Li et al. [34–36]. Insoluble COD is usually removed by
adsorption, filtration, sedimentation of Substrates, or further hydrolyzed
into soluble COD. And soluble COD is mainly decomposed into small

Monitoring time d
KRW

WBR

BW

Fig 3. Quantity trends of a household.
4
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Quantity

COD

1.94%
18.56% 22.35%

1.12%

10.96%
46.19%

27.84%
32.62%

31.73%

0.55%

42.29%

0.7%
17.99%

7.37%

1.47%

28.02%

0.88%

31.06%

NH4+-N

28.82%

LAS

19.58%

TN
20.06%

BOD

6.75%

46.35%

38.11%

28.21%
9.69%

TP

SS

0.98%

6.46%

15.26%

33.89%

28.27%

20.9%

43.63%
31.41%

7.36%

30.82% 6.73%

KRW

33.65%

8.73%

WBR

BW

LW

10.73%

MW

Fig 4. The distribution of washing wastewater quantity and quality.
Table 2
Average characteristics of washing wastewater generated at different generation points.
Generation points
Kitchen
Bath/shower
Laundry
Washbasin
Mopping sink
Mixed washing wastewater

quantity

Parameters

L/(cap .d)

COD(mg/l)

BOD(mg/l)

LAS(mg/l)

TN(mg/l)

NH+
4 -N(mg/l)

TP(mg/l)

SS(mg/l)

FC (MPN/L)

27 ± 7
56 ± 21
22 ± 42
13 ± 4
2±5
121 ± 50

478 ±
227 ±
503 ±
223 ±
192 ±
337 ±

245 ± 87
108 ± 41
188 ± 81
155 ± 69
80 ± 34
169 ± 40

14.1 ± 8.5
11.2 ± 6.6
45.4 ± 26.9
10.7 ± 14.1
6.4 ± 6.6
14.9 ± 7.5

14.3 ± 4.4
9.6 ± 5.7
11.4 ± 5.9
7.4 ± 3.6
7.8 ± 2.3
11.1 ± 3.4

4.7 ±
1.8 ±
4.3 ±
1.8 ±
0.9 ±
3.0 ±

1.1
0.4
0.5
0.4
0.3
0.6

70
40
68
53
45
54

–
–
–
–
–
1.7E + 4–1.7E + 5

110
82
234
69
75
89

2.1
2.3
3.9
2.3
0.6
1.9

±
±
±
±
±
±

0.4
0.4
0.3
0.6
0.1
0.3

± 33
± 18
± 46
± 41
± 25
± 14

Table 3
The load removal efficiency and wastewater properties of constructed wetland.
Group

Parameter Type

Unit

Influent

DO
SS

C
LRE
C
LRE
C
LRE
C
LRE
C
LRE
C
LRE
C
LRE
C
C

(mg/l)
g/(m2⋅d)
(mg/l)
g/(m2⋅d)
(mg/l)
g/(m2⋅d)
(mg/l)
g/(m2⋅d)
(mg/l)
g/(m2⋅d)
(mg/l)
g/(m2⋅d)
(mg/l)
g/(m2⋅d)
(mg/l)
(lg MPN/L)

0.22 ± 0.11
_
45 ± 13
_
194 ± 42
_
332 ± 63
_
11.9 ± 3.6
_
12.8 ± 2.3
_
11.6 ± 2.3
_
0.48 ± 0.16
4.7 ± 0.4

SCOD
COD
LAS
TN
NH+
4 -N
TP
FC

Effluent
CW1

CW2

CW3

CW4

0.24 ± 0.18
4.00
13 ± 5
5.00
154 ± 28
21.25
162 ± 29
0.66
6.6 ± 1.6
0.38
9.8 ± 1.3
0.08
10.2 ± 1.2
0.004
0.45 ± 0.25
3.9 ± 0.4

0.28 ± 0.38
3.88
14 ± 5
5.25
152 ± 28
21.38
161 ± 35
0.84
5.2 ± 1.6
0.98
5.0 ± 0.8
0.37
5.5 ± 0.8
0.03
0.24 ± 0.14
3.8 ± 0.3

0.47 ± 0.78
4.13
12 ± 5
9.25
120 ± 31
25.38
129 ± 30
0.94
4.4 ± 1.7
1.10
4.0 ± 0.8
0.44
4.2 ± 0.6
0.045
0.12 ± 0.07
4.0 ± 0.3

0.59 ± 0.97
4.00
13 ± 5
9.00
122 ± 29
25
132 ± 30
0.99
4.0 ± 1.9
1.15
3.6 ± 0.7
0.47
3.8 ± 0.7
0.053
0.06 ± 0.04
3.5 ± 0.4

C-Concentration; LRE- The load removal efficiency.

