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Discharge of phosphorus (e.g., PO4-P) and nitrogen (NO3-N) from the wastewater treatment facility (WWTF)
effluent even at low occurrence (e.g., μg PO4-P L− 1) could lead to eutrophication of receiving environments.
Zhangjiakou city will host the international winter multi-sport event in 2022, which would probably yield a large
amount of domestic WW and their associated contaminants in the water systems. To reveal the feasibility of an
integrated surface flow constructed wetland (ISFCW) system for the purification of WWTF effluent, a field-scale
ISFCW system was applied and operated in Zhangjiakou city. The ISFCW system consisted of a vegetated sedi
mentation pond (VSP) section followed by a biogeochemical barrier (BGB), and an SFCW. The purification
performance of each purification component was monitored weekly over twelve months in terms of nutrient (N
and P) removal. With the application of the ISFCW system, a total of 48.7, 59.4, 50.0, 54.9, and 60.2 % removal
of TN, NH4-N, NO3-N, TP, and PO4-P was achieved in the summer period. Further analysis demonstrated that the
contributions of VSP, BGB and FTW to all analyzed nutrient removal were 3–78 %. The key removal processes
appeared to be biological and physicochemical pathways, and the integration of the VSP, BGB and SFCW
enhanced the purification capacity of the system. Overall, the ISFCW system was effective at reducing nutrients
from WWTF effluent and could consequently be used locally and in other similar mountain-river systems.
Additional optimization of operating conditions could result in an enhanced reduction of nutrients.

1. Introduction
With the rising demand for freshwater resources protection, much of
the raw wastewater is collected and treated in wastewater treatment
facilities (WWTFs) to eliminate nitrogen (N), phosphorus (P) and
Chemical Oxygen Demand (COD). Despite good treatment capacity, the
majority of WWTF effluents can still contain significant N concentra
tions (mainly NO3-N) of 15.0–40.0 mg L− 1, which considerably exceeds
the TN criteria in the level V (2.00 mg L− 1) of the Chinese national
surface water standards [1]. The situation is particularly severe in many
Chinese rivers, with N concentrations exceeding that of the Level V
standards. The discharge of P (e.g., PO4-P) and N (NO3-N) into receiving

systems via WWTF effluent even in the range of micrograms per litre
could lead to eutrophication [2–4] and impact dissolved oxygen (DO)
concentrations in freshwaters. Discharge of WWTF effluents into some
Dutch freshwater bodies, for example, could contribute to 34 % P load
and 14 % N load annually [4]. Consequently, there is a pressing need to
develop strategies to effectively decrease N and P in WWTF effluent for
aquatic ecosystem protection. Accordingly, a low-cost and highly effi
cient system of reducing nutrients desirable.
The Qingshui urban River is a significant upstream tributary of the
Yang River. The Yang River is one of the two main tributaries of the
Yongding River system (the Yang and Sanggan rivers). After its eventual
confluence with the Sanggan River, the Yongding River is created, which
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flows into the Guanting Reservoir, the second biggest water source for
Beijing [5]. The next international winter multi-sport event (the Beijing
Olympics 2022) will be held in Zhangjiakou city. The water environ
ment would affect the host city considerably, and the Qingshui water
shed could experience increasing pollution and yield a large amount of
domestic wastewater (WW).
Constructed wetlands (CWs) have been successfully demonstrated,
over the last 3 decades, as effective for the retention and purification of
various WW types. The physical dimension is usually considered one of
the key parameters impacting the purification performance of the
wetland ([6,7]; Tanner, 2001; Brisson and Chazarenc, 2009). In this
sense, good performance of the wetland treatment system could be
reached by controlling three major characteristics: (i) their aspect
(length-width) ratio, (ii) hydraulic properties, and (iii) kinetic properties
([8]; Tanner, 2001; Brisson and Chazarenc, 2009 [6,9];). Even though
vast CWs could reduce a large amount of nutrients, it should be noted
that rapid population growth, spatial, infrastructural, and
socio-economic conditions of urban areas generally restrict the building
of CWs. Ideally, a minimum threshold dimension, which enhances
possibilities for efficient pollutant reduction is suggested ranging from
2.3 to 5.2% of the drainage area [10–12], particularly in zones of high
population density. In CW systems, the transformation and removal of
nutrients occur through a set of physical, chemical, and biological pro
cesses that can either occur sequentially or simultaneously. Undoubt
edly, the extent of N remediation is largely dependent on local climatic
conditions, hydrological variables (hydraulic loading rates and hy
draulic retention times), etc. (Ji et al., 2020; [6,8,9]). Therefore, the
treatment system should be designed to cater to the worst-case opera
tional cases (e.g., purification capacity under low-temperature condi
tion) to ensure that the purified WWTF effluent quality strictly meets
effluent discharge limits. There are several ways through which P can be
retained. The removal of TP is mainly associated with sedimentation and
settling of particles, while the removal of PO4-P is mainly related to
biochemical effects, including particle adsorption and biological (plant
and microbial assimilation) processes. In short, increasing the di
mensions of CWs would undoubtedly enhance the efficacy of most of the
pollutant reduction processes. However, traditional artificial wetlands
are large-scale solutions that are not easy to implement in urban areas,
particularly the United States and China, where land is valuable
(Kumwimba et al. 2018). In addition, early purification methods for
contaminated rivers purely depended on the self-purifying mechanisms
of natural water systems. Furthermore, the concentration of contami
nants and volume of WWTF effluent discharged into rivers are now too
high to be treated by natural processes alone. Consequently, instead of
using one standalone approach, the combination or integration of the
sedimentation tank and biogeochemical structures with natural treat
ment systems to enhance purification capacity throughout the year can
provide a solution not only to the issue of land shortage but also to
improve the purification capacity of natural treatment systems. More
over, many successful studies of CWs for the removal of nutrients are
accessible in the literature. However, few studies have been done to
date, especially in situ, to integrate the vegetated sedimentation pong
(VSP) and biogeochemical barrier (BGB), to ensure more consistent and
reliable water purification throughout the year.
The integrated surface flow constructed wetland (ISFCW) system
(also called a hybrid system) differs from a traditional CW in having
separate segments- the VSP, BGB, and an SFCW, which take advantages
of individual segments and complement each other. Researchers now
promote the use of ISFCW systems, a specific design strategy to CWs, as
innovative and cost-effective alternatives for cleaning-up heavily
contaminated waterbodies in-situ at field-scale [31]. These ISFCWs,
which utilize the idea of restoration ecology, precisely imitate the
structure of natural ponds or wetlands. ISFCWs are multi-segmented
with sequential through-flow and are based on the holistic and inter
disciplinary use of land to purify eutrophic water. ISFCWs are composed
of emergent/floating/submerged plants that encourage bacterial and

