
Introduction

Currently, numerous studies have focused on the 
design, development and performance of Constructed 
Wetlands (CWs), and it was also reported that CWs 
could be efficient for removing various pollutants 
(organic matter, nutrients, trace elements, contaminants, 
pathogens, etc.) from wastewater [1-3].

The oxygen-rich conditions inside the bed matrix of 
vertical-flow wetlands support nitrification [4]. On the 

other hand, the anaerobic conditions of horizontal-flow 
wetlands trigger denitrification, which is the last step of 
classic nitrogen removal [5]. Due to such contradictory 
environmental requirements, achieving simultaneous 
nitrification and denitrification rates in a single vertical-
flow or horizontal-flow wetland unit is extremely 
difficult. For this reason, nitrogen removal efficiency is 
not as expected.

At present, there are several methods to improve 
the removal rate of nitrogen: artificial aeration [6], 
tidal operation [7], step feeding [8-9], external carbon 
addition, microbial augmentation, the allocation of 
various plants and the combination of various substrates 
[10-11]. However, improvements in nitrogen removal 
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are still limited, mainly due to the lack of favorable 
alternate aerobic anaerobic conditions for nitrification 
and denitrification. Because nitrification is a two-step 
process, inorganic ammonium nitrogen is oxidized to 
nitrite nitrogen by a bacterial group that is commonly 
referred to as Nitrosomonas [12]. This group functions 
in anoxic-anaerobic environments and in the presence 
of facultative biomass [13-14].

Creating appropriate alternating aerobic and 
anaerobic conditions in CWs is required to improve 
nitrogen removal. In this study, we attempted to 
construct a sloped wetland that provided alternating 
aerobic and anaerobic conditions with different slopes 
to improve nitrogen removal. This study is useful for 
better understanding the complicated N removal process 
in CWs.

Materials and Methods

System Description and Operation

Three laboratory-scale parallel slope-constructed 
wetlands made of polymethyl methacrylate that were 
100 cm in height, 100 cm in length and 30 cm in width 
were operated under different conditions, as shown in 
Fig. 1.

The water outlet was set at the bottom left of the 
rectangular wetland model, and two elevators were 
placed under the right side of the wetland model to 
adjust the slope of the reactor.

At the cross section 80 cm (group A), 60 cm (group 
B), 40 cm (group C) and 20 cm (group D) from the 
exit, four sampling needles with lengths of 10 cm, 
20 cm, 30 cm and 40 cm were buried (group A, for 
example, named A10, A30, A50 and A70). During the 
experimental process, water samples were extracted 
with a needle; then, the extracted water samples were 
collected in a 100 ml sampling bottle, and the dissolved 

oxygen (DO) concentration was measured in the field 
with a portable multiparameter water quality tester 
(YSI Inc., 556-01 Multiparameter Meter, Handheld, 
Submersible, USA).

When the cattails in the wetland system were 
planted, the reactor was operated for one month to 
allow the plants and microorganisms to adapt and grow. 
After the system stabilized, the experiment began.

Referring to the initial rainstorm runoff 
concentration in China [15], simulated rainwater was 
used as the experimental water, and glucose, NH4Cl, 
KNO3, KH2PO4 and a small amount of other trace 
elements were added into the tap water to make artificial 
sewage. The simulated wastewater concentrations are 
described in Table 1.

The operation time was from April 2018 to October 
2018. The water inflow was 100 L, and the intermittent 
operation mode was adopted. The hydraulic loads were 
1000 mm/d and 500 mm/d, respectively. Each hydraulic 
load experiment was conducted under three slope 
conditions of 5°, 10° and 15° referenced by Liao et al 
[16]. At the beginning of the experiment, two elevators 
were rotated to make the slope of the reactor reach  
the preset slope. The simulated sewage was prepared 
with tap water in a 100 L bucket according to the inlet 
water quality. The outflow was controlled with a water 
stop clamp so that the water in the wetland unit could 
flow out in time period T. Then, four interval time 
points were set by using a timer for periods of time  
(T), as shown in Table 2. If T = 6.5 h, then the five time 
points were 0.5 h, 2.5 h, 4.5 h and 6.5 h; if T = 13.5 h,  
then the five time points were 1.5 h, 5.5 h, 9.5 h  
and 13.5 h.

