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Abstract
In recent years, the combination of iron carbon micro-electrolysis (ICME) with constructed wetlands (CWs) for removal 
of nitrogen and phosphorus has attracted more and more attention. However, the removal mechanisms by CWs with iron 
carbon (Fe–C) substrates are still unclear. In this study, the Fe–C based CW (CW-A) was established to improve the removal 
efficiencies of nitrogen and phosphorus by optimizing the operating conditions. And the removal mechanisms of nitrogen 
and phosphorus were explored. The results shown that the removal rates of COD, NH4

+-N, NO3
−-N, TN, and TP in CW-A 

could reach up to 84.4%, 94.0%, 81.1%, 86.6%, and 84.3%, respectively. Wetland plants and intermittent aeration have 
dominant effects on the removal of NH4

+-N, while the removal efficiencies of NO3
−-N, TN, and TP were mainly affected by 

Fe–C substrates, wetland plants, and HRT. XPS analysis revealed that Fe(0)/Fe2+ and their valence transformation played 
important roles on the pollutants removal. High-throughput sequencing results showed that Fe–C substrates and wetland 
plants had considerable impacts on the microbial community structures, such as richness and diversity of microorganism. 
The relative abundance of autotrophic denitrification bacteria (e.g., Denitatsoma, Thauera, and Sulfuritalea) increased in 
CW-A than CW-C. The electrons and H2/[H] produced from Fe–C substrates were utilized by autotrophic denitrification 
bacteria for NO3

−-N reduction. Microbial degradation was the main removal mechanism of nitrogen in CW-A. Removal 
efficiency of phosphorus was enhanced resulted from the reaction of phosphate with iron ion. The application of CWs with 
Fe–C substrates and plants presented great potential for simultaneous removal of nitrogen and phosphorus.

Keywords  Constructed wetland · Iron carbon micro-electrolysis · Pollutants removal · Autotrophic denitrification · 
Advanced treatment

Introduction

High concentrations of nitrogen and phosphorus in the efflu-
ent of municipal wastewater treatment plants (MWTPs) 
may result in eutrophication and pose a threat to human 
health if the effluent is discharged inappropriately (Ahmed 
et al. 2017). In order to tackle with these problems, many 

countries have issued more stringent wastewater discharge 
standards (He et al. 2018), which promote rapid develop-
ments of advanced wastewater treatment processes, such as 
membrane technologies (Abtahi et al. 2018), biological aer-
ated filter (Su et al. 2021), and activated carbon adsorption 
(Guillossou et al. 2019). Although the physicochemical tech-
nologies are highly efficient, their operation and manage-
ment costs are quite high. Therefore, it is crucial to develop 
an economical technology with high efficiency and low 
energy consumption for nitrogen and phosphorus removal.

Constructed wetlands (CWs), as an ecological and green 
treatment technology, have been increasingly applied to treat 
secondary effluent due to the low construction cost, easy 
operation and scenic beauty (Moreira and Oliveira Dias 
2020). Removing pollutants by CWs depends on the syn-
ergistic effects of plants, substrates, and microbes (Kataki 
et al. 2021), among which the role of substrates have been 
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proved to be particularly important because they can adsorb 
pollutants, support the growth of wetland plants, and change 
the microbial community structure (Guan et al. 2015; Yang 
et al. 2018). CWs with traditional substrates, such as gravel, 
ceramsite, and sand, can reduce nitrate-nitrogen (NO3

−-N) 
to N2 through heterotrophic denitrification (Mekonnen et al. 
2015). Nevertheless, the deficiency of available organic mat-
ter in the secondary effluent leads to limited total nitrogen 
(TN) removal, so additional carbon sources (methanol, 
ethanol, sodium acetate, and so on) were needed in tradi-
tional CWs (Lai et al. 2020b). Comparing with heterotrophic 
denitrification, autotrophic denitrification has the advantage 
of utilizing inorganic matter as electron donors (e.g. Fe2+ 
(Kiskira et al. 2017), H2 (Xing et al. 2018), S2−, and sulfur 
compounds (Chen et al. 2022)). Therefore, increasing atten-
tion has been paid to novel substrates that can stimulate auto-
trophic denitrification in CWs (Ma et al. 2020). Meanwhile, 
many studies have found that the substrate storage and plant 
absorption are the major pathways for phosphorus removal 
in CWs (Wu et al. 2013). However, traditional CWs show 
poor removal performance for total phosphorus (TP) due 
to limited capacities of the substrate adsorption and plant 
absorption (Li et al. 2021). Thus, it is essential to develop a 
novel substrate of CWs to remove nitrogen and phosphorus 
simultaneously from the secondary effluent.