animal diversity and are usually aesthetically pleasing, which improves
recreation and amenity values. Most recent works, however, have only
centered on the lab, microcosm/mesocosm scales or pilot systems with a
small area, and quite a few works exist on polishing WWTF effluent by
using a field large-scale ISFCW. Moreover, there is not enough infor
mation regarding the long-term purification performance of the
large-scale ISFCWs for attenuating contaminants in WWTF effluents.
This study evaluates both the short-term (weekly) and long-term
(seasonal) performance, and shortcomings of a field-scale ISFCW sys
tem combining three water purification components including VSP,
BGB, and SFCW sections for the purification of WWTF effluent. Because
of its structure, an ISFCW system receives WWTF effluent in various
segments and each section could affect the final nutrient reduction ef
ficiency. To support this hypothesis and verify the treatment perfor
mance of the ISFCW system, this study aimed to evaluate the water
purification performance of each purification segment in terms of total
nitrogen (TN), ammonium (NH4-N), nitrates (NO3-N), total phosphorus
(TP) and orthophosphates (PO4-P) removal at a venue for the next in
ternational winter multi-sport event (known as Beijing Olympics 2022),
northern China.
2. Materials and methods
2.1. Study area
This study was carried out in situ at a field scale, upstream of the
Qingshui urban river within the site for the next international winter
multi-sport event (known as Beijing 2022), in northern China. The area
has a temperate continental monsoon climate. The region serves as a
major water conservation and water supply area of Beijing due to its
unique position. In addition, the mountainous area of the Qingshui River
Basin is characterized by steep slopes, flashy runoff generation with
severe soil and water erosion or stream bed erosion, which enhances the
pressure on the river flood controls. The area experiences hot summers
and cold, windy, low rainfall with unequal seasonal distribution, and
severe non-point source pollution that is difficult to manage during
spring snowmelt and rainy seasons. The annual mean rainfall across the
catchment is 406 mm, of which about 70–80 % is distributed in summer
(from June to September) and the total rainfall was 472 mm. During the
research period, the mean seasonal temperatures were: spring (9.8 ◦ C),
summer (28.1 ◦ C), autumn (22.3 ◦ C), and winter (1 ◦ C).
The Qingshui river catchment area is 1700 km2, and the total length
of the river passage is 22 km. The large-scale ISFCW system (Fig. 1) was
identified as a purification system to improve the upstream quality of the
urban river receiving WWTF effluent.
2.2. Description of the field-scale ISFCW system
The field-scale ISFCW system was designed and built in April 2016
and begun operating in summer 2016. It mainly comprised three seg
ments: vegetated sedimentation pond (VSP) planted with emergent
macrophytes, biogeochemical barrier (BGB), and surface flow con
structed wetland (SFCW) planted with floating and emergent
macrophytes.
Effluent from a WWTF is pumped directly into a receiving VSP. From
there, the WWTF effluent subsequently flows through other segments by
gravity. The VSP is a physical process to trap and reduce the amount of
sediment flowing through the ISFCW system while the BGS was used
mainly for slowing floodwaters. The neighboring ISFCW catchment area
is 8.85 km2. Dimensions and hydraulic characteristics of each ISFCW
segment are shown in Table 1. The mean flow velocity is 0.01− 0.58 m/s.
The total area of the ISFCW system was 1680 m2.
Vegetated settling/sedimentation pond unit (VSP): (the primary
stage of water decontamination) collects effluent water from WWTF and
can decrease the energy of the inflow and enhance sedimentation. The
VSP was deliberately planted with Nelumbo nucifera and Typha orientalis.
2
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Fig. 1. Scheme of the integrated surface flow constructed wetland system on Qingshui river, West stream, Zhangjiakou city, Hebei, China.

