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ABSTRACT

Nitrogen removal in constructed wetlands (CWs) is often challenged by limited nitrification due to low oxygen transfer
and/or limited denitrification due to the lack of carbon source. In this study, a novel tidal-integrated vertical flow
constructed wetland (T-IVCW) was developed to treat secondary effluent with low chemical oxygen demand/total
nitrogen (C/N) ratio raw sewage as a carbon source. Three different mixing ratios of raw sewage to secondary effluent
(3:7, 5:5, and 7:3) on nitrogen removal performance and microbial community were investigated. The results showed
that mixing ratios slightly affected NH,*-N removal, but significantly affected TN removal. When the mixing ratio was
7:3 with influent C/N ratio of 2.35, high removal efficiencies of NH, " -N (85.08%) and TN (81.18%) were obtained.
Cluster analysis revealed that mixing ratios and vertical variation of local redox conditions were the main drivers of the
microbial community. The tidal zone was characterized by the presence of unclassified Xanthomonadaceae, Nitrospira,
and Rhodanobacter, while Candidatus Brocadia and Denitratisoma, which involves in anammox and denitrification,
dominated the community composition in the saturated zone. These results were further confirmed by the corre-
sponding functional genes (amoA, nxrA, nirS, and anammox). Thus, the partial denitrification-anammox (PDN/AMX)
and denitrification were proposed as the major pathways related to nitrogen removal. Furthermore, with the increase of
mixing ratio, the PDN/AMX played an increasingly important role in nitrogen removal and accounted for at least
52.91% when the mixing ratio was 7:3. This study provides an alternative strategy for the treatment of low C/N ratio
sewage and new insights into nitrogen transformation pathways in CWs.

* Corresponding author.

E-mail address: yqyang@gig.ac.cn (Y. Yang).

https://doi.org/10.1016/j.cej.2020.125165

Received 3 March 2020; Received in revised form 15 April 2020; Accepted 19 April 2020

Available online 22 April 2020

1385-8947/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.125165
https://doi.org/10.1016/j.cej.2020.125165
mailto:yqyang@gig.ac.cn
https://doi.org/10.1016/j.cej.2020.125165
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.125165&domain=pdf

X. Zhan, et al.

1. Introduction

Nitrogen is one of the nutrients that induce eutrophication in water
bodies. In China, almost 90% of wastewater treatment plants have
problems with nutrient removal, especially total nitrogen (TN), thereby
leading to a high TN concentration (> 15 mgL™!) in the secondary
effluent [1], which is an important source of nitrogen in rivers and
lakes. Additionally, decentralized systems such as subsurface waste-
water infiltration systems (SWISs) cannot remove nitrogen effectively,
thereby resulting in a high NO3;~ content in the effluent [2,3]. There-
fore, improving the TN removal from secondary effluent has become an
urgent need throughout China [4].

The aerobic unit and secondary effluent are characterized by high
contents of NO;~ with low chemical oxygen demand (COD), which are
not conducive to denitrification as 2.85 g COD-g” N is theoretically
needed for denitrification via NO3 ™~ reduction without assimilation [5].
Post-denitrification generally requires an external carbon source be-
cause the internal carbon source is almost depleted in the aerobic
process. A variety of external carbon sources, including methanol, so-
dium acetate, corncob, and plant tissues [6-8], have been used to en-
hance the denitrification efficiency. Compared with other carbon
sources, raw sewage with a high COD/TN (C/N) ratio is an ideal in-
ternal carbon source if used properly because it is cost free, eco-
friendly, easily obtained, and low maintenance. In recent years, organic
carbon in raw sewage has been efficiently used for denitrification in
hybrid constructed wetlands (CWs) with step-feeding [9]. However,
there is a paradox in the step-feeding in that higher NO;~ removal
requires a higher step-feeding rate to increase the C/N ratio in the post
anoxic unit, thereby resulting in a higher NH, "-N content in the final
effluent [10]. In order to meet the NH,"-N discharge limit, the step-
feeding rate is usually below 50% of the total influent, which inevitably
deteriorates the NO; ™ -N removal efficiency, especially for sewage with
a low C/N ratio. This highlights the importance of the simultaneous
removal of both NO;™-N and the introduced NH, " -N by the post-de-
nitrification unit.

Tidal-flow CWs (TFCWs) are a relatively new technology that utilize
a novel oxygen transfer method [11]. TFCWs generate a rhythmic
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sequential cycle of a flood/wet phase and a drain/dry phase, which
increases both the nitrification and denitrification in a single reactor
[12]. High TN removal rates were achieved in TFCWs when the C/N
ratios were higher than 10 [12,13]. However, a number of laboratory
studies showed limited denitrification process in TFCWs, thereby re-
sulting in NO3 ™ -N and/or NO, ™ -N accumulation due to the degrada-
tion of organic matter during the aerobic stage [14-16]. The flood and
drain (F/D) cycle of TFCW is a crucial parameter affecting the hydraulic
loading rate (HLR) and aerobic/anoxic conditions for maximum ni-
trogen removal. In previous studies, long cycles of > 8 h were usually
adopted [12,15]. Nevertheless, the knowledge of the influence of short
cycles on nitrogen removal in TFCW is scarce, and further investigation
is required.

Integrated vertical flow CWs (IVCWs), which are composed of a
down-flow cell and an up-flow cell in series, have become one of the
main types of CWs in China owing to their high purification efficiency
[17]. High TN removal efficiency (~90%) was achieved in IVCWs at
low HLR (< 5 emd™1) [17,18]. However, the IVCW did not perform
well in terms of TN removal efficiency (13.9%) at a high HLR
(25 ecmd™ 1), and NH,*-N was the predominant nitrogen form in the
effluent owing to insufficient dissolved oxygen (DO) [19]. Similarly, the
removal rate of NH, " -N deteriorated from 99% to 74% when the hy-
draulic retention time (HRT) declined from 5 d to 2 d in a baffled
subsurface-flow CW (multi-stage IVCW) [20]. Generally, the in-
sufficient oxygen supply in permanently saturated CWs creates pre-
dominantly anoxic conditions. Recent research on vertical flow CWs
showed that partial saturation conditions achieve a significantly higher
TN removal [21], suggesting that the co-occurrence of aerobic and
anoxic conditions within a single CW is the key to achieve good ni-
trogen removal. Therefore, it seems reasonable to infer that the oxygen
supply would be greatly improved if the upper part of the IVCW were
converted into a tidal flow pattern, which can be called a tidal-in-
tegrated vertical flow constructed wetland (T-IVCW). Accordingly,
various redox conditions could be shaped, which might result in the
enhancement of nitrogen removal at a high HLR.