Iron carbon micro-electrolysis (ICME) is an electro-
chemical technique in which numerous microscopic galvanic 
cells could be formed spontaneously between iron and car-
bon particles (Sun et al. 2019). Compared with alone zero 
valent iron (Fe(0)) corrosion, ICME could promote the redox 
reaction and improve the yield of Fe2+/Fe3+ and H2/[H], as 
well as decrease the iron consumption (Li et al. 2022). The 
electrons and H2/[H] could be utilized as electron donors 
for autotrophic denitrification bacteria, which significantly 
benefits the NO3

−-N removal through biological pathway 
(Zhu et al. 2019). Moreover, iron ion (Fe2+ and Fe3+, et al.) 
generated by ICME could react with phosphate (PO4

3−) to 
form precipitate, thus enabling the simultaneously removal 
of nitrogen and phosphorus (Cui et al. 2022). The reaction 
equations are as follows (Eqs. (1–6)) (Deng et al. 2016; 
Fytianos et al. 1998):

(1)Fe(0) → Fe2+ + 2e− E
(

Fe2+∕Fe(0)
)

= −0.44V

(2)Fe2+ → Fe3+e− E
(

Fe3+∕Fe3+
)

= 0.77V

(3)2H+ + 2e− → H
2
E
(

H+∕[H]
)

= 0.00V

(4)3Fe2+ + 2PO3−
4

→ Fe
3

(

PO
4

)

2
↓

Previous studies have shown that the combination of 
ICME and CWs can improve the nitrogen and phospho-
rus removal efficiencies. Deng et al. (2020b) combined a 
vertical CW with oxic/anoxic process and ICME to purify 
low-carbon greywater under low ambient temperature and 
found that autotrophic denitrification and Fe3+-based phos-
phorus immobilization were enhanced in iron carbon (Fe–C) 
layer. Moreover, it was proven that the microbial abundance 
related to denitrification process increased notably due to 
the addition of iron scraps and activated carbon (Shen et al. 
2019). Huang et al. (2020) proved that Fe–C substrates could 
also enhance the heterotrophic denitrification and improve 
the biodegradability of refractory organic matters (such as 
humic acid-like) in CWs. Besides, Jia et al. (2020) reported 
that the NO3

−-N reduction rate could reach 87% and the 
emission of nitrous oxide (N2O) during groundwater treat-
ment was reduced in Fe–C based CW. However, previous 
studies mainly focused on the improvement of pollutants 
removal but neglected some key issues in CWs with Fe–C 
substrates. For example, Fe2+ would compete with oxygen 
and create a relatively reductive condition, which inhibited 
the nitrification process and increased the concentration of 
ammonia–nitrogen (NH4

+-N) in effluent (Dong et al. 2020). 
In addition, few studies were focused on strengthening 
mechanisms of nitrogen and phosphorus removal from the 
aspects of substrates, plants, and microorganisms.

Therefore, the objectives of this study were (1) to opti-
mize the operating conditions and explore the effects of dif-
ferent parameters on pollutants removal in Fe–C based CW, 
such as hydraulic retention time (HRT), intermittent aera-
tion and C/N ratio; (2) to analyze the simultaneous removal 
efficiencies of nitrogen and phosphorus in the Fe–C based 
CW; (3) to elucidate the enhanced removal mechanisms of 
nitrogen and phosphorus in Fe–C based CW and the influ-
ences of substrates, plants, and microorganisms on pollut-
ants removal performance.