Table 1. Wastewater quality characteristic.

Index NH4
+-N NO3

--N TN

Concentration (mg/L) 33.1-45.8 16.0-22.8 42.2-59.1

Fig. 1. Schematic diagram of the slope-constructed wetlands. 
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During the beginning of the experiment (taking the 
cross-section of group A as an example, and with the 
other cross-sections remaining the same), at the first 
time point (T1), water samples were taken from the 
10 cm needle tube (A10) of group A and placed in a 
sampling bottle marked A10-1 (water samples were 
taken from A10 at the first T1). The same was done for 
groups B, C and D. Next, water samples were taken 
from the 30 cm needle tube (A30) of group A and 
placed in a sampling bottle marked A30-1. Then, water 
samples were taken from the 50 cm needle tube (A50) 
of group A and placed in a sampling bottle marked 
A50-1. Finally, water samples were taken from the 
70 cm needle tube (A70) of group A and placed in a 
sampling bottle marked A70-1. The same procedure was 
applied for the B, C and D samples. At time T2, due 
to the decrease in the water surface in the reactor, the 
water samples could not be extracted from the 10 cm 
needle tube. Therefore, we began the sampling with the 
30 cm needle tube; the water sample was then placed 
in a sampling bottle and labeled A30-2 (water samples 
were taken from A30 at the first T2); the procedure 
was applied to the 50 cm and 70 cm groups as well. At 
time T3, similarly, water samples could not be extracted 
with the 30cm needle. Therefore, we began the 
sampling with the 50 cm needle tube and then placed 
the water samples into a sampling bottle labeled A50-3  
(water samples were taken from A50 at the first T3); 
the 70 cm group was similar. At time T4, only water 
from the 70 cm group could be extracted; we put the 
water samples in a sampling bottle labeled A70-4 (water 
samples were taken from A70 at the first T4). At time 
T5, water samples were collected with sampling bottles 
at the outlet.

Sample Collection and Analytical Methods

All water samples were analyzed and measured in 
the laboratory for NH4

+-N, NO3
--N and TN according to 

Professional Standards Compilation Group of People’s 
Republic of China. The dissolved oxygen concentration 
was measured with a YSI ProPlus.

Calculation of the Nitrification Rate 
and Denitrification Rate

In this study, to determine the nitrification rate at 
each time period, the minimum nitrification rate was 
considered; it was assumed that the mechanisms of vola- 
tilization, adsorption, biomass accumulation and other 
denitrification mechanisms could be ignored [17-18].

NR= (C NH4-N Effluent - C NH4-N Influent)/t      (1)

DR= (C NO3-N Effluent - C NO3-N Influent)/t      (2)

Equations 1 and 2 were based on the research 
results of Gonzalo et al. [17], where NR denotes the 
nitrification rate in mg/(L·h), CNH4-N Effluent denotes the 
concentration of NH4

+-N sampled at the end of time 
period t in mg/L, and CNH4-N Influent denotes the average 
concentration of NH4

+-N sampled at the beginning of 
time period t in mg/L.

DR denotes the denitrification rate in mg/(L·h), 
CNO3-N Effluent denotes the NO3

--N concentration sampled 
at the end of time period t in mg/L, and CNO3-N Influent 
denotes the average NO3

--N concentration sampled at 
the beginning of time period t in mg/L.

Removal Rates of All Forms of Nitrogen

η(%) = (Li-Le /Li)·100                  (3)

In equation 3, Li is the concentration load of the 
inlet water in g/(m2·d) and Le is the concentration load 
of the outlet water in g/(m2·d).