0.66～0.99 g/(m2⋅d) from table 3. LAS achieved removal rates of 42.6～
65.9%, as shown in Fig. 5, which were much higher than those of SCOD.
This indicated LAS is a kind of SCOD, which can be easily removed for
the wetlands. It has been shown that microbial activities are the main
pathway for the degradation of surfactants in environment [37]. Sig
nificant differences of removal capability have been found among the

molecules such as CH4, CO2 and H2S through the metabolic activities of
wetland microorganisms, and can be mostly removed if metabolic ac
tivities sufficient. Therefore, it is important to improve microbial
degradation of SCOD for the control of total concentration of COD in the
constructed wetland systems. Furthermore, LAS, an important source of
SCOD in washing wastewater, the load removal efficiency of LAS was
5
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Fig 5. Pollutant removal rate of wetland over time.

four constructed wetlands in dealing with nitrogen and phosphorous.
The removal rates of TN were 23.4%, 60.1%, 68.8% and 71.9%
respectively, and NH+
4 -N were 12.1%, 52.6%, 63.8% and 67.2%
respectively, and TP were 2.3%, 45.5%, 70.5%, 86.4% respectively in
the four constructed wetlands, as shown in Fig. 5. The load removal
efficiency of TN, NH+
4 -N and TP was 0.38～1.15, 0.08～0.47, 0.004～
0.053 g/(m2⋅d) respectively from table 3. It was indicated that the
wetland plants, substrate type and wetland structure had a significant
influence on the removal of nitrogen and phosphorus, which would be
discussed in detail below. NH+
4 -N was the predominant form of TN in the
effluent with the proportions of almost 100%. DO is the main factor
which determines nitrogen forms in wetland systems. According to the
classical nitrogen removal theory normal nitrification reaction needs to
ensure that DO is not less than 1.0 mg/L [38], while in this study the
amount of DO was less than 0.3 mg/L in the four wetlands. The con
–
–
version of NH+
4 -N to NO3-N was limited by lack of DO [35,39]. NO3-N, as
an electron acceptor, was consumed by microbial or other physico
chemical reactions under low DO conditions. No significant improve
ment of the removal rates of fecal coliforms was observed after the
optimizations of wetland structure or Substrate, as shown in Fig. 5. The
concentrations of the fecal coliforms maintained at 3.5–4.0lgMPN/L in
the effluent, with average removal rates ranging from 14.9% to 25.5%.
In addition, the load removal efficiency of SS was 3.88～4.13 g/(m2⋅d),
as shown in Table 3. The removal rates of SS were 69.8%～70.2%, with

little difference among the four wetlands, indicating the removal of SS
was less affected by plants, Substrate or wetland structure.
In brief, the constructed wetland provides an alternative technology
for the treatment of washing wastewater in rural areas of southern
China, which basically meets the requirements of irrigation reuse. Ac
cording to the standards for irrigation water quality of China (GB50842005), the effluent water from CW1 and CW2 can be used for irrigation
of dryland crops, and the effluent from CW3 and CW4 can be used for
irrigation of dryland crops and paddy crops.
3.3. Effects of wetland plants
CW1 and CW2 were employed to study the effects of wetland plants
on the treatment of washing wastewater. Wetland plants were planted in
CW2, but not in CW1. Except the plants, CW1 and CW2 were basically
the same in wetland structure, substrate composition and operating
parameters.
Fig. 6 showed that no significant difference of COD removal was
found between the two devices. The removal rates of COD and SCOD
maintained at 51% and 20% in both wetlands, which was different from
the date reported by Pei et al. [40], in whose study remarkable increase
of COD removal rates had been observed when employing wetland
plants. One probable reason was the difference of hydraulic residence
time (HRT), which was 7d in Pei Liang’s study and 1.5d in this study.
6
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Tpes of constructed wetlands
Fig 6. Average removal rates of pollutants.

Due to the short HRT, the effect of plants could not result in a significant
promotion of COD removal. It was noteworthy that the removal rate of
LAS significantly changed, with an increase by 12.5% compared to CW1,
although there was no improvement on total COD removal. This result
was similar with the data reported by Rhian Thomas et al. [41], in whose
study it was observed that the higher the plant biomass, the higher the
LAS removal rate. CW2 showed significant promotion on the removal of
nitrogen and phosphorus as shown in Fig. 6. The removal rate of TN
increased from 23.4% of CW1 to 60.1%, NH+
4 -N increased from 12.1% of
CW1 to 52.6%, and TP from 2.3% of CW1 to 45.5%. As reported by
Saeed, T et al. [35,42], absorption of wetland plants might be the main
mechanism for the improvement of nitrogen and phosphorus removal.
To meet the growth needs, wetland plants absorb nutrients such as ni
trogen and phosphorus through their roots, and simultaneously decrease
the concentrations of nitrogen and phosphorus in the substrate layers.
Washing wastewater was a low-polluted wastewater, with the concen
trations of TN and TP no more than 15 mg/L and 1 mg/L respectively.
Under these conditions, adsorption of plants played a key role and
helped CW2 achieve a notable promotion on nitrogen and phosphorus
removal.