Materials and methods

Construction of three CWs

Three types of vertical flow CWs were established in the 
laboratory by using plexiglass column with working vol-
ume of 9.7 L (diameter 15 cm and height 55 cm). The Fe–C 
based CW with plants was denoted as CW-A. The other two 
control groups were (i) CW filled with Fe–C substrates and 
no plants (CW-B); and (ii) CW filled with gravel substrates 

(5)Fe3+ + PO3−
4

+ 2H
2
O → FePO

4
⋅2H

2
O ↓

(6)Fe(0) + 2H
2
O → H

2
∕2[H] + Fe2+ + 2OH−
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and plants (CW-C). As illustrated in Fig. 1, each CW was 
composed of four layers. From top to bottom were 10 cm 
quartz sand layer (particle size 2 ~ 4 mm), 15 cm gravel layer 
(particle size 5 ~ 10 mm), 15 cm substrate layer, and 5 cm 
pebble layer (particle size 15 ~ 20 mm), respectively. Nota-
bly, the substrate layers in CW-A and CW-B were Fe–C and 
gravel mixtures (particle size 5 ~ 8 mm) with a volume ratio 
of 1:1, while the substrate layer in CW-C was gravel only. 
The Fe–C substrates purchased from Lvzhiyuan Activated 
Carbon Co., Ltd. (Henan, China) were mainly consisted of 
iron powder, activated carbon, catalyzer, and adhesives. In 
order to increase the dissolved oxygen (DO) concentration in 
the aerobic zone, microporous aeration pipes were installed 
at the middle of the devices. Iris pseudacorus, a common 
species in the north of China with excellent nutrient removal 
ability (Xia et al. 2012), were planted in CW-A and CW-C 
with the similar size of approximately 20 cm in height and 
at a density of four rhizomes per device. Three sampling 
points were set in each reactor with 10, 25, and 35 cm away 
from the influent port, which represented aerobic, anoxic, 
and anaerobic zones, respectively. The same influent was 
pumped into the three CWs systems from the water tank 
(15 L). All the devices were wrapped with tinfoil to avoid 
substrates from being exposed to the sunlight (Fig. 1).

CWs operation and water sample analysis

In this study, all experimental systems were operated contin-
uously, and the inlet and outlet were set at the top and bottom 
of three devices. Synthetic secondary effluent was prepared 
with deionized water by adding glucose, NH4Cl, NaNO3, 
and KH2PO4. Trace elements and vitamin were added into 
the synthetic wastewater to ensure microbial growth. The 
compositions of trace elements and vitamin solutions were 
shown in Table S1 and Table S2 in the Supplementary Infor-
mation. The concentrations of COD, NH4

+-N, NO3
−-N, and 

TP in synthetic wastewater were set to 60 ~ 100 mg L−1, 
5 mg L−1, 10 mg L−1, and 2 mg L−1, respectively. In addi-
tion, the pH of synthetic wastewater was adjusted to 7.0 ± 0.2 
with 1 mol L−1 HCl. The CWs systems were intermittently 
aerated for 3 h (18:00 ~ 21:00) each day.

The whole experiment included three phases, the start-
up period (1 ~ 62  days), condition optimization period 
(63 ~ 125 days) and stable operation period (126 ~ 150 days). 
The start-up was considered successful when the pollutants 
concentrations in the effluent were stable. Condition optimi-
zation period was divided into five stages according to dif-
ferent operating conditions. The operation conditions under 
different stages were listed in Table 1. The experimental 
period was from June 2021 to November 2021.

The influent and effluent samples were taken out from 
three CWs devices every 3 ~ 4 days and the DO and pH 
values were measured immediately by a multi-parameters 
water analysis meter (Multi 3630 IDS, WTW, Germany). 
In the stable operation stage, the effluents at different 
heights of the CWs systems were also detected. All sam-
ples were filtered through 0.45-μm mixed cellulose ester 
membrane filters to remove suspended solids. Concentra-
tions of COD, NH4

+-N, NO3
−-N, NO2

−-N, TN, and TP 

Fig. 1   Schematic diagram of the 
experimental apparatus

Table 1   Changes of operating conditions under different stages

Operation stages Time (day) HRT (h) Aeration 
time (h)

C/N ratio

Start-up 1 ~ 62 24 3 6
Stage I 63 ~ 75 24 3 6
Stage II 76 ~ 85 36 3 6
Stage III 86 ~ 100 48 3 6
Stage IV 101 ~ 110 48 0 6
Stage V 111 ~ 125 48 0 4
Stable operation 126 ~ 150 48 0 4
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were measured following the methods described in the 
State Environmental Protection Administration of China 
(2002). The iron valence changes between fresh and used 
Fe–C substrates in CW-A after the stable operation stage 
were characterized by X-ray photoelectron spectroscopy 
(XPS).