In recent years, anammox (AMX) has been widely studied owing to
its significant advantages (requires less aeration and no organic carbon)
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Fig. 1. The schematic diagram of the subsurface wastewater infiltration system (SWIS) and tidal-integrated vertical flow constructed wetland (T-IVCW).
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compared to classical nitrification-denitrification [22]. AMX has been
successfully applied for the treatment of wastewaters with high ni-
trogen concentrations, whereas the direct treatment of domestic sewage
is still a great challenge owing to unstable partial nitrification (PN)
[22-24]. More recently, the partial denitrification-AMX (PDN/AMX)
process has been developed for simultaneously treating NH,* and
NO;3 ™~ containing wastewaters [25]. The C/N ratio was proposed as the
vital factor determining the NO,~ production in PDN/AMX, and the
suitable C/N ratios are 2-3 [26]. Therefore, PDN/AMX might be a
feasible pathway for simultaneous removal of NH,* and NO; ™~ in CWs
when treating low C/N ratio sewage. However, whether the co-ex-
istence of NH," and NO5;~ and appropriate C/N ratios in the T-IVCW
will contribute to achieve PDN/AMX remains unclear.

In view of this, a novel T-IVCW system was developed to treat
secondary effluent with raw sewage as a carbon source. A SWIS was
employed to supply secondary effluent. The COD and nitrogen removal
performances were investigated under three mixing ratios in the T-
IVCW. Additionally, the microbial communities and functional mi-
crobes of the T-IVCW were elucidated using 454 high-throughput se-
quencing and quantitative polymerase chain reaction (qPCR) tech-
nology, thereby providing further insight into the mechanism of
nitrogen removal in the system.

2. Materials and methods
2.1. Experimental apparatus and operating conditions

The experimental apparatus was located on the Guangzhou Institute
of Geochemistry campus. It consisted of an SWIS as the aerobic unit and
a T-IVCW (Fig. 1). The structure and operating conditions of the SWIS
are described in Text S1 and Table S1.

As illustrated in Fig. 1, the T-IVCW, which was made from stainless
steel plates (1.2 m X 0.8 m x 0.6 m), was divided into two parts by a
baffle plate. A plughole (® = 4.0 cm) was equipped in the bottom of

Table 1
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the baffle plate to allow the wastewater to flow from one side to the
other. The down-flow chamber (DF) (0.8 m X 0.8 m X 0.6 m) was
filled with gravel (particle size of 5-12 mm and initial porosity of 34%),
followed by the up-flow chamber (UF) (0.4 m X 0.8 m X 0.6 m), which
was filled with zeolite (particle size of 2-4 mm and initial porosity of
30%). Two stainless steel casing tubes (1.0 m height x 0.1 m diameter)
filled with the same substrates were vertically pre-buried in the two
chambers of the T-IVCW for microbial sampling (Fig. 1). The mesh on
the casing tubes allowed the same wastewater—air contact and hy-
draulic conditions (wetting and drying cycle) for the overall wetland
bed and the substrate in the columns [12]. Distribution pipes were
placed on the DF surface, and outlet pipes were set at 40 cm height in
the UF substrates, which divided the mesocosm into two sections
(Fig. 1). The upper section was 16 cm in height and operated with a
tidal strategy, while the lower section was 40 cm in height and main-
tained with constant water saturation. In addition, one sampling outlet
was set at the bottom of the DF to explore the relative contribution of
nitrogen removal of the two chambers. The tidal operation was initiated
by a metering pump and a solenoid valve (normally open) controlled by
a timer. The flood/drain (F/D) cycle occurred every 3 h with an F/D
ratio of 1 h: 2 h and 8 cycles per day. For each cycle, approximately 40
L of mixed wastewater was pumped into the T-IVCW at an HLR of
33 cmd ', The daily operation schedule of the T-IVCW is shown in
Table S2.

The characteristics of the raw sewage, influent, and applied nitrogen
loading rate (NLR) of the two systems are summarized in Table 1. Prior
to the start of the formal experiment, the T-IVCW was operated for
almost 10 months with eight mixing ratios from 1:9 (the volume ratio of
raw sewage to SWIS effluent) to 8:2 to determine the suitable mixing
ratios. The pre-experiment also minimized the effect of substrate ad-
sorption and developed suitable microbial communities in the system.
The experiments were divided into 3 phases, with mixing ratios of 3:7,
5:5, and 7:3 respectively. The duration of each phase was nearly 75 d,
and the experiments were conducted from March to October in 2016. In

Water quality parameters of the influent and effluent of the SWIS and T-IVCW during the experimental period.

Parameters SWIS T-IVCW (Phase 1) T-IVCW (Phase 2) T-IVCW (Phase 3)
Influent (Raw sewage) Effluent RE" (%) Influent (3:7)° Effluent RE (%) Influent (5:5) Effluent RE (%) Influent (7:3) Effluent RE (%)

pH 7.51 3.94 - 6.63 6.59 - 7.01 6.70 - 7.11 6.81 -
0.12)° (0.36) (0.34) (0.43) 0.12) (0.15) (0.08) (0.12)

DO (mgL™ ") 0.48 6.89 - 5.58 6.03 - 2.91 4.47 - 1.07 4.93 -
(0.23) (0.83) 1.37) (1.43) (0.66) 0.62) (0.86) (0.82)

NH,*-N (mgL™") 30.78 0.63 97.94 8.93 1.19 86.17  15.32 2.19 85.51  24.40 3.66 85.08
(4.81) (0.33) (3.12) (0.62) (1.48) (0.37) (4.37) (1.07)

NO;~-N (mgL™!) 0.55 25.94 - 16.10 15.42 0.99 12.91 11.13 1385 876 2.19 75.34
(0.29) (4.10) (4.55) (3.33) (1.43) (1.42) (2.11) 1.12)

