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Constructed wetland has attracted more and more attention for wastewater purification due to its low con
struction cost and convenient operation recently. However, the unique waterflooding structure of constructed
wetland makes the low dissolved oxygen level, which limits the effect of nitrogen removal in the system.
Therefore, it is necessary to develop the oxygen-increasing technology to overcome the drawback in constructed
wetlands. In this review, the mechanism of nitrogen removal in constructed wetland is discussed and oxygen is
main influence factor is concluded. In addition, oxygen-increasing technologies in recent advances which
improve the nitrogen removal efficiency greatly, are emphatically introduced. Finally, some future perspectives
about oxygen-increasing techniques are also put forward in order to provide reference for further research and
engineering application.

1. Introduction
Excessive nitrogen emissions in water environment have caused
global problems such as eutrophication, which have negative impacts on
biodiversity, human health and climate (Stevens, 2019). Therefore, it is
necessary to remove nitrogen from the wastewater. Biological nitrogen
removal is widely used in wastewater treatment plants (WWTPs) due to
its high efficiency (EPA, 1993). However, the traditional biological ni
trogen removal requires aeration, which accounts for nearly half of the
total energy consumption of WWTPs (Keene et al., 2017). Constructed
wetland (CW) is an ecological treatment technology, which has the
outstanding advantages of low construction and operation costs and
convenient management compared with the traditional secondary
treatment (Liu et al., 2016; Pang et al., 2015; Zhang et al., 2019).
However, the removal of total nitrogen (TN) is not ideal (between 40
and 55%) in conventional CWs, which need advanced improvement
techniques to solve it (Vymazal, 2007).
Removal of nitrogen in CW is a complex process, which usually in
cludes nitrification-denitrification, plant uptake, substrate adsorption,
N2O emission and volatilization (Liu et al., 2019; Huang et al., 2017;
Zhou et al., 2018). Moreover, the novel nitrogen removal mechanism

such as simultaneous nitrification and denitrification (SND), anaerobic
ammonia oxidation (ANNAMOX) have been founded in CW recently (He
et al., 2019; Ma et al., 2016). Nitrification-denitrification is considered
as the main way to remove nitrogen, accounting for more than 50% of
nitrogen removal (Liu et al., 2019; Uusheimo et al., 2018; Fan et al.,
2013a). However, due to the special waterflooding structure of CW, the
oxygen supply by atmospheric reaeration (5.77–18.45 g O2 m− 2 d− 1)
(Gasiunas, 2011) and plant oxygen release (0.005–12 g O2 m− 2 d− 1)
(Nivala et al., 2013) is far less than the oxygen consumed (450 g O2 m− 2
d− 1) (Wu et al., 2011, 2016). The huge gap between oxygen supply and
consumption leads to anaerobic or anoxic conditions in CW. In addition,
oxygen is preferred for organic degradation over nitrification. Hence,
due to the lack of dissolved oxygen (DO) in CW, aerobic nitrification is
always inhibited, which leads to weak nitrogen removal (Fan et al.,
2013b; Hu et al., 2012).
Therefore, it is so important to increase the DO concentration in the
CW to improve the nitrogen remove efficiency in CW (Decezaro et al.,
2019; Saeed et al., 2018). Recently, in order to improve the nitrogen
removal in CW, scientists have done plentiful research on
oxygen-increasing technologies, such as artificial aeration, tidal flow
CW, towery hybrid CW and partially unsaturated CW (Pan et al., 2015;
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Li et al., 2014; Wu et al., 2015a, 2015b; Saeed and Sun, 2017). However,
there are few systematic discussions focus on the nitrogen removal and
evaluation of the technology. Therefore, it is essential to review the
recent oxygen-increasing technology.
Based on the analysis of the mechanism and influencing factors of
nitrogen removal in CW, this article mainly reviewed the recent oxygenincreasing technology of enhancing nitrogen removal in CW. Moreover,
some future perspectives about oxygen-increasing techniques are also
put forward in order to provide reference for further research and en
gineering application.

energy and cost. However, it is difficult to accurately and stably control
its occurrence in CW that still need to further research on its operation
and influencing factors.
2.2. The influencing factors of nitrogen removal in CW
CW is a manual controlled ecological treatment system which
removal efficiency is greatly affected by environment and operation
factors. In terms of nitrogen removal, environmental factors such as
temperature, pH, DO, plants and operational factors such as C/N ratio,
influent feed mode, hydraulic retention time, wetland type, inflow
loading and effluent circulation have great influence (Du et al., 2018;
Wu et al., 2015c; Yu et al., 2019; Zhou et al., 2018; Lavrova and Kou
manova, 2010).
DO is an important limiting parameter of nitrogen removal. This is
not only because DO will directly affect the growth of nitrifying and
denitrifying bacteria, but also because DO will affect the influent organic
carbon concentration, thus indirectly affecting denitrification. It is
generally believed that nitrification can occur smoothly when DO is
about 1.5 mg/L (Vymazal, 2007; Ye and Li, 2009). However, due to
insufficient plant oxygen release and atmospheric reaeration, DO con
centration of conventional CW is only 0.78 mg/L (Zhou et al., 2017).
This severely limits nitrification and greatly reduces the nitrogen
removal in CW, hence, it is necessary to utilize the oxygen-increasing
technology in CW.
Table 2 showed DO, NH+
4 and TN removal rate in different papers,
which can be seen that the highest DO did not cause the highest nitrogen
removal which could be observed from Table 2. This is because that on
the one hand, the high DO can inhibit anoxic denitrification, which is the
way to permanently remove TN. On the other hand, novel nitrogen
removal theories such as ANNAMOX also need anaerobic environment.
On the third aspect, the increase of DO will also reduce the organic
carbon source, thus inhibiting denitrification. There is no doubt that
nitrification must be first realized in order to realize the removal of TN,
but without adequate denitrification, nitrate produced by nitrification
cannot be removed. Nitrification and denitrification are closely linked in
the process of nitrogen removal in CW, which is indispensable. There
fore, in order to achieve high nitrogen removal, alternating anoxic and
aerobic environments should be maintained in the CW rather single
aerobic or anaerobic condition.