Li and Le were calculated with equations 4 and 5, 
respectively, where Ci is the pollution concentration of 
the inlet water in g/m3, Ce is the pollution concentration 
of the outlet water in g/m3, Qi is the inlet velocity in 
m3/d, Qe is the outlet velocity in m3/d, and A is the bed 
surface area in m2:

Li = Ci · Qi /A                          (4)

Le = Ce · Qe /A                          (5)

Statistical Analysis

All statistical analyses were performed with the 
software SPSS 22.0. The method of parameter test 
was used to analyze the removal of various forms of 
nitrogen in slope constructed wetland. Variation in the 
nitrification rates and denitrification rates with depth 
were examined using one-way analysis of variance 
(ANOVA), and Pearson’s correlation was used to 
test the relationships between nitrification rates and 
denitrification rates.

Results and Discussion

Removal of Various Forms of Nitrogen 
in Slope-Constructed Wetlands

As shown in Fig. 2, the removal rate of ammonia 
nitrogen was approximately 76.60%-77.79%, the 
removal rate of nitrate nitrogen was 54.46%-56.87%, 
and the removal rate of total nitrogen was approximately 
74.68%-77.16%.

T T1 T2 T3 T4

T = 6.5 h 0.5 h 2.5 h 4.5 h 6.5 h

T = 13.5 h 1.5 h 5.5 h 9.5 h 13.5 h

Table 2. The four interval time points during periods of time (T).
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Slope had different influences on the removal of 
different forms of N. The higher the slope was, the 
higher the removal rate of ammonia nitrogen and the 
lower the removal rate of nitrate nitrogen. Under the 
same slope, the removal rate of NO3

--N was significantly 
different from that of NH4

+-N and TN(P<0.05); 
specifically, the removal rate of NH4

+-N and TN was 
significantly higher than that of NO3

--N. However, the 
removal rates of NH4

+-N, NO3
--N and TN showed no 

significant difference among the three types (P>0.05).

The Concentration Distributions of Ammonia 
Nitrogen in the Slope-Constructed Wetlands

Fig. 3 shows the ammonia nitrogen concentration 
variation in the slope-constructed wetlands at 5°. 
And figures of ammonia nitrogen concentration 
variation at 10° and 15° were provided in the appendix 
(supplementary Fig. 1). The ammonia nitrogen 
concentration decreased with decreasing depth, but the 
gaps in the reduction were narrowing because the DO 
concentration decreased, and ammoniation decreased 
[19].

The Concentration Distributions of Nitrate Nitrogen 
in the Slope-Constructed Wetlands

Fig. 4 shows the nitrate nitrogen concentration 
variation in the slope-constructed wetlands at 5°. And 
figures of nitrate nitrogen concentration variation at 10° 
and 15° were provided in the appendix (supplementary 
Fig. 2). The content of nitrate decreased along the 
direction of water flow and gradually decreased with 
depth. This finding was because denitrification becomes 
increasingly stronger as the concentration of nitrate 
changes with water flow and depth [20].

An interesting point is that at the same slope, 
as the DO value decreased over time, the saturated  

Fig. 2. Removal rates of NH4
+-N, NO3

--N and TN in the slope-
constructed wetlands under different slope conditions.

Fig. 3. Ammonia nitrogen concentration of the plant group in 5°.
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Fig. 4. Nitrate nitrogen concentration of the plant group in 5°.

Fig. 5. DO concentration of the plant group in 5°.
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zone entered an anaerobic state, and denitrification 
increased.

The Concentration Distributions of DO 
in the Slope-Constructed Wetlands

Fig. 5 shows the DO concentration variation in 
the slope-constructed wetlands at 5°. And figures 
of DO concentration variation at 10° and 15° were 
provided in the appendix (supplementary Fig. 3). DO 
decreased along the direction of water flow. As the 
depth increased, the DO content gradually decreased. 
The reasons were as following: on the one hand, the 
degradation of pollutants requires the consumption 
of oxygen; on the other hand, with increasing depth,  
the lower the reoxygenation capacity of the substrate is 
[21].