TN (mgL™") 34.23 28.84 15.90 25.73 18.03 30.07  28.70 14.03 51.10  34.63 6.50 81.18
(5.00) (4.63) (5.24) (3.92) (2.22) (1.60) (4.34) (1.46)

COD (mgL™h) 90.68 12.64 85.98 43.47 8.70 80.13  55.09 12.32  77.60  80.67 23.14 7137
(12.98) (2.90) (5.65) (2.20) (3.30) (1.39) (5.32) (2.43)

COD/TN 2.65 0.44 - 1.69 0.48 - 1.92 0.88 - 2.35 3.56 -

CIR! (gm~2d™ Y  36.27 - - 14.34 - - 18.18 - - 26.62 - -

ALR® (gm~2d™1) 12.31 - - 2.95 - - 5.05 - - 8.05 - -

NLR' (gm~2d~!)  13.69 - - 8.49 - - 9.47 - - 11.43 - -

CRR® (gm~2d™1) - 31.22 - - 11.47 - - 14.11 - - 19.16 -

ARR" (gm~2d"1) - 12.06 - - 2.55 - - 4.33 - - 6.84 -

NRR' (gm~2d™1) - 2.15 - - 2.54 - - 4.84 - - 9.28 -

a
b
c

d

Removal efficiency.
The mixing ratio of raw sewage to SWIS effluent.
The values are expressed as average (standard deviation).
COD loading rate.

¢ NH,4"-N loading rate.

f Total nitrogen loading rate.
8 COD removal rate.

B NH,"-N removal rate.

! Total nitrogen removal rate.
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order to compare with previous studies, the mixing ratios of 3:7 (raw
sewage: secondary effluent), 5:5, and 7:3 in this study could also be
expressed as step-feeding ratios of 42.9%, 100.0%, and 233.3%, re-
spectively.

Several studies indicated that endogenous organic carbon supply
from plant biomass decay and root-zone exudation are insufficient to
achieve full denitrification [10,27]. Plant root exudates might poten-
tially fuel a denitrification rate of 0.026-0.073 gN-m~>d~! in sub-
surface flow CWs [28], which is far below the NLR (> 8 g~N~m72~d71)
of this study. Therefore, plants were not involved in this study because
of the short HRT and high NLR. More importantly, unplanted design
can eliminate the influence of plants in different growth stages on ni-
trogen removal.

2.2. Samples and analytical methods

Once the mixing ratios were adjusted, the T-IVCW was acclimated for
2 weeks before sampling. Water samples were collected at regular inter-
vals from the inlets and outlets of the aerobic SWIS and T-IVCW, respec-
tively. The wastewater quality parameters, including COD, NH,"-N,
NO;™-N, and NO, ™ -N, were analyzed according to the Chinese standard
methods [29]. TN was analyzed using a TOC/TN analyzer (TOC-Vcpy,
Shimadzu). DO and pH were measured in situ using a portable multi-
parameter meter (Orion 5-Star, Thermo Scientific).

To investigate the influence of the mixing ratios on the microbial
community structure, substrate samples were collected from different
layers (D10, D30, D50, U50, U30, and U10) at the end of each phase
(Fig. 1). During each sampling, the pre-buried columns were taken out
from the CW bed when the tidal zone was drained. The substrate
samples obtained from phase 3 were also used to study the distribution
of functional microbes in the T-IVCW. Furthermore, substrate samples
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in the SWIS were also collected from layers S20, S40, and S70. The
substrate samples were mixed well and stored at —20 °C until further
analysis.

2.3. Microbial analysis

2.3.1. DNA extraction

A PowerSoil DNA isolation kit (MoBio Laboratories, USA) was ap-
plied to extract DNA from the collected substrates according to the
manufacturer’s instructions and a previous study [30]. Then, DNA
concentration and purity were measured using a UV spectrophotometer
(NanoDrop ND-1000, Thermo Fisher Scientific, USA).

2.3.2. High-throughput sequencing

The V3-V4 regions of the bacterial 16S rRNA gene were amplified
by universal primers 338F (5-ACTCCTACGGGAGGCAGCAG-3) and
805R (5-GACTACHVGGGTATCTAATCC-3’), and the detailed amplifi-
cation procedures can be found in Liu et al. [31]. Illumina MiSeq se-
quencing was conducted by Majorbio (Shanghai, China) to analyze the
structure of the microbial community. High-quality sequences were
clustered into operational taxonomic units (OTUs) at 97% similarity
using the MOTHUR program. Raw sequencing data obtained from this
study were deposited into the NCBI Sequence Read Archive database
with accession number SRP199027.

2.3.3. Quantitative polymerase chain reaction

Quantitative analysis of the AMX bacteria (AMX bacterial 16S
rRNA) was conducted, and fragments of the following functional genes
were targeted: ammonia monooxygenase (amoA), nitrite oxidor-
eductase (nxrA), and cd1-containing nitrite reductase (nirS). The primer
sequences (Table S3) and PCR programs were cited from Hu et al. [17].
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Fig. 2. Pollutants removal performance of the T-IVCW: (a) COD concentrations and removal efficiencies; (b) NH,*-N concentrations and removal efficiencies; (c) TN

concentrations and removal efficiencies; (d) NOs; ™ -N concentrations.
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2.4. Statistical analysis

Analyses of the bacterial community data were conducted using the
Majorbio cloud platform (https://cloud.majorbio.com/). Moreover,
principal component analysis of MiSeq data (relative OTU distribution
matrix) was conducted using XLSTAT 2016 software (Addinsoft,
France). One-way analysis of variance was performed using SPSS soft-
ware (version 18.0) to compare the differences between various sam-
ples, and the statistically significant level was set at p < 0.05.