2. Nitrogen removal mechanisms and influence factors in CW
2.1. Nitrogen removal mechanisms in CW
CW is regarded as a complex bioreactor with complicated removal
mechanism, which is the "black box" theory. The nitrogen removal
mechanism is shown in Table 1, including their equations and functions.
It can be seen from Table 1 that only some microbiological nitrogen
removal mechanisms such as nitrification-denitrification could remove
nitrogen permanently, which is considered as the main nitrogen removal
mechanism in CW (Chen et al., 2014; Han et al., 2019a, 2019b; Liu et al.,
2019). However, nitrification requires a large amount of oxygen as
shown in Table 1 equation (4), hence, abundant oxygen is needed in the
CW to enable nitrification to occur fully.
Recently, novel nitrogen removal mechanisms such as partial
nitrification-denitrification (PND), simultaneous nitrification and deni
trification (SND), anaerobic ammonia oxidation (ANNAMOX) and
completely autotrophic nitrite removal over nitrate (Canon) have also
been found in CW, especially in oxygen-increasing techniques (Yama
moto et al., 2008; Jia et al., 2020; Zhi and Ji, 2014; Huang et al., 2017;
He et al., 2017).
Novel nitrogen removal mechanisms can greatly reduce the con
sumption of organic matters and oxygen or even do not need the exis
tence of organic matters and oxygen. For example, as shown in Fig. 1,
comparing with the high oxygen demand (4.57 mg/L DO per gram of
NH+
4 ) and organic matter consumption (3.71 mg/L COD per gram of
NH+
4 ) of the traditional nitrification-denitrification pathway, Canon
process has less oxygen demand (1.89 mg/L DO per gram of NH+
4 ) and
hardly needs the participation of organic carbon, thus greatly saving
Table 1
Equations and functions of nitrogen removal mechanism in CW.
Process

Mode

Equation

Function

Volatilization

NH+
4 (aq)→NH3(g)

Plant uptake
Biomass assimilation
Ammonification

Physicochemical
Physicochemical
Biological
Biological
Microbiological

Nitrification

Microbiological

Denitrification

Microbiological

Simultaneous nitrification
and denitrification (SND)

Microbiological

Partial nitrificationdenitrification (PND)

Microbiological

+
I) NH+
4 + 1.5O2→NO2+2H +H2O (2)
II) NO-2+ 0.5O2→NO-3 (3)
+
Overall: NH+
4 +2O2→NO3+2H +H2O (4)
NO-3+ 0.833CH3OH→0.5N2+0.833CO2+1.167 H2O + OH−
(5)
+
NH+
4 +2O2→NO3+2H +H2O (4)
NO-3 + 0.833CH3OH→0.5N2+0.833CO2+1.167 H2O + OH−
(5)
+
I) NH+
4 + 1.5O2→NO2+2H +H2O (6)
II) NO-2 + 0.5 CH3OH + H+→0.5N2+0.5 CO2+1.5 H2O (7)

1) To change ammonium into NH3 to eliminate nitrogen in
sewage
2) Adsorbs NH+
4 NO3, but nitrogen is not permanently
removed from the system and might cause desorption
3) Utilizes plants to temporarily absorb and store nitrogen
4) Uptakes nitrogen from wastewater
5) Organic nitrogen is converted into ammonia nitrogen to
prepare for nitrification, but the amount of total nitrogen in
sewage is not reduced
6) Changing NH+
4 into NO2、NO3 and the amount of TN
remains unchanged

Anammox

Microbiological

+
NH+
4 + 1.32 NO2 + 0.066HCO3+ 0.13H →1.02N2+0.26
NO-3+ 0.066CH2O0.5N0.15+2.03CH2O (8)

Canon

Microbiological

+
NH+
4 + 0.85O2→0.435 N2+0.13 NO3+ 1.3 H2O + 1.4H (9)

Adsorption

—
NH+
4 , NO3→organic-N
NH+
4 , NO3→organic-N
Amino acids→Imino acids→Keto acids→NH3 (1)