3.5. Effects of wetland structure
Modular design of wetland has significant advantages in rapid con
struction, simplified maintenance and expansion of treatment capacity.
This section discussed the effect of modular design on washing waste
water treatment, using the devices of CW3 and CW4. CW4 adopted a
modular design as shown in Fig. 2, and was consistent with CW3 in
wetland plants, substrate composition and operating parameters.
Significant improvement of removal rate of TP was observed in CW4,
as shown in Fig. 6. The removal rate of TP in CW4 increased from 70.5%
of CW3 to 84.7%, with an excellent effluent concentration of 0.06 ±
0.04 mg/L. Due to the modular design in Fig. 2, the flow path in wet
lands was rebuilt, and the dead volume were decreased. The participa
tion of fresh adsorption capacity may be the reason for further reduction
of TP concentration. The removal rates of TN and NH+
4 -N increased
slightly by 3.1% and 3.4% respectively in CW4. And the removal rates of
COD and SCOD had no identifiable difference between CW3 and CW4. A
reasonable explanation was that the dead zone volume provided by
modular design was quite limited, which had a high removal rate for the
substances with lower concentration, but limited effect on the pollutants
with higher concentration. In this study the concentrations of COD, TN
and TP in the influent had orders of magnitude gaps. As a result, the
modular design significantly increased the removal rate of total phos
phorus, but had no identifiable effect on COD or SCOD.

3.4. Effects of substrate types
CW2 and CW3 were employed to study the effects of Substrate types
on the treatment of washing wastewater. The Substrate type of CW3 was
composite packing, composed of ceramic grain, volcanic rock and
anthracite. And CW2 were traditional gravel Substrate. Except the
substrate types, CW2 and CW3 were basically the same in wetland
structure, wet plants and operating parameters.
Positive effects on the removals of COD, nitrogen and phosphorous
were all observed in CW3, as shown in Fig. 6. The removal rate of COD in
CW3 increased from 51.4% of CW2 to 61.5%, and LAS increased from
53.6% of CW2 to 60.7%. Thanks to the promotion of COD removal rate,
the average concentration of COD in the effluent was maintained at 129
± 30 mg/L, which helped the effluent reach the reuse standard of paddy
crops. The average removal rate of TN in CW3 increased from 60.1% of
CW2 to 68.8%, and NH+
4 -N increased from 52.6% to 63.8%. The con
centrations of TN and NH+
4 -N were both below 5 mg/L. As mentioned
above, NH+
4 -N was the main form of nitrogen in wetlands. The adsorp
tion capacities of ceramic grain, volcanic rock and anthracite for NH+
4 -N
were demonstrated greater than that of gravel [43–46]. The promotion
of adsorption increased the removal of NH+
4 -N and TN, and decrease
their concentrations in the effluent. The removal rate TP in CW3
increased from 45.5% of CW2 to 70.5%, significantly added by 25.0%.
The promotion of adsorption capacity when using composite packing
may also be the main reason [47–49].

4. Conclusions and prospects
The mainly conclusions were as follows:
(1) The quantity of washing wastewater from rural households was
59 ~ 232 L/(cap .d), with the average value of 121L/(cap .d).
Bathing wastewater accounted for the highest quantity propor
tion by 46.19%.
(2) The average concentrations of COD, LAS, TN, NH+
4 -N and TP of
washing wastewater were 337 mg/L, 14.9 mg/L, 11.1 mg/L, 3
mg/L and 0.6 mg/L respectively, in which the values of TN, NH+
4N and TP were significantly lower than those of mixed domestic
wastewater. Considering the local water reuse standards, COD
and LAS were identified as the key pollutants. Bathtubs, laundry
and kitchen sink were the main contributors to the COD and LAS
load, with the total rate from 82.82% to 92.73%.
(3) Significant contribution to COD removal was demonstrated in the
improved constructed wetland with the combined substrate
(ceramic grain, volcanic rock and anthracite), which helped the
wetland facilities increase COD removal rate of 10.1%. Wetland
plants and structure optimization had little effect on COD
removal, while had significant effect on nitrogen and phosphorus
7
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removal, which removal rates could be increased by 36.7% and
43.2% in the wetland with plants and phosphorus removal rate
further increased by 84.1%. The fecal coliforms in the effluent
were all lower than 4.0 lg(MPN/L) in the four constructed wet
lands, indicating they were not the limiting factors for irrigation
reuse.
(4) The improved wetlands with combined substrate were surely
considering as an appropriate on-site treatment technology of
washing wastewater in southern China, which effluent could
meet the requirements of paddy field crop irrigation in the “
Standards for irrigation water quality ”.
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