Batch tests for the mechanism explanation

To further explore the mechanisms of Fe–C based CW on 
the removal of nitrogen and phosphorus, batch tests were 
carried out in 500-mL Erlenmeyer flasks. The Fe–C sub-
strates were washed with distilled water and dried naturally 
before the tests. A total of 10 mg L−1 NO3

−-N solutions 
and 10 mg L−1 PO4

3− solutions were prepared respectively 
and the solutions pH were adjusted at 7.0 ± 0.2. For nitro-
gen removal experiment, 9 flasks were set as 9 reactors. A 
total of 200 mL NO3

−-N solution and 20 g Fe–C substrates 
were fed into each flask. For phosphorus removal experi-
ment, 200 mL PO4

3− solution and 10 g Fe–C substrates were 
added into another 9 flasks, respectively. After reacting 0.5, 
1, 3, 6, 12, 18, 24, 36, and 48 h in the two batch tests, the 
solutions were filtered through 0.45-μm membranes. The 
concentrations of NH4

+-N, NO3
−-N, NO2

−-N, and TN in 
nitrogen removal experiment and the concentrations of TP 
and total iron (TFe) in phosphorus removal experiment were 
detected. The TFe concentration was determined by using 1, 
10-phenanthroline method.

Substrate sampling and microbial community 
analysis

In CWs devices, quartz sand layer (0 ~ 10 cm), gravel layer 
(10 ~ 25 cm), and Fe–C layer (25 ~ 40 cm) corresponded to 
aerobic, anoxic, and anaerobic zones, respectively. To deter-
mine the response of microbial community in CWs systems, 
substrates samples (50 g) were collected from three layers in 
three CW systems after the stable operation stage. In CW-A 
device, the substrates samples of quartz sand, gravel, and 
Fe–C were named as A1, A2, and A3, respectively. Similarly 
in CW-B and CW-C, the samples were termed as B1, B2, 
B3 and C1, C2, C3.

DNA was extracted from the 9 substrates samples with 
E.Z.N.ATMMag-Bind Soil DNA Kits (OMEGA, USA). 
338F and 806R were the forward and reverse primers for 
the amplification of 16S rRNA V3 ~ V4 region by polymer-
ase chain reaction (PCR). The paired-end strategy sequenc-
ing was performed on the Illumina MiSeq300 platform 
of Shanghai Paisennuo Technology Co., Ltd. (Shanghai, 
China). The obtained sequences were clustered into opera-
tional classification units (OUTs) at 97% sequence similarity.

Statistical analysis

Statistical analysis of data at different operating states 
was performed by SPSS statistics 22.0 (USA), and the p 
values below 0.05 were considered statistically signifi-
cant. All graphic designs were performed by Origin 2022 
(USA).

Results and discussion

Removal performance of nitrogen and phosphorus 
in three CWs systems

Nitrogen and phosphorus removal efficiencies 
during different operating periods

Figure 2 presented the concentration variations of different 
forms of nitrogen (NH4

+-N, NO3
−-N, NO2

−-N, and TN), 
COD, and TP in influent and effluent during the experiment. 
At the beginning of start-up stage, the removal performance 
of NH4

+-N was unsatisfactory (Fig. 2a). The concentrations 
of NH4

+-N in the effluents of CW-A and CW-B were higher 
than that in CW-C during start-up stage. This result was 
consistent with the previous studies because Fe–C substrates 
reacted with NO3

−-N to produce NH4
+-N (Huang et al. 