3. Results and discussion
3.1. Overall performance of the SWIS

The dynamics of the influent and effluent parameters from the SWIS
during the experiment are shown in Fig. S1, and the calculated removal
efficiencies are listed in Table 1. The average influent concentrations of
COD, NH,*-N, and TN were 90.68, 30.78, and 34.23 mg~L’1, respec-
tively, with temporal fluctuations. Meanwhile, stable removal effi-
ciencies of 85.98% and 97.94% for COD and NH,*-N were achieved,
respectively, which was in accordance with other SWISs [3,32]. How-
ever, most of the influent NH,"-N was converted to NO; -N
(25.94 mgL™ "), thereby resulting in a low removal efficiency of TN
(15.26%) and low effluent pH (3.94) in the SWIS. Two protons will be
generated when an NH; molecule is oxidized, thereby resulting in a
substantial decrease in pH if the buffer capacity is low [33]. The ele-
vated NO3;~ -N effluent concentrations indicated that nitrification was
favored within the SWIS while denitrification was limited. This was
likely a result of the aerobic conditions and carbon source deficiency
[3], which made the SWIS an ideal aerobic unit.

Chemical Engineering Journal 395 (2020) 125165

3.2. Overall performance of the T-IVCW

As shown in Table 1, the aqueous pH returned to near neutral after
mixing with raw sewage, although the pH of the SWIS effluent was very
low (approximately 4.0), which could have been attributed to the
strong pH buffering capacity of the raw sewage. Therefore, using raw
sewage as a carbon source can not only increase the C/N ratio of the
aerobic unit effluent, but also adjust its pH, thereby facilitating sub-
sequent nitrogen removal. The pH in the T-IVCW effluent was slightly
lower than that in the influent, while both were enhanced with the
mixing ratio increase.

When the influent COD increased from 43.47 mg~L’1 (phase 1) to
80.67 mg~L_1 (phase 3), the corresponding COD removal rate (CRR)
also increased from 11.47 gm~%d ™! to 19.16 gm~>d~?, though the
COD removal efficiency declined from 80.13% to 71.37%. Comparably,
the T-IVCW achieved a much lower CRR than that of TFCWs
(> 100 gm~2d~1) [15,34] and an IVCW (44.3 gm~>d~!) [19] owing
to the different COD loading rates.

Similarly, the influent NH,*-N sharply increased from 8.93 mg.L~*
(phase 1) to 24.40 mg-L_1 (phase 3). The T-IVCW achieved stable
NH,"-N removal efficiencies (approximately 85%) during the three
phases, with 1.19, 2.19, and 3.66 mg-L ™' of NH,4"-N in the effluent
(Table 1), which complied with Chinese Class I(A) of the Wastewater
Discharge Standard (GB18918-2002) (Fig. 2b). The NH,"-N removal
rates (ARRs) in the T-IVCW were 2.55, 4.33, and 6.84 gm~2d ™!,
thereby showing an increasing trend among the three phases. The ARR
in phase 3 was significantly higher than those of IVCWs
(<07 gm 2d™!) and various types of hybrid CWs
(2.1-2.5 gm~2d 1) [10,17,19,35], because the tidal flow of the upper
part in the T-IVCW increased the oxygen supply as evidenced by the
high DO content in the effluent (Table 1). However, the ARRs in the T-

Table 2
Nitrogen removal performance in various constructed wetlands with different enhanced measures.
System® Wastewater type Carbon Enhanced measure Influent /N HRT/HLR  CRR" NRR®  Removal efficiency (%) Reference
source ratio
h/md~! (gm~2d™ Y COD NH,*-N TN
T-IVCW domestic raw sewage zeolite 2.35 10/0.33 19.16 9.28 71.37 85.08 81.18  This study
IVCW synthetic - - 0.97 144/0.05¢ - 0.67¢ - 92.5 875  [17]
synthetic glucose - 4¢ -/0.03 2.28%" 0547 >095  >90 ~94 [18]
synthetic sucrose - 9.41 36/0.25 44.3 1.27 59.9 <0 15 [19]
Multi-stage domestic raw sewage rice husk 2.35 120/0.10  126% 679 79 99 99.7  [20]
IVCW synthetic sodium alum sludge + woodchips 0.93 48/0.152¢  17.45¢ 16.47° 80.3 ~56 74.42  [40]
acetate
VFCW domestic raw sewage partially saturated 5.22¢ 249/0.13 27.55 4.91 66.04 69.23 56.33 [21]
synthetic sucrose wheat straw + intermittent 5.24 72/0.05¢ 10.88 1.39 92.71 98.87 63.02 [27]
aeration
synthetic glucose intermittent aeration 9.394 72/0.07 34.46 3.64 94.71 99.11 93.91 [38]
domestic raw sewage recirculation + intermittent 6 6/0.179 67 8.6 91.6 791 754 [39]
aeration
dairy diluted slag + recirculation - 168/0.025¢ - 121" - 80.1¢ 75.74 [41]
dairy
TFCW piggery diluted multistage + step-feeding (25%) 7.31 57/0.29 >112¢ 1585 > 80 96 83 [34]
piggery
synthetic glucose - 12 24/0.33¢  105.7¢ 8129 95 80 82 [12]
domestic raw sewage step-feeding (50%) 6.87 7.5/0.64 185.6¢  22.369 96.85 89.95 80.20 [15]
domestic raw sewage biochar 14.19 4/0.47 580.1¢  35.07¢ 96.2 89.8 825  [13]
synthetic glucose active alumina 4.57 4/1.35 285¢ 53.46¢ 85.9 86.1 72.8 [36]
Hybrid CW domestic raw sewage step-feeding (33.3%) 7.11¢ -/0.071 25.33¢  238¢ 881 66.74 587  [10]
domestic raw sewage step-feeding (35.6%) 7.114 -/0.126 43,54 3.20¢  85.2 26.9¢ 44.6 [10]

@ IVCW: integrated vertical-flow CW; multi-stage IVCW: baffled subsurface-flow CW; VFCW: vertical flow CW; TFCW: tidal flow CW; Hybrid CW: hybrid vertical

flow (VF) + horizontal flow (HF) CW.
> COD remove rate.
¢ Total nitrogen removal rate.
4 calculated according to the data in the articles.
¢ TOC/TN.
f TOC removal rate.
8 TOC removal efficiency.
" Total inorganic nitrogen removal rate.
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IVCW were much lower than those in TFCWs [15,36] owing to the
shallow depth of the tidal zone (16 cm) and the low influent NH,*-N
concentrations.