2.3. Field sampling and sample analysis

Table 1
Dimensions and hydraulic characteristics of the integrated surface flow con
structed wetland system (ISFCW) system at Chong Li in Zhangjiakou city, Hebei.
IFW segment

Area
(m2)

Depth
(m)

Total
volume
(m3)

HRT
(d)

Plant cover
(%)

Sedimentation pond
Biogeochemical barrier
Surface flow constructed
wetland
Total system

280
550
850

0.37
0.42
0.38

117.6
302.5
382.5

0.05
0.9
0.21

55%
–
90%

802.6

0.19

1680

Weekly or biweekly water samples were collected at four sampling
points (e.g., the influent of the ISFCW system, the effluent of VSP, the
effluent of BGB, and the effluent of SFCW) of the ISFCW system from
March 2018 to March 2019. To assure the required volume for labora
tory analysis, water samples were collected at a water depth of 20 cm in
500 mL disinfected containers. All the collected water samples were
immediately refrigerated and transported to the laboratory on the day of
sampling. They were then stored at 4 ◦ C and subsequently analyzed
within 48 h. Mean water velocity and flow were recorded along the river
and within each sampling point using a flow meter (Flowatch, EU).
Water physicochemical parameters such as TDS, DO, pH, water tem
perature, and EC were monitored in situ at the time of sampling using a
multi-parameter analyzing instrument for water quality (HACH, USA). A
fraction of each sample was filtered through a 0.45- μm millipore
membrane filter and the filtrate used to determine concentrations of
NH4-N by the Nessler’s reagent colorimetric method, NO3-N by ultra
violet (UV) spectrophotometry, and NO2-N by the N-ethylenediamine
colorimetric method. Unfiltered water samples were used directly for TN
analysis by alkaline potassium persulfate digestion-ultraviolet-visible
(UV–vis) spectrophotometry and TP by ammonium molybdate spectro
photometric method. Water samples were filtered through a 0.45- μm
millipore membrane filter and analyzed by ICP-MS (Agilent 7700, USA).
All of these analyses were carried out according to standard laboratory
procedures and techniques for Water and WW Monitoring and Analysis
(The State Environmental Protection Administration of China, 2002).
Three replicates surface (0–10 cm) sediment samples were collected
once a month at the inlet, VSP, BGB, and SFCW. The shoot biomass of
plant species was collected during the plant species life cycle in June
2019 within VSP and SFCW from the area of 0.25 m2 in three replicates
according to standard MTR methodology (Holmes et al., 1999). All plant
organs were oven-dried at 65℃ to a consistent weight and the total dry
biomass was calculated. After drying, plant samples were then pulver
ized and a subsample was analyzed for N and P. All sediment samples
were air-dried at ambient temperature and then ground and passed

It effectively purifies various types of WW (Ivanovsky et al., 2018; Tharp
et al., 2019). In this study when used as the first segment of the ISFCW
system, the VSP was employed to trap sediment, precipitate, remove the
settleable solids, and purify WWTF effluent prior to biological treatment
processes. In addition, the VSP would enhance the residence time or
delay the occurrence and formation time of floodwaters, playing a key
role in storage. The unit may also decontaminate WWTF effluent
effectively and decrease pollutants associated with settleable fractions
and through assimilation and degradation by macrophytes and
organisms.
Biogeochemical barrier (BGB): an overflow weir made of rock ga
bion. It has a supplementary filtration function and adsorbs pollutants.
Many reports mention the benefits of using weirs in ditch systems to
increase HRT, decrease flow velocities at several points, and potentially
reduce nutrient levels and sediment loads (Nsenga Kumwimba et al.,
2018).
Surface flow constructed wetland (SFCW): an urban wetland zone
(with surface flow) within which Nelumbo nucifera, Typha orientalis,
Zizania caduciflora, Oenanthe javanica were unintentionally grown and
provided full vegetation cover at the time of monitoring. In this study,
we argue that these unplanned SFCWs can similarly purify WWTF
effluent as natural wetlands or purposely built CWs largely through
deposition, plant uptake, adsorption, retention, filtration, and organism
decomposition, thereby playing a key role in urban river restoration.
3
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through a 0.5-mm mesh sieve.

to analysis. One-way analysis of variance (ANOVA; LSD test) was used to
check the existence of significant differences among seasons regarding
the nutrient removal in each segment. Paired samples t-tests were per
formed to identify significant differences among means.