2

7) Conversion of NO-3 to N2 to remove nitrogen from the
system permanently
8) Nitrification and denitrification are simultaneously
realized at the same time and at the same place to remove TN
9) Denitrification is completed by using NO-2 to remove
nitrogen from sewage, requiring less oxygen and carbon
sources
10) The removal of total nitrogen is realized by the reaction
of NH+
4 and NO- 2, which requires less carbon and energy
sources.
11) Combined PND and Annamox to realize total nitrogen
removal.
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Fig. 1. Comparison of Nitrification-Denitrification and Canon process. ( : Ammonification ②③：Nitrification ④：Denitrification ⑤：Nitrogen fixation ⑥: Partial
nitrification ⑦: Annamox) The data was based on the reaction of 1 mg/L NH+
4 which was referred to (Ma et al., 2016).
Table 2
DO, NH+ 4and TN removal rate in different papers.
a

NO

CT

1
2
3
4
5
6
7
8
9
10

SSFCW
VFCW
VFCW
VFCW
VFCW
HCW
VFCW
VFCW
VFCW
VFCW

a
b
c

WT
S
S
S
S
S
D
S
S
S
S

b

Scale

Aera (m2)

DO (mg/L)

−
NH+
4 removal (g m

Pilot
Lab
Lab
Lab
Lab
Lab
Lab
Pilot
Lab
Lab

2
0.03
0.03
1.0
1.0
0.24
0.1
1.0
0.1
0.1

0.2
0.2
0.4
0.8
0.9
2.5
2.7
2.8
4.6
5.5

3.50
0.12
0.06
NA. c
NA.
0.79
5.90
24.5
6.00
5.80

2

d− 1)

TN removal (g m−
3.30
0.18
0.12
1.27
1.08
1.22
9.80
19.6
8.20
7.80

2

d− 1)

Ref.
Fan et al. (2013b)
Wu et al. (2015c)
Wu et al. (2015c)
Chang et al. (2012)
Chang et al. (2012)
Zapater-Pereyra et al. (2015)
Wang et al. (2014)
Wu et al. (2015d)
Wang et al. (2014)
Wang et al. (2014)

CT represent CW type including subsurface flow CW (SSFCW), vertical flow CW (VFCW), hybrid CW (HCW).
WT represent wastewater type including synthetic wastewater (S), domestic sewage (D).
NA mean not available.

3. Techniques to improve the nitrogen removal in CW by
oxygen-increasing

Zhang et al. (2018) designed a new type of aeration vertical flow
constructed wetland (VFCW), which used the waste gas produced by
biological sewage treatment system to improve the pollutant removal
rate of VFCWs. The results showed that the removal rates of NH+
4 and TN
by intermittent aeration of waste gas in VFCW are 0.44 g m− 2 d− 1 and
0.30 g m− 2 d− 1 which was higher than that of non-aerated wetland
(0.19 g m− 2 d− 1 and 0.19 g m− 2 d− 1). In addition, after the introduction
of exhaust gas, the number of nitrifying bacteria, denitrifying bacteria
and total bacteria in VFCWs increased significantly. Therebefore,
intermittent aeration of waste gas could not only optimize the distri
bution of DO and purify waste gas, but also improve the richness and
diversity of microorganisms.
To date, the influence of the location of artificial aeration on the
nitrogen removal in CW has also received extensive attention. Wang
et al. observed in the VFCW that the middle position aeration has a
higher NH+
4 removal rate than the bottom and top aeration, and the
surface aeration has a higher TN removal (76.4%) (Wang et al., 2015). In
the HFCW, some studies pointed out that front and middle aeration is
used achieve better TN removal (Zhong et al., 2015). However, different
articles obtained different results on the study of artificial aeration
location (Ilyas and Masih, 2017). Therefore, the nitrogen removal effect
of aeration location on CW should be further studied later to get the most
efficient position. In addition, intermittent aeration CW at present only
stays in the laboratory or pilot-scale, the full-scale intermittent aeration
CW still needs further research.

In order to improve the nitrogen removal in CW, scientists have put
forward a variety of oxygen-increasing technologies, such as artificial
aeration, tidal flow CW and so on. The schematic diagram of each
wetland structure is shown in Fig. 2.
3.1. Artificial aeration
As discussed in section 2, aerobic nitrification becomes the limiting
factor for nitrogen removal in CW because the CW are always anoxic or
anaerobic. Artificial aeration seems to be the most direct and effective
method to supplement DO in CW. Therefore, many researches have
adopted artificial aeration to improve the nitrogen removal in CW.
It has been proved that the artificial aerated CW increased the con
version rate of oxygen and had higher nitrogen removal performance
than the non-artificial aerated CW (Wu et al., 2014). However, contin
uous aeration at the bottom of CW will not only cause continuous aer
obic environment and consumption of a large amount of organic carbon
sources to inhibit denitrification, but also has higher economic cost.
Therefore, more attention has been paid to intermittent aeration that
creates alternating aerobic and anoxic environments in CW. Fan et al.
− 2 − 1
achieved high removal rates of NH+
4 (3.5 g m d ) and TN (3.3 g
− 2 − 1
m d ) simultaneously in the intermittent aeration subsurface flow CW
(SSFCW), which is obviously superior to the conventional wetland (Fan
et al., 2013b).
3
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Fig. 2. The schematic diagram of a) Artificial aeration CW b) Influent drop aeration CW c) Towery hybrid CW d) Tidal flow CW f) Partial unsaturated CW.