An interesting point is that the value of DO did not 
decrease with time when the slope was the same. This 
finding was because in the slope-constructed wetland, 
on the slope, the high part of the slope already had 
an unsaturated zone and had a certain reoxygenation 
restoring capacity that was similar to the DO of pore 
water in the previous period. The flow pattern of water 

has the characteristics of both horizontal flow and 
vertical flow.

Variation in the Nitrification Rates and 
Denitrification Rates with Depth

As shown in Figs 6, 7 and 8, the nitrification rate 
at a depth of 10 cm was approximately 63 mg/(L·h), 
and the denitrification rate was approximately  
5 mg/(L·h). Obviously, the rate of nitrification was higher 
than that of denitrification. Regarding the water content, 
the nitrification rate was fast in the region with a low 
water content, while the denitrification rate was slow. 
This finding was because atmospheric reoxygenation 
was fast in the region with a low water content, the 
DO concentration was high, and nitrification was fast. 
At a depth of 30 cm, the nitrification rate was also 
higher than the denitrification rate. In addition to the 
above reasons, it was also possible that the root system 
at this depth was relatively lush, and the root system 
secreted more oxygen, leading to the nitrification rate 
being higher than the denitrification rate. At a depth of  
50 cm, the denitrification rate was gradually close to the 
denitrification rate, and the denitrification rate exceeded 

Fig. 6. Water distribution map of the plant group with a slope of 5°.
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nitrification rate in reverse. This finding was because the 
DO concentration in the saturated zone was basically 
exhausted, and the atmospheric reoxygenation rate also 
slowed down with increasing depth. In particular, the 
denitrification rate in the saturated zone was greater 
than the nitrification rate. At a depth of 70 cm, the 
denitrification rate was 35 mg/(L·h), and the nitrification 
rate was 6 mg/(L·h). Obviously, the denitrification rate 
was higher than the nitrification rate. This finding was 
because at the bottom of the wetland, there was very 
little dissolved oxygen in the saturated zone, and the 
environment became anaerobic [22].

By comparing the water distribution maps at each 
time point when the slope was 5°, 10° and 15°, the water 
level in the device decreased over time; the nitrification 
rate also decreased, and the change trend of the 
nitrification rate and denitrification rate was opposite 
in the horizontal distance direction. This result may be 
because the concentration of DO gradually decreased 
over time, leading to the weakening of nitrification 
and the strengthening of denitrification. At the same 
time, according to the analysis, the change in slope 
conditions had a certain impact on the nitrification rate 

and denitrification rate. For example, at T = 0.5 h, with 
a slope increase, the nitrification rates at points A and 
B also increased, while the nitrification rates at points 
C and D decreased. The specific performance was as 
follows: the nitrification rates at A and B when the 
slope was 5° were approximately 0.60-1.00 mg/(L·h) and 
0.20-0.40 mg/(L·h) lower than those of the other slopes, 
respectively. At C and D, they were approximately 
0.20-0.40 mg/(L·h) and 0.60-0.85 mg/(L·h) higher than 
those of the other slopes, respectively. The tread of 
denitrification rates was opposite. The denitrification 
rates at points A and B decreased as the slope 
increased, and the rates at points C and D increased as 
the slope increased. The specific performance was as 
follows: the denitrification rates at A and B when the 
slope was 5° were approximately 0.12-1.00 mg/(L·h) and  
0.03-0.40 mg/(L·h) higher than those of the other slopes, 
respectively. At C and D, they were approximately  
0.06-0.20 mg/(L·h) and 0.16-0.80 mg/(L·h) lower 
than those of the other slopes, respectively. This was 
consistent with the results of He et al. [23], which 
may be because the change in the state of aerobic-
anaerobic in the matrix led to the change in the number 

Fig. 7. Water distribution map of the plant group with a slope of 10°.
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of nitrifying bacteria and denitrifying bacteria in the 
matrix, which in turn affected the nitrification rate and 
nitrification rate in different slopes and along the flow 
course.