2.4. Data analyses
The removal efficiency (ω, %) for each of the three segments (RES)
and the entire ISFCW system (ω) was calculated according to Eqs. (1)
and (2). The areal removal rate (L, g m − 2 d-1) was calculated according
to Eq. (3).

ω = 100 ×

Pin − Pout
Pin

3. Results and discussion
3.1. Treatment performance of the VSP
The intended function of the VSP was to provide storage for settled
organic solids and to help their eventual degradation. The VSP was the
first step of water decontamination in the ISFCW system. The average
effluent TP concentration in the VSP ranged 1.01 ± 0.21 to 0.78 ± 0.08
mg L− 1 (Fig. 2), with a higher mean RE of 9.9 % obtained in summer
than spring (7.4 %) and winter (5.1 %) (Fig. 3). The contribution of the
VSP with regard to the removal of P was also demonstrated by Johan
nesson et al. [13] who reported that up to 80 % of incoming P sediments
associated P was trapped in the first segment of the CW system. Hath
away and Hunt (2010) assessed the efficiency of three stormwater
wetlands in series and reported the first wetland cell reduced TP by 61
%. Andersson et al. [14] found that efficient removal of TSS enhanced
the elimination efficiency of TP. The majority of the P trapped in the
treatment systems was particulate P and previous studies concluded that
the sedimentation sections were an essential factor in P reduction [15].
The average removal of TP recorded in the VSP could also be a result

(1)

RES = (Pn+1 - Pn) / Pn x 100 %

(2)

Q
L = (Pin − Pout ) ×
A

(3)

where Pin and Pout are the influent and effluent concentrations (mg L− 1)
of nutrients; Q is the flow rate (m3 d− 1); A is the surface area of the
system (m2); RES is the overall efficiency; n is the sampling points where
1 is the inlet, 2 is VSP outlet, 3 is BGB outlet, 4 is SFCW outlet.
Experimental data were analyzed using SPSS 17.0, and the signifi
cance for all tests was evaluated by a 5% confidence level. Correlations
between mass loading rate and purification efficiency of the ISFCW were
evaluated using Spearman’s rank correlation. Data were verified for
normality using the Shapiro-Wilk and Kolmogorov-Smirnov tests prior

Fig. 2. Variation of nutrient concentrations (mg L− 1, mean ± SD) in the effluents of each segment of the integrated surface flow constructed wetland system. TN,
NH4-N, NO3-N, TP, and PO4-P, respectively represent total nitrogen, ammonium, nitrate, total phosphorus, and phosphate.
4
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Fig. 3. Average purification efficiencies (%) of nutrients in each stage of the integrated surface flow constructed wetland system in various seasons.

of PO4-P diminution. The mean effluent PO4-P ranged from 0.34 ± 0.06
to 0.68 ± 0.15 mg L− 1, with a higher mean RE of 8.9 % recorded in
summer than other seasons (Figs. 2 and 3). The removal of PO4-P is
mostly connected to biogeochemical effects including particle adsorp
tion and biological uptake. In this study, the occurrence of compounds
such as Al (55.11 μg L− 1), Fe (64.2 μg L− 1) and Ca (90.380 μg L− 1) in the
water and the suspension flowing into the ISFCW system could have
increased PO4-P binding to sediments [16]. In addition, PO4-P could be
absorbed in plant biomass. Kadlec et al. [15] reported that the VSP could
serve as algal pools, which encourage PO4-P retention. The installation
of algal pools within the CW system improved the elimination of PO4-P
[17]. Bacterial activity could also play an essential role in PO4-P removal
[18].
Similar to P, the VSP provided a reasonable removal of TN, NH4-N
and NO3-N (Fig. 3). Mean RE of TN, NH4-N and NO3-N in the summer
season were 7.7, 10.5, and 8.2 % respectively. Hathaway and Hunt
(2010) also demonstrated using a first wetland tank model that TN was
decreased by 51.7 %.
Mean concentrations of TN and TP in sediment were considerably
higher at the VSP and decreased slowly with distance along the flow
path of the system, with the minimum concentrations observed at the
ISFCW outlet (Fig. 5). Similar patterns are regularly published in the
literature [19,20]. Sediment accretion in the VSP was not measured.
However, the role of the sedimentation structure could be visually seen