3.2. Influent drop aeration

water and increasing oxygen enhanced the nitrification of the CW.
Denitrification was also improved due to the additional organics pro
vided by the sewage directly entering the second stage.
The results showed that the DO in the second stage of the tower
hybrid CW was increased from 1.28 mg/L of influent to 2.98 mg/L with
a high HLR of 0.32 m3/(m2 day). The improvement of DO resulted in the
higher nitrogen removal, which the average removal rates of TN by the
overall process reached 83%. What is more, the number of nitrifying
bacteria and denitrifying bacteria is also higher than that of traditional
CWs through the microbial analysis.
Another study designed a towery hybrid system with three-level
stage VFCWs to treat livestock wastewater, which showed excellent
NH+
4 removal (>95%) (Zhu et al., 2012). Although the removal effect of
tower hybrid CW is excellent, it may increase the construction cost. In
addition, Because of the use of pump required in the second stage, its
operation cost is also expensive. If the additional cost of construction
and operation cost is greater than the cost reduced due to efficiency
improvement, it is doubtful whether the technology is still necessary for
application. Therebefore, if the unpowered oxygenation technology can
be realized, its application prospect will be promising.

Influent drop aeration is another aeration technology. During the
process of falling, wastewater will contact with oxygen in the air, thus
increasing DO in the influent. The higher the drop height, the higher the
DO in the influent. Recently, Zou et al. (2012) have designed a multi
level, two-layer drop aeration device. Through this device, it was found
2–6 mg/L DO per meter of drop height was improved, which was su
perior than the traditional drop aeration process. In addition, through
the analysis of the water quality along the CW depth, it was found that
when the hydraulic load rate (HLR) is 0.077 m3/(m2 day), the ammonia
nitrogen removal rate mainly occurred in the upper 15 cm where DO is
adequate.
Different from artificial aeration, influent drop aeration is a nonpersistent oxygen supplement, and influent DO will be rapidly exhaus
ted due to organic degradation in CW. Some researches claimed that DO
in the area near the inlet of horizontal subsurface CW can be about 6 mg/
L, while DO in the middle and outlet areas can be reduced to 2 mg/L or
even lower (Zhuang et al., 2019). Therefore, it is doubtful whether it can
meet the oxygen demand of nitrification. Influent drop aeration does not
require energy consuming equipment such as air pumps, it consumes
less energy and cost. However, if there is no elevation difference of
natural terrain, it will still bring high energy consumption only by uti
lizing pump to lift wastewater to a certain height. In addition, the low
temperature will cause the influent freezing problems. Factors such as
climate, topography and economic cost should be considered when
adopting this method.

3.4. Tidal flow constructed wetland (TFCW)
Another method of increasing oxygen is to use tidal flow operation in
CW, which operation process is divided into flood and drainage phases
(Sun et al., 2005; Wang et al., 2017). With the flooding and draining of
wastewater, the substrate of the CW will be intermittently saturated,
thus air will enter soil pores and NH+
4 in wastewater will be oxidized, and
then nitrates generated by nitrification will be adsorbed by biofilm. In
the flood phase, CW is in an anoxic environment, and the traditional
denitrification or SND or ANNAMOX would occur to remove nitrogen
from wastewater permanently.
Studies have proved that the influent had only 0.2 mg/L DO, but
after tidal CW treatment, the effluent DO was increased to 1.1–1.6 mg/L
(Austin and Nivala, 2009). Zhi et al., 2015 reported that TFCW had NH+
4
(63–80%) and TN (50–82%) removal rates at a C/N ratio of 2–12. When
the C/N ratio is greater than 6, the TFCW could realize complete ni
trogen removal (Zhi and Ji, 2014). F/D ratio is known as one of the
important parameters of TFCW. Guo et al. proved that longer drainage