Studies have shown that the number of 
microorganisms in constructed wetlands has a 
decreasing trend along the flow direction, which may 
be caused by the gradual decrease of organic matter 
concentration, resulting in the gradual decrease of the 
number of heterotrophic microorganisms [24]. The 
concentration of organic matters and DO in the front 
end of the wetland system is high, and the activity of 
aerobic microorganisms and nitrifying bacteria is the 
highest. As a result, pollutants are largely degraded 
in the front end of the wetland system, leading to the 
decrease of NH4

+-N concentration. In the back end, due 
to the limitation of DO concentration, the activities of 
anaerobic microorganism and denitrifying bacteria 
were higher, and the denitrification rate was enhanced. 
As the nitrifying bacteria degrade ammonia nitrogen 
to nitrate nitrogen at the front end of the wetland, the 
generated nitrate nitrogen flows with the water flow and 
is greatly degraded by denitrifying bacteria at the back 
end of the wetland [25].

Statistical analysis found that under the three slopes, 
there was no significant difference in nitrification rate 
and denitrification rate at different time points (P>0.05). 
However, under the same slope, the nitrification rate 
and denitrification rate at different time points have 
significant differences (P<0.05). Besides, negative 
correlations were found between nitrification rate and 
denitrification rate at 5°, 10° and 15° (r5 = −0.825, 
r10 = −0.818, r15 = −0.814, P<0.01).

The Scaling Diagram of the Saturated and 
Unsaturated Zones with Different Slopes

Changes in the water level indicated changes in 
the proportions of the nitrification and denitrification 
zones in the saturated and unsaturated zones (Fig. 9). 
The ratios of the saturated zone and unsaturated zone 
caused by different slopes were constantly changing, 
leading to different proportions of the nitrification zone 
and denitrification zone and finally different effects of 
nitrogen removal.

The particularity of water flow in slope-constructed 
wetlands combines the characteristics of horizontal 
subsurface-constructed wetlands and vertical-

Fig. 8. Water distribution map of the plant group with a slope of 15°.
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constructed wetlands. The flow field changes with both 
slope and depth.

The variation in the saturated zone and unsaturated 
zone is different from those of horizontal subsurface 
flow-constructed wetlands and vertical flow-constructed 
wetlands. The variation in the saturated and unsaturated 
zones of vertical flow-constructed wetlands and 
horizontal subsurface-constructed wetlands is only 
related to the hydraulic load, but the variation in the 
saturated and unsaturated zones of slope-constructed 
wetlands is related not only to the hydraulic load  
but also to the slope gradient. The removal rate of 
NH4

+-N mainly occurred in unsaturated zone and 
was much higher than that in saturated zone while 
utotrophic denitrification mainly occurred in the 
saturated area. Nitrification process was associated 
with autotrophic/heterotrophic ammonia oxidizing 
bacteria and nitrite oxidizing bacteria. Denitrification 
process relied on both autotrophic and heterotrophic 
denitrifiers [26]. The slope and hydraulic load can  
be adjusted to the proportion of saturated and 
unsaturated areas, which means that the proportion  
of nitrification and denitrification areas can be adjusted 
to specifically remove nitrogen with different forms  
and to improve the effect of nitrogen removal. This 
scenario is a special feature of slope-constructed 
wetlands.

Conclusions

Slopes had different effects on various forms of 
nitrogen removal in slope-constructed wetland. The 
main reason for the different nitrogen removal effects 
of constructed wetlands with different slopes was 
the change in the ratio of saturated and unsaturated 
zones. Alternating aerobic and anaerobic conditions 
were effectively developed on the constructed slopes. 
The transformation and removal of nitrogen could 
be accomplished by nitrification-denitrification. The 
saturated zone was suitable for removing ammonia 
nitrogen, while the unsaturated zone was suitable for 
removing nitrate nitrogen. To effectively remove TN 
from sewage, an appropriate slope should be selected 
according to the ratio of ammonia nitrogen and nitrate 
nitrogen in the inflow.
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