2020; Jia et al. 2020). However, intermittent aeration in the 
middle of the devices accelerated the growth of nitrification 
bacteria, and could relieve the insufficiency of oxygen sup-
ply at night (Lai et al. 2020a). NH4

+-N concentrations in the 
effluents of the three CWs systems were below 0.5 mg L−1 in 
stage I ~ III. As aeration was stopped, the NH4

+-N removal 
efficiencies decreased slightly, but still remained above 90% 
in CW-A. Shen et al. (2019) found that the NH4

+-N removal 
efficiency was only 16.27 ± 6.39% in the CW with Fe–C sub-
strates, which was apparently lower than that in CW with 
quartz sand (79.89 ± 5.79%). This may be caused by the 
competition between Fe2+ and nitrification bacteria for DO 
(Shen et al. 2019). However, the phenomenon of NH4

+-N 
accumulation did not occur in this study.

In start-up stage, the NO3
−-N concentration in the influent 

was increased step by step. It was found that the concentra-
tions of NO3

−-N in the effluents of three devices increased 
accordingly, especially in CW-C (Fig. 2b). The influent 
NO3

−-N concentration was maintained at 10 mg L−1, and the 
NO3

−-N removal rate in the CW-A was the highest among 
the three CWs. In stage I ~ III, with the increase of HRT 
from 24 to 48 h, the NO3

−-N removal efficiency in CW-A 
gradually increased and the NO3

−-N concentration in the 
effluent remained relatively stable at 0.8 ~ 2.0 mg L−1, while 
the effluent NO3

−-N concentrations in CW-B and CW-C 
were 2.0 ~ 4.4 mg L−1 and 3.3 ~ 4.9 mg L−1, respectively. 
In addition, the decrease of C/N ratio had negative impact 
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on NO3
−-N removal in all CWs systems. Among them, the 

NO3
−-N concentration in the effluent of CW-C increased the 

most from 3.7 to 7.7 mg L−1. The results indicated that CWs 
with Fe–C substrates had better adaptability to sewage with 
low C/N ratio and stronger resistance to TN load change.

As shown in Fig.  2c, in start-up stage, the effluent 
NO2

−-N concentrations were slightly higher in CW-A and 
CW-B, which was consistent with previous research results 
(Jia et al. 2020). It was probably because the electron donors 
were insufficient when Fe–C substrates reduced NO3

−-N, 
and the reaction process was incomplete, leading to the 
accumulation of NO2

−-N (Tian and Yu 2020). However, 
the NO2

−-N concentrations in the effluents of three CWs 
systems were still at low level (below 0.1 mg L−1) in stable 
operation stage.

Compared with CW-C, the Fe–C substrates could pro-
vide inorganic electron, so autotrophic denitrification was 
enhanced in CW-A and CW-B systems (Huang et al. 2020). 
Although the organic compound was inadequate in CW-A, 

the TN removal rate was obtained at 84% which was dra-
matically higher than that in CW-C systems in stable opera-
tion stage (p < 0.05) (Fig. 2d).

In stage I ~ III, the COD removal efficiencies in three CWs 
increased gradually with the extension of HRT (Fig. 2e). 
And HRT was the main factor affecting the COD removal. 
When the intermittent aeration was stopped in stage IV, it 
had no obvious effect on the removal of COD. In order to 
decrease the operation cost, aeration was not carried out in 
the later experiment. In stable operation stage, the COD con-
centrations in the effluents of three CWs were all no more 
than 15 mg L−1, and the COD average removal rate in each 
CW system was over 80%. According to previous researches, 
introducing ICME into CWs could enhance the biodegrada-
bility of refractory organic compounds and increase COD 
removal efficiency (Huang et al. 2020; Zheng et al. 2019).