Meanwhile, the mixing ratio significantly affected the TN removal
efficiency of the T-IVCWs (Fig. 2¢). In phase 1, the average TN con-
centrations in the influent and effluent were 25.73 mglL~! and
18.03 mgL ™!, respectively, with a removal efficiency of 30.07%
(Table 1). In phase 2, a higher TN removal efficiency (51.1%) was
achieved with a lower effluent TN concentration (14.03 rng-L_l). In
these two phases, NO; ~-N was dominant in the effluent while NH, " -N
could be neglected (Fig. S2), thereby suggesting that denitrification was
limited owing to a lack of sufficient organic carbon (influent C/N ratios
of 1.69 and 1.92, respectively). In phase 3, the T-IVCW achieved ef-
fective TN elimination (75.51%-88.32%) with 3.41-9.16 mg-Lf1 of TN
in the effluent, which was much lower than the limit value
(15.0 mg~L_1) of the Chinese Class I(A) standard (GB18918-2002).
However, the C/N ratio of 2.35 in the T-IVCW clearly could not meet
the theoretical requirement (2.85 mg COD'mg~! NO3;™-N) for deni-
trification to reduce NO3; ™ -N to N, without assimilation [5]. Actually,
the consumed C/N ratio was only 2.0 in phase 3, which was lower than
that in phase 1 (4.6) and phase 2 (2.9) (Fig. S2). These results suggested
that alternative nitrogen removal pathways, such as autotrophic deni-
trification and/or AMX, might have occurred in the T-IVCW.

Previous studies have demonstrated that nitrogen removal in CWs is
often restricted by insufficient oxygen supply and/or a lack of organic
carbon [12]. Vymazal [37] reported that the TN removal efficiencies in
conventional CWs vary between 40% and 55% with total nitrogen re-
moval rate (NRR) ranging from 0.68 gm~2d~! to 1.73 gm~2d"!
depending on the CW type and inflow loading. As summarized in
Table 2, some intensification methods have been used to enhance ni-
trogen removal, such as intermittent aeration, step-feeding, recircula-
tion, and substrate optimization [10,13,20,27,38-41]. Intermittent
aeration employed in vertical flow CWs is more effective at the removal
of NH,4*-N (> 95%) than traditional CWs [27,38]. In addition, with an
influent C/N ratio of 9.39, up to 93.91% of TN has been removed with a
corresponding NRR of 3.64 gm~2d~! [38]. Moreover, a relatively
short HRT and high HLR were helpful to further achieve a much higher
NRR (8.6 g-m_2~d_1) in a vertical flow CW with intermittent aeration
and recirculation [39]. Step-feeding is another common method to
improve TN removal in CWs by regulating the C/N ratio [34]. Wang
et al. [15] reported an additional TN removal of up to 75% with the
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application of step-feeding of 50% in a TFCW.

In this study, the T-IVCW was developed by converting the upper
part of the IVCW into a tidal flow pattern and operated in short cycles
(eight cycles per day). As shown in Table 2, the T-IVCW achieved much
higher HLR and NRR, and shorter HRT than the IVCWs [17-19]. In
comparison, solid sustained-release carbon sources (rice husk and
woodchips) employed in the multi-stage IVCWs played a major role in
the removal of nitrate [20,40]. Furthermore, the planted multi-stage
IVCW yielded a much high NH,*-N removal efficiency (99%) com-
pared to the unplanted unit (49%), which could be ascribed to the ra-
dial oxygen loss (ROL) during the long HRT [20]. However, the ROL of
aquatic plants in most CWs is < 5.0 gm~2d ™! [42]. Theoretically, one-
liter air (containing about 280 mg oxygen at 20 °C) will be drawn into
the T-IVCW once one-liter sewage was drained due to the tidal opera-
tion strategy. Therefore, the oxygen supply of T-IVCW showed a posi-
tive correlation with HLR and was 92.4 gm~2d~' at the HLR of
33 cmd ™!, which was much higher than that of the IVCWs and multi-
stage IVCWs. Similarly, because of the high oxygen supply and HLR, the
TFCWs achieved much higher CRR (105.7-580.1 g'm~>d ') and NRR
(8.12-53.46 g'm ™~ >d " !) than other types of CW (Table 2). By contrast,
the T-IVCW achieved comparative TN removal efficiency and NRR
under a much lower influent C/N ratio, demonstrating its effectiveness
in treating low C/N ratio wastewater. Moreover, the T-IVCW had great
potential to achieve higher HLR and NRR by increasing the thickness of
the upper tidal zone and substrate optimization.

3.3. Removal performance of the down-flow chamber and up-flow chamber

The removal efficiencies and effluent concentrations of the DF and
UF are presented in Fig. 3. The mean concentrations of COD, TN, and
NH, " -N of the DF effluent were 34.38, 13.85, and 10.81 mg-L’l, re-
spectively. The low content of NO3 ™ -N (0.95-3.62 mg-L™ ') in the DF
effluent suggested that the influent NO3-N and nitrified NH; were
mostly removed within this chamber. In addition, over 55% of COD,
TN, and NH,*-N were removed in the DF, while only 14.01%, 21.42%,
and 29.61% of the corresponding pollutants were removed in the UF.
This was in accordance with a previous study that > 80% of NH,"-N
was removed in the first half of a planted baffled subsurface-flow CW
[20].

The surface area ratio of the DF to UF was 2 in the T-IVCW, which
meant that 66.67% of the sewage entering the system in every cycle
remained in the tidal zone of the DF, and the rest remained in the sa-
turated zone (Fig. S3). In contrast, approximately 66.67% of the ef-
fluent remained in the saturated zone of the UF before draining. As a
result, the NH,*-N removal quantity of the UF was lower than that of
the DF, but the UF also contributed to the effluent meeting the NH,*-N
discharge standard (< 5 mg-L_l) (Fig. 3). The coexistence of aerobic
and anoxic/anaerobic conditions within partially saturated vertical
flow CWs can enhance TN removal efficiencies [21]. Within the T-
IVCW, the influent would partly undergo alternating environments in
both the DF and UF, including anoxic-oxic conditions in tidal zones and
permanently anoxic conditions in saturated zones, thereby contributing
to a high nitrogen removal efficiency.