(e.g., the thickness of sludge ranged from 0.15 to 0.45 m). A huge
amount of sediment discharged from the upstream of the river was
sequestered by the VSP, which were cleaned out or dredged by the local
government if sediment accumulation limits flow. The above observa
tions demonstrate that the VSP played an important role in trapping
sediments and stones washed off hill slopes by rainfall that would
otherwise degrade the downstream river [21].
3.2. Additional function of the BGB
The BGB system further enhanced the RE of nutrients in the ISFCW
by 22–33 % (Fig. 3). Greater values were observed for TP with a mean
removal efficiency of 22.7 %. The BGB enhanced the removal of PO4-P
by 16.1 %. The average concentration declined from 0.77 ± 0.31 to 0.62
± 0.31 mg L− 1 for TP and from 0.54 ± 0.12 to 0.29 ± 0.05 mg L− 1 for
PO4-P (Fig. 2). A slight increase in nutrient RE was observed as
compared to VSP. These high RE in the BGB as compared to VSP are
more likely impacted by the field HRT caused by the gravel gabions as
well as physicochemical conditions, which impacted the retention
mechanism of PO4-P.
N compounds could also be removed in the BGB. The average TN
concentration declined from 15.21 ± 3.76–10.73 mg L− 1, with a mean
RE of 12.41 % (Figs. 2 and 3). The average concentration of NH4-N
decreased from 6.41 ± 0.28–2.25 ± 0.28 mg L− 1, representing a 17.1 %
5
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RE in the BGB. The mean NO3-N concentration fell from 4.01 ±
0.42–2.98 ± 0.98 mg L− 1, corresponding to a 15.3 % reduction. The
removal of N recorded in the BGB could also be a result of physico
chemical removal processes [6,22].
The BGB system consisted of stone blocks with a permeable struc
ture. These structures can trap sediment and stones washed by rainfall
from the hill slopes. They also play a role in blocking stormwater runoff,
and in reducing river channel erosion and downstream flood control
pressure. These barriers could also make full use of the upstream river
channel to store runoff from one or more rainfall events and could also
slow the rapid loss of river water during water shortages, which is
conducive to the stability of mountain river ecosystems. Two quad
rihedron stone cages secured with timber piles are positioned along the
BGB, which assure water permeability and prevent the direct effect of
gravel or sand in the stream against the weir. Thus, the permeable BGB
plays a role in controlling runoff flow, trapping nutrients, and retaining
sediment and debris flow.

Table 2
Water quality parameters (average ± SD) of the ISFCW system, consisting of a
vegetated sedimentation pond (VSP), a biogeochemical barrier (BGB), and sur
face flow constructed wetland (ISFCW) in series, over a one-year study period.
Removal efficiencies (RE) of nutrients (%) are presented in parentheses.

3.3. Treatment performance of the SFCW
The SFCW subsystem further improved the nutrients reduction effi
ciency significantly (Figs. 2 and 3). The average TP concentration
declined from 0.54 ± 0.09 to 0.40 ± 0.17 mg L− 1, with a mean reduction
of 35.4 %. The average concentration of PO4-P changed from 0.38 ±
0.07 to 0.17 ± 0.06 mg L− 1, which corresponded to a 51.1 % reduction.
The SFCW provided the greatest level of reductions in TN (37.9 %), NH4N (48.1 %), and NO3-N (36.7 %). The average concentration of N
compounds changed from 11.78 ± 2.54–7.21 ± 2.83 mg L− 1 for TN,
from 4.66 ± 0.31–1.25 ± 0.31 mg L− 1 for NH4-N and from 2.99 ±
0.34–1.97 ± 0.45 mg L− 1 for NO3-N (Fig. 2). These results demonstrate
the effectiveness of the SFCW system in decreasing nutrient loads.
Mechanisms involved in N removal include plant uptake, trans
formation, sedimentation, volatilization, microbial assimilation, and
nitrification/denitrification ([23,24], 2015). However, loss of NH4-N
through volatilization is insignificant if pH is below 8.0 [6], which was
not the case of our study (pH was 8.64). Bacterial nitrification/deni
trification is considered as the major pathway for N removal from
vegetated treatment systems. In addition, nutrient uptake and storage by
aquatic plants is a key mechanism of nutrient removal from water in
aquatic systems [6,22,25].

Water quality
parameter

Sampling
locations
Inlet

pH

6.91 ± 0.3

DO
TN

4.4 ± 1.8
15.85 ±
3.31

NH4-N

6.50 ± 1.43

NO3-N

4.13 ± 0.98

TP

0.92 ± 0.24

PO4-P

0.53 ± 0.15

VSP

BGB

SFCW

6.94 ±
0.3
5.1 ± 2.3
14.92 ±
2.64(5.9
%)
5.96 ±
1.11(8.4
%)
3.86 ±
0.99(6.7
%)
0.85 ±
0.13(7.7
%)
0.50 ±
0.14(7.8
%)

7.1 ± 0.3

7.6 ± 0.3

6.4 ± 2.8
13.61 ±
2.81(8.7
%)
5.21 ±
1.28(12.6
%)
3.38 ±
0.67(12.4
%)
0.71 ±
0.42(16.5
%)
0.46 ±
0.10(13.3
%)

7.8 ± 3.3
9.52 ±
1.95
(30.1 %)
3.28 ±
1.34
(37.0 %)
2.44 ±
1.18
(27.9 %)
0.46 ±
0.22
(35.0 %)
0.27 ±
0.07
(41.5 %)