Fe–C substrates and wetland plants had obvious influence 
on TP removal performance (p < 0.05) (Fig. 2f). In start-
up stage, the TP concentrations in the effluents of the three 

Fig. 2   The variations of pollutants concentrations in the influent and effluent of three CWs devices: a NH4
+-N; b NO3

−-N; c NO2
−-N; d TN; e 

COD; and f TP
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CWs increased with the prolong of operation time, which 
was probably due to the gradual saturation of the adsorption 
capacities of gravel and Fe–C substrates. Compared with 
CW-C, CW-A and CW-B had higher TP removal efficien-
cies, because Fe2+/Fe3+ could react with PO4

3− to form pre-
cipitation (Deng et al. 2017). The concentration of TP in the 
effluent gradually decreased during stage I ~ III. The impact 
of extending HRT was more obvious (p < 0.05) than stop-
ping aeration and decreasing C/N ratio. In stable operation 
stage, the TP average removal rates in CW-A, CW-B and 
CW-C were 84.6%, 63.5%, and 50.5%, respectively.

In CW-A, the removal of NH4
+-N was affected by wet-

land plants and intermittent aeration. Fe–C substrates had the 
greatest improving effects on the removal efficiencies of nitro-
gen and phosphorus, followed by wetland plants and HRT. 
The extension of HRT played a crucial role in promoting the 
removal of COD. The decrease of C/N ratio from 6 to 4 had 
a slightly negative impact on the removal of TN and TP in 
CW-A, but had significant impact on CW-C and concentra-
tions of TN and TP in effluent of CW-C increased obviously.

pH value could affect the reaction efficiency of ICME and 
formation rate of Fe2+/Fe3+. Fig. S1 showed the variations of 
pH in influent and effluent of three CWs devices. Compared 
with the pH value of effluent in CW-C (7.23 ~ 7.98), the pH 
values in CW-A (7.63 ~ 8.55) and CW-B (7.67 ~ 8.61) were 
higher because ICME reaction could produce OH− (Shen 
et al. 2019). In stable operation stage, the pH variations of 

effluents in CW-A and CW-B were gentle, reflecting the 
ICME reaction proceeded stably and continuously. Conse-
quently, Fe–C substrates could be recommended as novel 
substrates which can enhance nitrogen and phosphorus 
removal efficiencies simultaneously in CWs.

Pollutants removal performance at different heights 
along CWs devices

Figure 3 showed the average effluent concentrations and 
removal efficiencies of NO3

−-N, TN, NO2
−-N, NH4

+-N, 
COD, and TP in stable operation stage at different heights 
along CWs devices. The NO3

−-N removal rates were all 
approximately 30% at 0 ~ 10 cm in three CWs, because the 
organic compounds in the influent could be used by het-
erotrophic denitrification bacteria for removing NO3

−-N 
(Fig. 3a). However, below 25 cm height, the concentration 
of COD was less than 15 mg L−1 (Fig. 3e), which led to the 
stagnant NO3

−-N removal rate in CW-C due to insufficient 
organic matter. The NO3

−-N removal efficiencies in CW-A 
were 68.2% and 77.9% in 25 cm and 35 cm, respectively. 
The effective removal performance of NO3

−-N indicated that 
ICME could supply electrons for autotrophic denitrification 
bacteria by the numerous micro-scale galvanic corrosion 
(Xing et al. 2016). Moreover, the average TN removal effi-
ciencies at the heights of 10 cm, 25 cm and 35 cm in CW-A 
were 52.5%, 77.4%, and 84.5%, respectively, which could 

Fig. 3   Variations of pollutants concentrations and removal efficiencies along the devices in the three CWs: a NO3
−-N; b TN; c NO2

−-N; d 
NH4

+-N; e COD; f TP
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be regarded as the removal performance in aerobic zone, 
anoxic zone and anaerobic zone (Fig. 3b). Wetland plants 
increased oxygen release during photosynthesis process and 
transported oxygen from air to the rhizosphere, as well as 
provided suitable conditions and places for microbial growth 
(Rehman et al. 2017). Therefore, the TN removal rate in 
CW-A was higher than that in CW-B.

It was also shown in Fig. 3c that the maximum NO2
−-N 

concentration was 0.06 mg L−1 at 25 cm in CW-C. NO2
−-N 

accumulation did not occur in three CWs systems. In addi-
tion, NH4

+-N and COD were mainly removed in aerobic 
zone and their average removal efficiencies at the height of 
10 cm in CW-A were 94.0% and 84.4%.