3.4. Nitrogen removal pathways

Many processes could be involved in nitrogen removal within CWs,
such as nitrification—denitrification, AMX, NHj3 volatilization, chemical
adsorption, and plant uptake [37]. Plant uptake is often considered
minor for nitrogen removal in CWs [43], especially under a high load.
For example, plant uptake only contributed to approximately 0.10%
and 0.77% of TN removal for an IVCW and TFCW [44,45]. In addition
to uptake, the plants can also promote nitrogen removal by enhancing
microbial activity in CWs [46]. In this study, plants were not involved
in order to eliminate the influence of plants in different growth stages
on nitrogen removal. Ammonia volatilization was negligible owing to
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the lower concentration of NH; and neutral pH in the influent of the T-
IVCW. Du et al. [44] discovered that the average proportion of nitrogen
removed by substrate adsorption decreased from 36.17% to 6.53% with
the operation time. Substrate adsorption hardly contributes to nitrogen
removal when it is saturated, unless the adsorption capacity is re-
generated via microbial oxidization [14]. The contribution of substrate
adsorption to nitrogen removal in the T-IVCW was also negligible be-
cause it was already saturated during the 10 months pre-experiment.
Thus, biological nitrogen removal (nitrification—denitrification, AMX,
etc.) should play a pivotal role in nitrogen removal in the T-IVCW, and
high-throughput sequencing and qPCR analysis were carried out to gain
insight in the bacteria and functional genes responsible for nitrogen
removal.

3.4.1. Microbial diversity and structure
High-quality sequences of 789049 were obtained for the 18 sub-
strate samples collected from the three phases. As shown in Table S4,

1 11 I, L
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the number of OTUs ranged from 1335 to 2236, and the Good’s cov-
erage value ranged from 97.32% to 99.17%, indicating that all samples
were sequenced at high depth. The higher bacterial richness and di-
versity (ACE, Chaol, and Shannon) in phase 3 suggests that an incre-
ment of raw sewage proportion in influent could provide more nutrients
and thus stimulate microbial activity under appropriate conditions.
Peng et al. [47] demonstrated that both the novel sequences and the
bacterial diversity decreased along the rotating biological contactor
(RBC) flowpaths as the pollutant concentrations gradually decreased.
However, the bacterial richness and diversity showed no downward
trend along the flowpaths in T-IVCW, which was similar to the previous
study in a partially saturated TFCW [45].

The phyla with a relative abundance > 2% in at least one sample
are shown in Fig. S4. The most abundant phylum was Proteobacteria
(31.15%), followed by Chloroflexi (16.40%), Planctomycetes (6.56%),
Acidobacteria (6.31%), Actinobacteria (6.13%), Bacteroidetes (5.33%),
and Nitrospirae (3.93%). The relative abundance of Proteobacteria
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accounted for 27.19%, 28.30%, and 37.95% in phases 1, 2, and 3, re-
spectively, indicating an increasing trend with the increase in the
proportion of raw sewage in the influent. However, the abundances of
Planctomycetes (10.13%) in phase 2 and Actinobacteria (11.49%) in
phase 1 were much higher than those in the other phases. Proteo-
bacteria is usually the most abundant phylum in CWs [36,45], and has
different metabolic activities involved in nitrogen and carbon cycling
[48]. The abundance of Planctomycetes was higher in the saturated
zone (averaging 8.54%) than that in the tidal zone (averaging 2.60%);
this might be partly explained by the aerobic and anoxic conditions in
the two zones. Planctomycetes are known for containing unique AMX
bacteria, which are fastidious chemoautotrophic bacteria that are spe-
cialized in the oxidation of NH4* to N, using NO,~ as the electron
acceptor under anoxic conditions [49].

To further elucidate the functional populations involved in nitrogen
removal, a heat map generated with major genera is shown in Fig. 4. A
total of 42 genera belonging to 14 phyla were selected, and high
average abundances of Candidatus Brocadia (5.01%), Anaerolineaceae
norank (4.91%), TK10 norank (4.78%), Nitrospira (3.93%), and Deni-
tratisoma (3.19%) were found. The abundance of common ammonia-
oxidizing bacteria (AOB) of Nitrosomonadaceae norank (0.91%) was
noticeably lower than the abundance of nitrite-oxidizing bacteria
(NOB) of Nitrospira, thereby implying that PN could hardly be achieved
in the T-IVCW. Furthermore, as a potential AOB, unclassified Xantho-
monadaceae had a higher relative abundance in the tidal zone (1.24%,
1.27%, and 7.85% in P1_D10, P2 D10, and P3_D10, respectively), and
might have participated in NH,* oxidation either as a heterotrophic
nitrifier or via autotrophic nitrification through uncharacterized path-
ways [50].

As the most abundant genus and sole AMX bacteria that was de-
tected in the T-IVCW, Candidatus Brocadia was mainly enriched in the
saturated zone, and accounted for 3.44%, 12.01%, and 5.65% in phases
1, 2, and 3, respectively, while it was less favored (average value below
1.00%) in the tidal zone (Fig. 4 and Table S5). These results suggested
that a TFCW with short F/D cycles might create a more aerobic en-
vironment, thereby suppressing the metabolism of AMX bacteria, which
are obligate anaerobes whose metabolism is reversibly inhibited above
2 uM of oxygen [51]. Obviously, the relative abundance of AMX bac-
teria in the T-IVCW was significantly higher than that in partially sa-
turated VFCWs [21,45], TFCWs [36], and PDN/AMX reactors [52].

For the denitrifying groups, Denitratisoma accounted for 1.78%,
3.27%, and 4.53% in phases 1, 2, and 3, respectively, and was mainly
detected in the saturated zone. Meanwhile, Rhodanobacter was identi-
fied in greater abundance with proportions of 5.36%, 1.37%, and
5.01% in P1_D10, P2 D10, and P3_D10, respectively. Rhodanobacter is a
facultative anaerobe that is capable of complete denitrification with an
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optimal pH of 6.5 [53]. A high abundance of Rhodanobacter was also
detected in a rotating biological contactor [47] and TFCW [45], which
were not permanently anoxic systems. Moreover, the microbial di-
versity of the aerobic unit (SWIS) substrates in this study showed that
the abundance of Rhodanobacter increased along the SWIS flowpaths
and reached the highest abundance of 16.88% in the bottom substrate
(Table S6), which had a much lower pH (approximately 4) than that of
the upper substrate [3]. This observation was consistent with a previous
study that the abundance of Rhodanobacter is positively correlated with
lower pH conditions [54]. Therefore, permanently anoxic conditions
might not be suitable for the growth of Rhodanobacter, while an anoxic
and aerobic alternating environment with low pH would be conducive
to its bloom.