3.3. Towery hybrid constructed wetland
In order to improve the nitrogen removal, another novel type of
tower hybrid CW through oxygen-increasing was designed and used (Ye
and Li, 2009). The tower hybrid CW consists of two SSFCWs and one
surface flow CW (SFCW). Eighty percent of the wastewater flows into the
SSFCW in the first stage and 20% of the wastewater is directly pumped
into the three-layer circular SFCW in the second stage. After that, the
wastewater overflows to the middle circular and then to the bottom. The
wastewater in second stage flows into the third stage of the wetland
together with the water in the first stage. The second stage of falling
4
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time and shorter flooding time will promote nitrification in CW (Guo
et al., 2017). What is more, the cation exchange capacity (CEC) of the
substrate has been proved to affect the nitrogen removal in CW. The
higher CEC, the stronger the adsorption of NH+
4 on the substrate, which
results in higher nitrogen removal effect (Chang et al., 2014). Hence, the
CEC of substrate should be considered as an important parameter in
TFCW.
Recently, novel nitrogen removal methods such as SND and ANNA
MOX have been discovered in TFCW (Zhi and Ji, 2014; Li et al., 2019).
Therefore, the TFCW has great potential for treating high ammonia ni
trogen and low C/N wastewater. However, it should be noted that most
of studies are only in the laboratory scale, so whether the excellent
treatment results can be achieved in pilot-scale and full-scale treatment
is worth studying. In addition, whether SND and ANNAMOX can be
occurred accurately as in the laboratory should also be discussed.
Guo et al. (2017) studied the removal effect of TFCW on nitrogen in
anaerobically digested slurry. The results showed that tidal operation
has a positive effect on NH+
4 removal. The average removal rate of
ammonia nitrogen reached 93% (325 g/m2 d) and the removal rate of
total inorganic nitrogen (TIN) reached 51% (226 g/m2 d). In addition,
the article also pointed out that the nitrogen removal of TFCW was
closely related to the flooded drainage time ratio (F/D). When the
flooding time is changed from 3 h to 5 h, denitrification (nitrite reduc
tase K (nirK) abundance) is enhanced and TIN removal efficiency is
increased by 62% (237 g/m2 d).
TFCW forms alternating anoxic and aerobic environments in one
period and the nitrogen removal is greatly improved. It has low energy
consumption compared with artificial aeration CW, which only needs
aeration wetland’s half energy (Austin, 2006; Austin and Nivala, 2009).
What is more, tidal operation has an additional advantage. The biofilm
in the substrate pores can be removed by the shearing force during pe
riodic drainage, thus preventing blockage.

3.5. Partial unsaturated constructed wetland
Similarly, in order to realize unpowered biological nitrogen removal
in the CW and reduce the operation cost, a partially unsaturated CW is
designed (Sgroi et al., 2018; Huang et al., 2017; Al-Saedi et al., 2018;
Pelissari et al., 2018; Wu et al., 2014). Partially unsaturated CW consists
of unsaturated zone where the substrate is exposed to the air and satu
rated zone where the substrate is submerged by the sewage. Sewage
flows from the upper part of the partially unsaturated CW and passes
through an unsaturated zone. In unsaturated zone, air, sewage and
substrate coexist that increasing DO in the CW and promoting nitrifi
cation. The unsaturated zone is followed by a saturated zone. The
saturated zone where completes denitrification has no oxygen supple
ment and is in anoxic condition. Therefore, partial unsaturated CW has
cultivated alternating anoxic and aerobic environments without
external power input, thus improving the nitrogen removal.
Zheng et al. (2020) evaluated the oxygen supply and nitrogen
removal efficiency of partially unsaturated CW. The results showed that
partially unsaturated CW significantly increased the supply of DO,
which could reach 336.44 g m− 3 d− 1 oxygen uptake. Therefore, the
ammonia nitrogen removal rate of partially saturated CW is higher,
which is 11 times higher than that of non-aerated CW. This is also
confirmed by microbiological analysis of quantitative polymerase chain
reactions, which the amoA gene/16s rRNA gene abundance ratio of
partially unsaturated CW is higher than that of the control group.
Nevertheless, some researchers also pointed out that the substrate at
the upper part of the partially unsaturated CW hinders atmospheric
reaeration and limits nitrification, so its NH+
4 removal is not as good as
that of the unsaturated CW (Saeed and Sun, 2017). Therefore, more
studies should be done on the substrate in the upper saturated region. To
be noted, novel nitrogen removal pathway such as Canon have been
strengthened in partially unsaturated CW (Huang et al., 2017). Hence,

Table 3
Effect and evaluation of different oxygenation technologies.
Oxygenincreasing
technology

Oxygenation effect

Nitrogen
removal
efficiency

Microbial analysis

Advantage

Disadvantage

Artificial aeration

DO 0.89 → 3.86 mg/L (
Zhang et al., 2018)

NH+
4 : 0.44 g
m− 2d− 1
TN: 0.30 g
m− 2d− 1 (Zhang
et al., 2018)

The abundance of nitrifying bacteria
and denitrifying bacteria is 6.3 times
and 2.4 times that of the control
wetland, respectively (Zhang et al.,
2018)

a) The oxygenation effect is
remarkable
b) Excellent ammonia
nitrogen removal effect

Influent drop
aeration

2–6 mg/L DO per meter of
drop height was improved
(Zou et al., 2012)

NH+
4 : 6.09 g
m− 2d− 1
TN: 6.23 g
m− 2d− 1 (Zou
et al., 2012)

NM a

a) Natural height difference
can be utilized without
energy consumption
b) Low construction and
operation cost

Towery hybrid
constructed
wetland

DO 1.28 mg/L→2.98 mg/L
in the second stage of the
tower hybrid CW (Ye and
Li, 2009)

The number of nitrifying bacteria and
denitrifying bacteria are 2.90 × 105,
3.34 × 105 g− 1 substrate respectively (
Ye and Li, 2009)

Excellent ammonia nitrogen
and TN removal effect

Tidal flow
constructed
wetland

DO 0.3 mg/L→1.1–1.6
mg/L (Guo et al., 2017)