At the height of 10 cm, the TP removal efficiencies were 
approximately 40% of the three CWs (Fig. 5f) because phos-
phorus could be absorbed as poly-P by the phosphate-accumu-
lating organisms under aerobic conditions (Deng et al. 2020b). 
In CW-A and CW-B, PO4

3− could react with Fe2+/Fe3+ gen-
erated by the Fe–C substrates below 25 cm to form precipi-
tation, so the TP removal rates were significantly improved 
(Deng et al. 2017). However, the gravel reached adsorption 
saturation basically in CW-C and the TP removal performance 
was unsatisfactory. Previous study proved that the removal of 
phosphorous in CWs was highly dependent on substrates rather 
than wetland plants (Shukla et al. 2021). Plants could affect 
the micro-environment of CWs, and the variation of micro-
environment indirectly affected the removal of phosphorous by 
microorganisms (Kim et al. 2021).

The oxygen secretion of plant rhizosphere increased the 
DO concentrations at the height of 10 cm in CW-A and 
CW-C (2.5 ~ 3.0 mg L−1), which were slightly higher than 
that in CW-B (2.0 ~ 2.5 mg L−1). At the heights of 25 cm and 
35 cm, the DO concentrations in the three CWs devices were 
0.8 ~ 1.1 mg L−1 and 0.4 ~ 0.6 mg L−1. When the intermit-
tent aeration was stopped, the wetland plants could increase 
DO concentration in aerobic zone and ensure the pollutants 
removal efficiencies.

Microbial community changes and removal 
mechanisms of nitrogen and phosphorus in CW‑A

Microbial community structure in three CWs systems

Illumina high-throughput sequencing was used to further 
analyze the bacterial community structure in CWs. The 
Goods_coverage of nine samples all exceeded 99%, imply-
ing that the obtained sequence libraries could describe the 
microbial diversities accurately (Table S3). The higher 
observed species and the Chao1 index indicated that the spe-
cies in the samples were more abundant, while the increase 
of Shannon and Simpson indices represented higher com-
munity diversity (Zeng et al. 2021), as shown in Fig. 4a. 
The richness and diversity in the CW-A and CW-C were 

remarkably higher than that in CW-B, indicating wetland 
plants had a great positive effect on the growth of micro-
organisms. However, compared with CW-C, the indices 
of Shannon and Simpson in CW-A decreased slightly. 
This result indicated that the addition of Fe–C substrates 
reduced the microbial diversity and showed selectivity in 
some microorganisms.

At phylum level (Fig. 4b), the prevailing groups were Pro-
teobacteria (45.52 ~ 60.78%), Chloroflexi (4.76 ~ 10.70%), 
Bacteroidetes (3.04 ~ 16.52%), Firmicutes (8.06 ~ 21.94%), 
and Actinobacteria (2.50 ~ 8.73%). The proportion of Proteo-
bacteria was the highest in A3 of nine samples and it had a 
high quantity of microbial species related to global carbon, 
nitrogen, and sulfur cycling (Ansola et al. 2014). The cumula-
tive abundances of Acidobacteria phylum in three CWs were 
3.50 ~ 8.29%, 3.54 ~ 7.93%, and 2.36 ~ 3.63%, respectively, 
indicating that Fe–C substrates were beneficial to the enrich-
ment of denitrification bacteria in CWs. In addition, Bacte-
roidetes were common denitrification and iron cycle-related 
bacteria in MWTPs, and they were significantly enriched in 
aerobic zone in the three CWs systems (Huang et al. 2020).

Hierarchical clustering analysis based on Bray–Curtis 
distance matrix and average-linkage clustering was used to 
assess the similarity of microbial community from three CWs 
(Fig. 4c). The clustering analysis showed that the microbial 
communities in aerobic zone had a high similarity. However, 
in anoxic and anaerobic zone, different CWs systems were 
close together. Further analysis showed that the top 15 gen-
era together accounted for 18 ~ 40%. The common functional 
bacteria related to nitrogen and phosphorus removal were 
defined as key microorganisms and their relative abundances 
were shown in Fig. 4d. The abundances of autotrophic deni-
trification bacteria, such as Denitatsoma, Thauera (Deng et al. 
2020b) and Sulfuritalea (Chen et al. 2020), were higher in 
CW-A and CW-B than that in CW-C. The possible reasons 
included that ICME could provide electrons for autotrophic 
denitrification bacteria. Bacillus (Xu et al. 2021), Halomonas 
(Wang and Shao 2021), Rhodoferax (Jia et al. 2020), and Pseu-
domonas (Deng et al. 2020a) were related to iron transforma-
tion and NO3