3.4.2. Multivariate statistical analysis

Cluster analysis was applied to the 18 substrate samples to measure
consistencies among various bacterial communities and to group si-
milar substrate samples at the genus level. As shown in Fig. 4, the 18
substrate samples could be clustered into four groups based on bacterial
communities. Clusters 1 and 2 had a higher relative abundance of
anaerobic bacteria (e.g., Candidatus Brocadia, Anaerolineaceae norank,
and Denitratisoma) and contained substrate samples mainly collected
from the saturated zones in phases 2 and 3, while cluster 4 was mainly
composed of Rhodanobacter, Cytophagaceae norank, and unclassified
Xanthomonadaceae, containing substrate samples collected from the
tidal zones. The other substrate samples all belonged to cluster 3.

Principal component analysis based on the relative abundance of
the 11 genera also clearly showed variations among the sampling po-
sitions (Fig. 5). The first component (F1) demonstrated that the satu-
rated zone biofilm samples were clustered distantly from the tidal zone
biofilm samples owing to the high predominance of Candidatus Bro-
cadia, Anaerolineaceae norank, and Denitratisoma. However, in the case
of the second component (F2), the separation was not clear. Taken
together, these results indicated that mixing ratios and vertical varia-
tion of local redox conditions are important in shaping the community
composition and abundance of bacteria.

3.4.3. Functional genes associated with nitrogen transformation

The abundances of AMX 16S rRNA and functional genes (amoA,
nxrA, and nirS), which were involved in nitrogen metabolism, were
quantified by qPCR in phase 3. As shown in Fig. 6, amoA and nxrA were
enriched in the tidal zones (D10 and U10) of the T-IVCW. Furthermore,
similar to the results of high-quality sequences, the absolute abundance
of nxrA was nearly 5 times higher than that of amoA, which also in-
dicated that PN could hardly be achieved in the T-IVCW. In contrast,
nirS and AMX 16S rRNA were predominantly enriched in the saturated
zones (D30, D50, U50, and U30) with average abundances of
2.87 x 107 copiesrg ™! and 2.61 x 107 copies:g ™, respectively.

As an important step in denitrification, nirS is involved in the re-
duction of NO,~ to NO (nitric oxide). Similarly, once the inorganic
nitrogen compounds are transported into the AMX cell, nitrite is as-
sumed to be converted into NO by nirS [55], then NO is involved in the
production of hydrazine as an intermediate of AMX metabolism
[51,56]. Furthermore, the AMX bacterium Candidatus Kuenenia stutt-
gartiensis is able to grow by coupling NO reduction to NH,* oxidation
in the absence of NO,~ [57]. However, the apparent lack of a nirS gene
in the Candidatus Brocadia assemblies suggested that Candidatus Bro-
cadia might employ an unidentified nitrite reductase for the production
of NO in the AMX process [55]. The above researches are carried out in
the activated sludge systems, e.g. sequencing batch reactors and
membrane bioreactors, while no relative study to date has been per-
formed in CWs. Therefore, whether the high abundance of nirS in the
saturated zone provide NO for AMX process should be further in-
vestigated in the future.
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3.4.4. Proposed microbial nitrogen removal pathways

Achieving a stable and high rate AMX process in CWs is still a chal-
lenge owing to the difficulty of selectively inhibiting NOB [58]. DO is the
key parameter for PN control in domestic sewage, and the values should
be controlled at a low level of < 0.5mgL™ 1 [26]. However, it is difficult
to regulate DO for most CWs (e.g., VFCW and TFCW) because aeration is
usually not employed. In sequencing batch reactors, PDN can facilitate
stable NO, ~-N accumulation in appropriate COD/NO3 ™ -N ratios without
a complex controlling strategy [52], and a high nitrogen removal effi-
ciency via PDN/AMX has been achieved in different activated sludge re-
actors [25,26]. Although NO, ™ -N accumulation was not observed in the T-
IVCW with low C/N ratios, it is likely that the production of NO, ™ -N via
PDN and the consumption of NO, ™ -N via AMX occurred simultaneously in
the anoxic condition. Similar result was also observed in denitrifying
bioreactors with different media [59]. Moreover, in the presence of NH,*
and acetate, AMX bacteria had a higher affinity toward NO,~ than the
denitrifiers, thereby resulting in a strong selective advantage [51], which
further reinforced the synergy between PDN and AMX.

The unique structure of the T-IVCW was crucial for the appropriate
substrates (NH,"-N, COD, and NO5; -N) to enter the saturated zone
where PDN/AMX occurred. The tidal zone at the upper layer developed
an aerobic-dominated condition, which stimulated the nitrification
process, while the saturated zone at the lower layer created an anoxic/
anaerobic condition for denitrification and the AMX process. More
importantly, sewage just entering the T-IVCW could be divided into two
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parts, namely one part retained in the tidal zone and the other in the
saturated zone, which could be regulated by the surface area ratio of
the DF to UF (Fig. S3). As a result, NO,~ that produced by PDN and the
introduced NH4 " in the saturated zone provides substrates for AMX
bacteria, thereby promoting the PDN/AMX process.

On the other hand, the influent mixing ratios also played an im-
portant role in the successful implementation of PDN/AMX. For ex-
ample, the influent NH,*-N concentration was only 8.93 mgL~! in
phase 1, which resulted in low NH4*-N in the saturated zone and was
not conducive to the flourishing of AMX bacteria. It should be noted
that the influent NH,* and COD, rather than NO3 ™, are crucial to PDN/
AMX in T-IVCW because NO3;~ can be produced in the tidal zone.
Consequently, T-IVCW is not only an alternative strategy for treating
secondary effluent, but also has the potential to treat domestic sewage
directly. In contrast, as an anoxic unit, PDN/AMX reactors based on
activated sludge cannot perform nitrification, and thus are not suitable
for domestic sewage treatment alone [26].