NH+
4 :2.60 g
m− 2d− 1
TN:3.95 g
m− 2d− 1 (Ye
and Li, 2009)
NH+
4 : 603 g
m− 2d− 1
TIN: 226 g
m− 2d− 1 (Guo
et al., 2017)

a) High energy consumption
and operation cost
b) It will consume plentiful
organic carbon sources in
wastewater and inhibit
denitrification
a) DO is rapidly consumed at
the inlet and cannot be
continuously replenished
b) Factors such as topography
need to be careful considered
when application
a) It requires a large area
b) High construction and
operation costs

With the decrease of F/D ratio (5:1 →
1:1), the abundance of nitrifying
bacteria genes increased from 1.20 ×
106 copies g− 1 substrate to 6.00 × 106
copies g− 1 substrate
Guo et al. (2017)

Partially
unsaturated
constructed
wetland

A smooth increase (1.08 ±
0.16 mg/L) at the surface
of the outer saturated zone
Zheng et al. (2020)

NH+
4 :0.46 g
m− 2d− 1
TN: 0.58 g
m− 2d− 1 (Zheng
et al., 2020)

AmoA absolute abundance was
observed 1.76 × 106 copies g− 1
substrate, which was greater than the
aerated SCW (8.81 × 105 copies g− 1
substrate observed)
Zheng et al. (2020)

a) Low energy consumption
b) Alternate anoxic and
aerobic environments can be
formed, which is beneficial to
the removal of TN
c) the biofilm in the substrate
pores can be removed, thus
preventing blockage
a) Low energy consumption
b) Simple operation and
management and low
operation costs

a

NM mean not mentioned.
5

a) Complex management
operations
b) DO is rapidly consumed in
the flooding phase and may
result in insufficient oxygen
supply
a) The HRT in unsaturated zone
is short which needs to be
improved
b) Only relying on atmospheric
reoxygenation, the
oxygenation effect is not as
good as artificial aeration
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the mechanism of nitrogen removal in partially saturated CW, especially
novel nitrogen removal mechanisms such as Canon, should also be
further studied.
At last, the effect and evaluation of different oxygen-increasing
technologies are summarized in Table 3, including the oxygenation ef
fect, nitrogen removal, microbial analysis, advantages and
disadvantages.
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5. Conclusion
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greatly improve the nitrogen removal efficiency, have promising future.
However, there are still technical and economic limitations on the
oxygen-increasing technology at present and further research is needed
in the future.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgments
This work was supported by National Natural Science Foundation of
China (No. 51908326 and 51720105013), China Postdoctoral Science
Foundation (No. 2018M640632), and Shandong Provincial Natural
Science Foundation (ZR2019MEE026).