Overall
RE

40.1 ±
12.7
49.6 ±
13.8
41.1 ±
14.2
50.0 ±
15.1
53.3 ±
10.4

and SFCW (Table 2), respectively. In general, the average RE and L of
NH4-N by the ISFCW were 49.6 % and 2.66 g NH4-N m-2 d− 1, respec
tively (Table 2, Fig. 4). Recorded values of NH4-N concentrations in the
ISFCW effluent were mostly less than those reported for integrated CW.
It could be that NH4-N was reduced by enhanced nitrification due to a
longer HRT in the ISFCW. The overall mean RE and L of NO3-N by the
ISFCW were 41.1 % and 1.70 g m-2 d− 1, respectively (Table 2, Fig. 4).
The reductions in the levels of N species show that ISFCW systems could
promote the environmental conditions for the transformation of N to its
gaseous form through nitrification-denitrification processes. Denitrifi
cation generally accounts for 60–95 % of the TN removal in CWs [26],
while sedimentation accounts for 1 %–46 % and plant assimilation for
7.5 %–14.3 % [27]. Nitrogen is also retained when particulate matter
becomes incorporated into the sediment. Lastly, vegetation influences N
cycling by absorbing and storing N in their shoots and roots during the
growing season. Plant species inside treatment systems provide surface
areas for microbial growth and enhances residence time.
The mean inflow concentrations of TP and PO4-P were 0.92 ± 0.24
and 0.53 ± 0.15 mg L− 1, which were gradually reduced after flowing
through the ISFCW system. The overall mean RE and L of TP and PO4-P
by the entire ISFCW were 50.0 and 53.3 %, and 0.43 and 0.36 g m-2 d− 1,
respectively. The recorded values were similar to those of other types of
integrated CW treating domestic WW. Findings suggested that the
ISFCW can be effective at removing P pollution from WWTF effluent.
There are several ways through which P can be retained, including up
take by plant biomass, adsorption to soil/sediment, and uptake and
degradation by microbiota. However, in many aquatic systems, sedi
ment sorption is the dominant retention process (Reddy et al., 1995).
The capacity of benthic sediments to temporarily retain dissolved P from
the water column by sorption is governed by physiochemical properties
of the sediment such as soil composition (mineralogy and texture), pH,
organic matter content and redox conditions [28,29,30].
As shown in Table 2, TN, NH4-N, NO3-N, TP, PO4-P concentrations
decreased gradually after entering each ISFCW segment. This implied
that nutrient concentrations in various segments were surely influenced
by the HRT of each ISFCW segment. Moreover, VSP and BGB were
considered, to some degree, to be settlers, infiltrators and algal gener
ators, while the SFCW were infiltrators, filters and denitrifiers. The
ISFCW system outflow water quality of TN, TP and NH4 -N did not
exceed the specified criteria of category I in the discharge standards of

3.4. Performance of the integrated SFCW system
The variations in the average concentrations and RE of nutrients
along the WW flow direction are presented in Table 2. The average water
temperatures and pH values remained steady in various segments of the
ISFCW. After the passage of the WW through the ISFCW, DO increased
sharply from 4.4 in the inlet to 7.8 mg L− 1 in the outlet, constituting a
nearly 1.8x increase. This implies that the integrated SFCW could
enhance the DO levels through the release of O2 by macrophytes. The
average inlet TN concentration in the ISFCW was 15.85 ± 3.3 mg L− 1,
which was gradually reduced along the process to 14.92 ± 2.64, 13.61 ±
2.81, and 9.52 ± 1.95 mg L− 1 in the outlets of VSP, BGB, and SFCW,
respectively. The RE and rate (L) of TN were 40.1 % and 5.52 g TN m-2
d− 1, respectively (Table 2, Fig. 4). The recorded values were comparable
with those of the integrated CWs employed to treat different types of
WW (Table 3). Results suggested that the ISFCW can be a promising
solution for minimizing N from WWTF effluent. This phenomenon may
be due to its considerably long HRT. Usually, at short HRT, the WW
passes quickly through the treatment system, thus decreasing the con
tact time with substrate and macrophytes for degradation processes to
occur effectively. Some authors recommended a minimum HRT of 5 d to
30 d for favorable purification of polluted water.
Likewise, the average inlet NH4-N concentration in the ISFCW was
6.50 ± 1.43 mg L− 1 and was gradually reduced along the process to 5.96
± 1.11, 5.21 ± 1.28, and 3.28 ± 1.34 mg L− 1 in the outlet of VSP, BGB,
6
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Fig. 4. Seasonal pattern of nutrient removal rate (L) of the ISFCW system during the monitoring period (March 2018 to March 2019).