Besides, the real domestic sewage employed in the present study
might have contributed to biofilm formation of AMX bacteria owing to
the continuous inoculation. According to Vymazal [60], the develop-
ment of bacterial assemblages in systems treating real sewage is entirely
different from that treating artificial wastewater. Furthermore, our re-
cent investigations also showed that rapid start-up (within 50 d) of the
AMX process in a saturated VFCW was achieved using the same real
domestic sewage by adding an appropriate amount of NO, -N but
without external seeding sludge (unpublished data). Therefore, as long
as the key substrate NO, " -N can be supplied stably, either via PDN or
by direct addition, AMX bacteria can be easily cultured without in-
oculation and play a vital role in nitrogen removal in CWs.

Based on the results of microbial community and functional genes, and
the aforementioned discussion, the possible nitrogen transformation and
removal pathways in the T-IVCW were proposed. As shown in Fig. 7,
aerobic ammonia oxidation mainly occurred in the tidal zone, while PDN/
AMX and denitrification, which were the major nitrogen removal path-
ways, mainly occurred in the saturated zone. In addition, denitrification
via Rhodanobacter in the tidal zone also contributed to nitrogen removal.

In order to calculate the relative contribution of PDN/AMX and
denitrification, it was assumed that 100% or 80% of the COD removed
in the T-IVCW was consumed by denitrification (including PDN). In the
former assumption, the contribution of AMX to TN removal was se-
verely underrated because a fraction of COD would always be removed
by aerobic decomposition; the latter assumption might have over-
estimated or underrated the contribution of AMX. In addition, the
average values (Table 1) and the following stoichiometric relationships
were used for the calculation [61]: (i) the molar ratio of NO3 ™ -N/
NO, " -N in PDN is 1:1; (ii) the stoichiometric consumption (molar ratio)
of NH4;*-N/NO, -N in the AMX process is 1:1.32 and produces
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Table 3

The estimated contribution of PDN/AMX and denitrification to TN removal in three phases.

Chemical Engineering Journal 395 (2020) 125165

COD consumed by denitrification Route Nitrogen transformed (mgL ') Contribution to TN removal (%)
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3
100%" PDN/AMX 0 4.14 14.45 0 27.77 52.91
Denitrification 8.42 10.77 12.86 100 72.23 47.09
80%" PDN/AMX 1.12 6.95 18.27 13.30 46.61 66.90
Denitrification 7.30 7.96 9.04 86.70 53.39 33.10

# The assumed percentage that the removed COD in the T-IVCW is used for denitrification (including PDN).

0.26 mol NO3 ™ -N [62]; since NO, ™~ is derived from the PDN of NO5;,
the molar ratio of NH, "-N/NO, ™ -N can be reduced to 1:1.06; and (iii)
based on Egs. (1) and (2) [63], 1.00 mg~L_1 of NO3; ™ -N is used for
consuming 3.705 mg-L ™' of COD in complete denitrification (1.0 mg of
methanol is equivalent to 1.5 mg of COD) and 1.00 mg.L~* of NO; ™ -N
is used for consuming 1.41 mg.L. ™! of COD in PDN.

NO,~ removal:

NO,~ + 0.67 CH3;OH + H' — 0.04 CsH,0,N + 0.48 N, + 0.47
CO, + 1.7 H,0 (@]

NO3~ removal:

NOs~ + 1.08 CH30H + H™ — 0.065 CsH,0,N + 0.47 N, + 0.76
CO; + 2.44 H,0 (2)

The simulation results (Table 3) showed that from phase 1 to phase
3, the TN removal by PDN/AMX increased gradually in the two as-
sumptions. Specifically, in phases 2 and 3, the contributions of PDN/
AMX to TN removal were at least approximately 28% and 53%, re-
spectively, while in phase 1, denitrification played the leading role in
nitrogen removal.

Although simultaneous nitrification, AMX, and denitrification
(SNAD) has been achieved in various CWs such as TFCW [12], IVCW
[17], recirculating VFCW [41], it is still a big challenge to achieve high
rate AMX in CWs when treating low C/N ratio domestic sewage. First,
due to insufficient oxygen supply, permanently saturated CWs (e.g.,
IVCW, VFCW) failed to produce NO,~ efficiently, thereby limiting the
AMX process; Second, TFCW created alternating aerobic and anoxic
conditions, which might not be conducive to the metabolism of AMX
bacteria. For example, even a long flood/drain cycle (24 h/12 h) was
adopted, aerobic ammonia oxidation still dominated the NH,"-N re-
moval when the influent C/N ratio was < 6, while AMX was notably
enhanced when the C/N ratio was higher than six [12], suggesting that
TFCW was not suitable to the treatment of low C/N ratio sewage. In this
study, T-IVCW achieved high rate AMX via PDN owing to the unique
structure and operation strategy. When treating low C/N ratio domestic
sewage in CWs, the PDN/AMX may be a more feasible and promising
nitrogen removal pathway than PN/AMX and should be paid more at-
tention to in future investigations.

4. Conclusion

In this study, a novel T-IVCW was developed to treat secondary ef-
fluent with low C/N ratio raw sewage as an electron donor at different
mixing ratios. High NH,*-N and TN removal rates (6.84 gm~2d ™! and
9.28 g¢m~2d™') were obtained along with satisfactory effluent qualities
(3.66 mgL~! and 6.50 mg-L~!) at a mixing ratio of 7:3. The aerobic and
anoxic conditions of different zones dominated the microbial community
composition. Specifically, Cytophagaceae norank, Rhodanobacter, and
unclassified Xanthomonadaceae were enriched in the tidal zone, whereas
Candidatus Brocadia and Denitratisoma were mainly present in the satu-
rated zone. A similar trend was observed for the corresponding functional
genes (amoA, nxrA, nirS, and anammox). Both microbial community and
molecular biological analysis confirmed that PDN/AMX and

denitrification were the main nitrogen removal pathways in T-IVCW.
Moreover, PDN/AMX played an increasingly important role in nitrogen
removal with the increase of NH,*-N in the influent. The influent NH,*
and COD, rather than NO5 ™, are crucial to the successful implementation
of PDN/AMX in T-IVCW. Thus, T-IVCW may be an alternative strategy for
treating low C/N ratio sewage. Future studies are needed to investigate the
influence factors of PDN/AMX and the metabolic pathways of AMX bac-
teria (Candidatus Brocadia) in T-IVCW.
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