6

J. Lu et al.

Ecotoxicology and Environmental Safety 205 (2020) 111330
wastewater treatment. Environ. Sci. Pollut. Res. 22 (19), 14637–14650. https://doi.
org/10.1007/s11356-015-5151-x.
Wu, H., Zhang, J., Ngo, H.H., Guo, W., Hu, Z., Liang, S., Fan, J., Liu, H., 2015b. A review
on the sustainability of constructed wetlands for wastewater treatment: design and
operation. Bioresour. Technol. 175, 594–601. https://doi.org/10.1016/j.
biortech.2014.10.068.
Wu, H., Fan, J., Zhang, J., Ngo, H.H., Guo, W., Hu, Z., Liang, S., 2015c. Decentralized
domestic wastewater treatment using intermittently aerated vertical flow
constructed wetlands: impact of influent strengths. Bioresour. Technol. 176,
163–168. https://doi.org/10.1016/j.biortech.2014.11.041.
Wu, S., Dong, X., Chang, Y., Carvalho, P.N., Pang, C., Chen, L., Dong, R., 2015d.
Response of a tidal operated constructed wetland to sudden organic and ammonium
loading changes in treating high strength artificial wastewater. Ecol. Eng. 82,
643–648. https://doi.org/10.1016/j.ecoleng.2015.05.040.
Wu, H., Fan, J., Zhang, J., Ngo, H.H., Guo, W., Hu, Z., Lv, J., 2016. Optimization of
organics and nitrogen removal in intermittently aerated vertical flow constructed
wetlands: effects of aeration time and aeration rate. Int. Biodeterior. Biodegrad. 113
(SI), 139–145. https://doi.org/10.1016/j.ibiod.2016.04.031.
Yamamoto, T., Takaki, K., Koyama, T., Furukawa, K., 2008. Long-term stability of partial
nitritation of swine wastewater digester liquor and its subsequent treatment by
Anammox. Bioresour. Technol. 99 (14), 6419–6425. https://doi.org/10.1016/j.
biortech.2007.11.052.
Ye, F., Li, Y., 2009. Enhancement of nitrogen removal in towery hybrid constructed
wetland to treat domestic wastewater for small rural communities. Ecol. Eng. 35 (7),
1043–1050. https://doi.org/10.1016/j.ecoleng.2009.03.009.
Yu, G., Peng, H., Fu, Y., Yan, X., Du, C., Chen, H., 2019. Enhanced nitrogen removal of
low C/N wastewater in constructed wetlands with co-immobilizing solid carbon
source and denitrifying bacteria. Bioresour. Technol. 280, 337–344. https://doi.org/
10.1016/j.biortech.2019.02.043.
Zapater-Pereyra, M., Ilyas, H., Lavrnic, S., van Bruggen, J.J.A., Lens, P.N.L., 2015.
Evaluation of the performance and space requirement by three different hybrid
constructed wetlands in a stack arrangement. Ecol. Eng. 82, 290–300. https://doi.
org/10.1016/j.ecoleng.2015.04.097.
Zhang, X., Hu, Z., Ngo, H.H., Zhang, J., Guo, W., Liang, S., Xie, H., 2018. Simultaneous
improvement of waste gas purification and nitrogen removal using a novel aerated
vertical flow constructed wetland. Water Res. 130, 79–87. https://doi.org/10.1016/
j.watres.2017.11.061.
Zhang, S., Liu, F., Luo, P., Xiao, R., Zhu, H., Wu, J., 2019. Nitrous oxide emissions from
pilot scale three-stage constructed wetlands with variable nitrogen loading.
Bioresour. Technol. 289 (121687) https://doi.org/10.1016/j.biortech.2019.121687.
Zheng, X., Zhuang, L., Zhang, J., Li, X., Zhao, Q., Song, X., Dong, C., Liao, J., 2020.
Advanced oxygenation efficiency and purification of wastewater using a constant
partially unsaturated scheme in column experiments simulating vertical subsurface
flow constructed wetlands. Sci. Total Environ. 703 (135480) https://doi.org/
10.1016/j.scitotenv.2019.135480.
Zhi, W., Ji, G., 2014. Quantitative response relationships between nitrogen
transformation rates and nitrogen functional genes in a tidal flow constructed
wetland under C/N ratio constraints. Water Res. 64, 32–41. https://doi.org/
10.1016/j.watres.2014.06.035.
Zhi, W., Yuan, L., Ji, G., He, C., 2015. Enhanced long-term nitrogen removal and its
quantitative molecular mechanism in tidal flow constructed wetlands. Environ. Sci.
Technol. 49 (7), 4575–4583. https://doi.org/10.1021/acs.est.5b00017.
Zhong, F., Wu, J., Dai, Y., Yang, L., Zhang, Z., Cheng, S., Zhang, Q., 2015. Bacterial
community analysis by PCR-DGGE and 454-pyrosequencing of horizontal subsurface
flow constructed wetlands with front aeration. Appl. Microbiol. Biotechnol. 99 (3),
1499–1512. https://doi.org/10.1007/s00253-014-6063-2.
Zhou, X., Wang, X., Zhang, H., Wu, H., 2017. Enhanced nitrogen removal of low C/N
domestic wastewater using a biochar-amended aerated vertical flow constructed
wetland. Bioresour. Technol. 241, 269–275. https://doi.org/10.1016/j.
biortech.2017.05.072.
Zhou, X., Jia, L., Liang, C., Feng, L., Wang, R., Wu, H., 2018. Simultaneous enhancement
of nitrogen removal and nitrous oxide reduction by a saturated biochar-based
intermittent aeration vertical flow constructed wetland: effects of influent strength.
Chem. Eng. J. 334, 1842–1850. https://doi.org/10.1016/j.cej.2017.11.066.
Zhu, D., Sun, C., Zhang, H., Wu, Z., Jia, B., Zhang, Y., 2012. Roles of vegetation, flow
type and filled depth on livestock wastewater treatment through multi-level
mineralized refuse-based constructed wetlands. Ecol. Eng. 39, 7–15. https://doi.org/
10.1016/j.ecoleng.2011.11.002.
Zhuang, L., Yang, T., Zhang, J., Li, X., 2019. The configuration, purification effect and
mechanism of intensified constructed wetland for wastewater treatment from the
aspect of nitrogen removal: a review. Bioresour. Technol. 293, 122086 https://doi.
org/10.1016/j.biortech.2019.122086.
Zou, J., Guo, X., Han, Y., Liu, J., Liang, H., 2012. Study of a novel vertical flow
constructed wetland system with drop aeration for rural wastewater treatment.
Water, Air, Soil Pollut. 223 (2), 889–900. https://doi.org/10.1007/s11270-0110910-x.