Fig. 5. Total N and P concentrations in plant species (SP1: Nelumbo nucifera, SP2: Zizania caduciflora, SP3: Typha orientalis, and SP4: Oenanthe javanica) and sediments
in each wetland cell. Vertical bars are SD of the average, plant species samples n = 5, sediment samples n = 4.
Table 3
Purification efficiencies (RE, %) of nutrients in hybrid CWs as reported in the peer-reviewed literature.
Reference

Type of system

Location

Area (m2)

TP

PO4-P

TN

NH4-N

NO3-N

This study
Szklarek et al. (2018)
Li et al. (2020)
Wu et al. (2017)
Li et al. (2019)
Senduran et al. (2018)
Wang et al. (2016)
Al-Rubaei et al. (2017)

ISFCW
SSBS
ISFWP
ICW
DPCWs
PCW
PWCs
CPWS

China
Poland
China
China
China
Turkey
China
Sweden

1040
2.0 × 106
5000
10,252
–
1.1 × 106

54.9
37.3
50.8
45
42.9
62.6
25.2
80.0

60.2
30.4
–

48.7
46.1
42.9
52
44.2
26.4
17.6
45

59.4
2.8
44.3
70
48.1

50.0
44.8
–
34

–
–

41.7
12

–
–
45

Sequential Sedimentation-Biofiltration System (SSBS), Integrated Floating Wetland (IFW), Integrated Surface Flow Constructed Wetland–Pond (ISFWP), Combined
Pond-Wetland System (CPWS), Deep Pond Constructed Wetlands (DPCWs), Pond- Wetland Complexes (PWCs), Pocket Wetland System (PWS).

contaminants for municipal WWTFs in China (GB18918-2002, TN: 15
mg L− 1; TP: 1 mg L− 1, NH4-N: 5 mg L− 1). Furthermore, the RE of nu
trients (e.g., NH4-N, TP, and PO4-P) was maintained at over 50 %
throughout the study period.

The performance of the ISFCW is comparable with those of other
wetland treatment systems reported in the peer-reviewed literature
(Table 3). The intended purpose of the ISFCW project was to provide a
viable option for water storage in this area that experiences water
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shortage and to facilitate the removal of solids from the upstream river.
WWTF effluent flowed directly into the upstream Qingshui River/West
stream. The field-scale ISFCW system consistently achieved a good de
gree of nutrient reduction and enhanced the water quality of WWTF
effluent throughout the twelve-month experimental period. Therefore,
the ISFCW system could be implemented in situ for the purification of
WWTF effluents. Undoubtedly, its application has been approved by
municipal authorities and local water conservation and environmental
protection divisions.
Moreover, the studied ISFCW, whose total surface area is 0.019 % of
the catchment area, can promote nutrient reduction even on a small
area, which was below the suggested minimum 2–5 % of the treatment
wetland system drainage areas. Results demonstrate that area ratio
should not be the only variable to be taken into consideration when
designing treatment wetland systems. Previous studies have shown that
an increase in the surface area to basin area ratio from 1% to 2% results
in 75 % of N reduction, whereas an increase of 2 %–4 % enhances the
reduction by only a further 43 % (Tanner and Kadlec, 2013).

segments, indicating that ISFCW was effective at retaining sediment
nutrients. This phenomenon could have been impacted by factors
including hydrological variables, which caused nutrients and other
suspended organic particles in the inlet water to deposit next to the
ISFCW inlet.
In the studied system, WWTF effluent flowed first into VSP, BGB and
SFCW, which allowed or removed most of the settleable solids (which
further trapped nutrients) prior to treatment of the WWTF effluent by
biological processes. The dominant pools are sediment, water column
and macrophytes. Although nutrient retention mechanisms were not
evaluated in the current, some statements could be made on the out
comes obtained. Sedimentation represents the most important process
for pollutants in aquatic macrophyte- based treatment systems rather
than plant assimilation (Vymazal et al., 2010). Despite the potential
importance of macrophytes for pollutant elimination by assimilation
/adsorption and accumulation of pollutants, sediment remains the
major long-term storage pool for nutrients in systems. Removal effi
ciencies of nutrients in this study were observed even when aquatic
plants were not actively growing at early period, presumably removal of
nutrients could be attributed mostly to sedimentation effects and
filtration and less so biologically. Primary sedimentation of raw WW has
been used to remove most of the settleable solids prior to treatment of
the primary effluent by biological processes. During sedimentation,
pollutants associated with the settleable fraction will also be removed.
The rapid sediment accumulation at the VSP would necessitate repeated
removal of the sediment to maintain an efficient nutrient retention in
this cell. The stores of nutrient in the sediment were significantly greater
and there is a risk for future release of nutrient from VSP. Harvesting
macrophytes could be one strategy to decrease the risk for redoxinduced release of soluble nutrient and also to eliminate nutrient from
the SFCW.
Over the monitoring period, the highest mean standing biomass
production (DW) of the studied plant species was recorded in Typha
orientalis (745 g m− 2) and Zizania caduciflora (542 g m− 2) within the
ISFCW segment. The standing biomass production recorded in the
ISFCW segment is similar to those of other hybrid CWs and multi-unit
CWs reported in China and elsewhere. Total dry biomass production
increased in the following sequence: Typha orientalis > Zizania caduci
flora > Nelumbo nucifera> Oenanthe javanica. Thus, the integrated SFCW
grown with proper plant species that are active performers in biomass
production (e.g., Typha orientalis, Zizania caduciflora) could be of further
significance.
The average TN and TP contents in the above-ground biomass ranged
from 28.32 ± 2.43–38.32 ± 5.13 g kg− 1 and from 2.45 ± 0.31 to 4.11 g
kg− 1, respectively (Fig. 5). The highest values were detected in Oenanthe
javanica. Although this study could not detect significant variations in
nutrient contents among the studied macrophytes, changes were over
whelmed by the high differences in biomass production and total
accumulation (Table S4). Therefore, the selection of macrophytes must
be prioritized based on standing biomass production capacity as
opposed to tissue TN and TP content.