Li, F., Lu, L., Zheng, X., Huu, H.N., Liang, S., Guo, W., Zhang, X., 2014. Enhanced
nitrogen removal in constructed wetlands: effects of dissolved oxygen and stepfeeding. Bioresour. Technol. 169, 395–402. https://doi.org/10.1016/j.
biortech.2014.07.004.
Li, J., Hu, Z., Li, F., Fan, J., Zhang, J., Li, F., Hu, H., 2019. Effect of oxygen supply
strategy on nitrogen removal of biochar-based vertical subsurface flow constructed
wetland: intermittent aeration and tidal flow. Chemosphere 223, 366–374. https://
doi.org/10.1016/j.chemosphere.2019.02.082.
Liu, F., Fan, J., Du, J., Shi, X., Zhang, J., Shen, Y., 2019. Intensified nitrogen
transformation in intermittently aerated constructed wetlands: removal pathways
and microbial response mechanism. Sci. Total Environ. 650 (2), 2880–2887. https://
doi.org/10.1016/j.scitotenv.2018.10.037.
Ma, B., Wang, S., Cao, S., Miao, Y., Jia, F., Du, R., Peng, Y., 2016. Biological nitrogen
removal from sewage via anammox: recent advances. Bioresour. Technol. 200,
981–990. https://doi.org/10.1016/j.biortech.2015.10.074.
Nivala, J., Wallace, S., Headley, T., Kassa, K., Brix, H., van Afferden, M., Mueller, R.,
2013. Oxygen transfer and consumption in subsurface flow treatment wetlands. Ecol.
Eng. 61 (B), 544–554. https://doi.org/10.1016/j.ecoleng.2012.08.028.
Pan, J., Fei, H., Song, S., Yuan, F., Yu, L., 2015. Effects of intermittent aeration on
pollutants removal in subsurface wastewater infiltration system. Bioresour. Technol.
191, 327–331. https://doi.org/10.1016/j.biortech.2015.05.023.
Pang, Y., Zhang, Y., Yan, X., Ji, G., 2015. Cold temperature effects on long-term nitrogen
transformation pathway in a tidal flow constructed wetland. Environ. Sci. Technol.
49 (22), 13550–13557. https://doi.org/10.1021/acs.est.5b04002.
Pelissari, C., Guivernau, M., Vinas, M., Garcia, J., Velasco-Galilea, M., Souza, S.S.,
Sezerino, P.H., Avila, C., 2018. Effects of partially saturated conditions on the
metabolically active microbiome and on nitrogen removal in vertical subsurface flow
constructed wetlands. Water Res. 141, 185–195. https://doi.org/10.1016/j.
watres.2018.05.002.
Saeed, T., Sun, G., 2017. Pollutant removals employing unsaturated and partially
saturated vertical flow wetlands: a comparative study. Chem. Eng. J. 325, 332–341.
https://doi.org/10.1016/j.cej.2017.05.072.
Saeed, T., Muntaha, S., Rashid, M., Sun, G., Hasnat, A., 2018. Industrial wastewater
treatment in constructed wetlands packed with construction materials and
agricultural by-products. J. Clean. Prod. 189, 442–453. https://doi.org/10.1016/j.
jclepro.2018.04.115.
Sgroi, M., Pelissari, C., Roccaro, P., Sezerino, P.H., Garcia, J., Vagliasindi, F.G.A.,
Avila, C., 2018. Removal of organic carbon, nitrogen, emerging contaminants and
fluorescing organic matter in different constructed wetland configurations. Chem.
Eng. J. 332, 619–627. https://doi.org/10.1016/j.cej.2017.09.122.
Stevens, C.J., 2019. Nitrogen in the environment. Science 363 (6427), 578–580. https://
doi.org/10.1126/science.aav8215.
Sun, G.Z., Zhao, Y.Q., Allen, S., 2005. Enhanced removal of organic matter and
ammoniacal-nitrogen in a column experiment of tidal flow constructed wetland
system. J. Biotechnol. 115 (2), 189–197. https://doi.org/10.1016/j.
jbiotec.2004.08.009.
Uusheimo, S., Huotari, J., Tulonen, T., Aalto, S.L., Rissanen, A.J., Arvola, L., 2018. High
nitrogen removal in a constructed wetland receiving treated wastewater in a cold
climate. Environ. Sci. Technol. 52 (22), 13343–13350. https://doi.org/10.1021/acs.
est.8b03032.
Vymazal, J., 2007. Removal of nutrients in various types of constructed wetlands. Sci.
Total Environ. 380 (1–3SI), 48–65. https://doi.org/10.1016/j.
scitotenv.2006.09.014.
Wang, L., Guo, Z., Che, Y., Yang, F., Chao, J., Gao, Y., Zhang, Y., 2014. The effect of
vermifiltration height and wet:dry time ratio on nutrient removal performance and
biological features, and their influence on nutrient removal efficiencies. Ecol. Eng.
71, 165–172. https://doi.org/10.1016/j.ecoleng.2014.07.018.
Wang, X., Tian, Y., Zhao, X., Peng, S., Wu, Q., Yan, L., 2015. Effects of aeration position
on organics, nitrogen and phosphorus removal in combined oxidation pondconstructed wetland systems. Bioresour. Technol. 198, 7–15. https://doi.org/
10.1016/j.biortech.2015.08.150.
Wang, Z., Huang, M., Qi, R., Fan, S., Wang, Y., Fan, T., 2017. Enhanced nitrogen removal
and associated microbial characteristics in a modified single-stage tidal flow
constructed wetland with step-feeding. Chem. Eng. J. 314, 291–300. https://doi.
org/10.1016/j.cej.2016.11.060.
Wu, S., Jeschke, C., Dong, R., Paschke, H., Kuschk, P., Knöller, K., 2011. Sulfur
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