3.5. Seasonal variation in purification efficiency of the integrated SFCW
Water temperature in the studied ISFCW system differed with sea
sons, and there was no significant seasonal difference in pH across the
ISFCW segments. The outlet levels of DO exhibited seasonal variations
with maximum values (>7.8 mg L− 1) measured in summer.
The overall RE and L of TN, NH4-N, NO3-N, TP, PO4-P by the ISFCW
fluctuated slightly with no evident seasonality (P > 0.05), except for
winter (Figs. 3 and 4). Mean RE and L of nutrients were the lowest in
winter and then quickly increased during spring (Figs. 3 and 4). This
observation may be attributed to the mean inlet water temperatures over
the monitoring period, which ranged from 5.8 ◦ C (winter) to 28 ◦ C
(summer). Mechanisms controlling OM decomposition and N cycling
reactions can be impacted by variations in temperature due to seasons.
Microbial activities mostly include nitrification and denitrification
processes, which act as the governing pathways of N removal in
ecological treatment systems. However, nitrifying and denitrifying
bacteria are hampered at a water temperature below 15 ◦ C. The whole
system was significantly impacted by low temperature in the winter
season. The RE of TN, NH4-N, NO3-N, TP, and PO4-P were reduced by 51,
58, 44, 67, and 57 % in winter compared with those in summer.
Nonetheless, the RE of TN, NH4-N, NO3-N, TP, and PO4-P were 24.9 %,
34.6 %, 21.7 %, 37.1, and 34.1 %, respectively, despite the average
water temperature of 5.8 ◦ C in winter. The recorded values were rela
tively good as compared to the published data of other hybrid CWs at
low temperatures (Table 3).
3.6. Nutrient accumulation in macrophytes and sediment
The total N and P concentrations in sediment in each ISFCW segment
are illustrated in Fig. 5. Sediment pH values in the ISFCW segments
(6.9–7.8) were similar to those recorded in the overlying water, sug
gesting that sediment pH was positively correlated with water pH. The
depth of accumulated sediment within ISFCW varied from 15 to 45 cm
(Table S1) with a thicker layer within VSP, indicating that the VSP
functioned as a sedimentation cell. The results also demonstrated that
TN and TP were retained as settled materials in the ISFCW sediments,
with greater concentrations measured in VSP, and the lowest in the
SFCW (e.g. 1. 04 ± 0.12 g TN kg− 1 DW and 0.671 ± 0.11 g TP kg− 1 DW
(Fig. 5)). The comparatively high TN and TP concentrations recorded in
VSP sediment could be explained by the long-term deposition of heavier
organic and suspended solids in the WW, and accretion of detritus from
dead biota. Furthermore, the VSP unit received high levels of contami
nants and organic matter compared to the other segments. Similar pat
terns were frequently reported in the literature (Szklarek et al., 2018). In
short, sediment TN and TP accumulation showed a spatial differential
pattern and tended to decline from the proximal segments to the distal

4. Conclusions
The field-scale investigation demonstrated that the ISFCW system
combining VSP, BGB and SFCW efficiently purified WWTF effluent
throughout the study period in the ChongLi area (the site for the BeijingZhangjiakou 2022 Winter Olympic Games). Water purification perfor
mance showed mean TN, NH4-N, NO3-N, TP and PO4-P removal effi
ciencies of 48.7, 59.4, 50.0, 54.9, and 60.2 %, respectively, over the
summer season. Furthermore, the level of nutrients (e.g., TN, NH4-N,
TP) recorded in the entire system outflow did not exceed the Chinese
Discharge Standard of Contaminants for Municipal WWTFs Grade 1
Class A. To ensure its application and sustain high pollutant reduction
efficiencies, it is necessary to correctly design ISFCW by carefully
selecting segments to promote removal processes. The key removal
8
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processes appeared to be biological and physicochemical pathways, and
the integration of the VSP, BGB and SFCW enhanced the purification
capacity of the system. Overall, the ISFCW system was effective at
reducing nutrients from WWTF effluent and would consequently be
recommended for use locally and in other similar mountain rivers. Extra
optimization of operating conditions could result in an enhanced
reduction of these pollutants.
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