−-N removal. Moreover, Pseudomonas included 
abundant aerobic denitrification bacteria (Zheng et al. 2019) 
and it was also important iron reducing bacteria (Ding et al. 
2017). The proportions of Ferruginibacter in CW-A and 
CW-C were obviously higher than that in CW-B because wet-
land plants benefited its growth (Di et al. 2020). Microbial 
denitrification pathway was considered as the main mechanism 
in CWs to remove NO3

−-N. Nevertheless, these functional 
microorganisms cooperated with substrates, wetland plants, 
and other bacteria for nitrogen transformation (Tang et al. 
2020). Overall, Fe–C substrates and wetland plants improved 
the pollutants removal efficiencies by changing microbial com-
munity structure. These results further clarified the microbial 
features and nitrogen removal process in CW-A.
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Nitrogen and phosphorus removal performances by Fe–C 
substrates

In the continuous experiment of CWs systems, the removal 
performances of pollutants were the synergistic results of 
substrates, plants and microorganisms. Fe–C substrates 

played important roles on the simultaneous removal of 
nitrogen and phosphorus. The result of nitrogen removal 
experiment showed that when NO3

−-N was present in 
the influent, NO3

−-N would react with Fe(0) and Fe2+ in 
the Fe–C substrates to form N2, NH4

+-N, and NO2
−-N 

(Fig. 5a). The proportions of N2, NH4
+-N, and NO2

−-N 

Fig. 4   The variations of 
microbial community structure 
in three CWs. a Microbial 
diversity indices; b relative 
abundances of dominant phy-
lum; c hierarchical clustering 
analysis; d key microorganisms 
in genus level
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after reacting 48 h were 16.4%, 9.4%, and 0.7%, respec-
tively. However, the NO3

−-N removal efficiency was over 
80% in continuous experiment of CW-A, which indirectly 
proved that microbial degradation was the main removal 
mechanism of nitrogen in CW-A. Therefore, ICME cou-
pling CWs for nitrogen removal was an effective approach. 
The electrons produced in the ICME process were trans-
ferred into the relevant functional bacteria, thus convert-
ing NO3

−-N to N2 by denitrification bacteria instead of 
chemical reduction. The combination could not only pre-
vent the accumulation of NH4

+-N, but also improve the 
TN removal efficiency.

The performance of phosphorus removal by Fe–C sub-
strates was shown in Fig. 5b. The results showed that the TP 
removal efficiency and TFe concentration increased gradu-
ally over the reaction time. It should be noted that the TP 
removal rate was the highest at 36 h and the corresponding 
TFe concentration decreased at the same time. The possi-
ble reason may be that excess OH− and Fe3+ formed iron 
hydroxide colloid in the solution and decreased Fe3+ con-
centration when the pH reached above 10. And then a part of 
phosphorus was removed by flocculation and precipitation 
of the colloid (Zhao et al. 2020). Deng et al. (2017) found 
that the phosphorus adsorption equilibrium by Fe–C sub-
strates was mainly affected the pH value of solution rather 
than adsorption saturation, because the ICME reaction was a 
OH− production process and the equilibrium was reached at 
a pH of about 9. In addition, the removal of PO4

3− depended 
on its precipitation with Fe3+ produced from ICME instead 
of the physical adsorption by activated carbon (Deng et al. 
2017). When the reaction time was extended to 48 h, excess 
OH− gathered on the surface of Fe–C substrates, making 
the surface negatively charged and decreasing the adsorp-
tion capacity of the Fe–C substrates to PO4

3−. Therefore, 
the removal efficiency of TP decreased (Zhao et al. 2020).

Mechanisms of simultaneous nitrogen and phosphorus 
removal in CW‑A

The removal mechanisms of nitrogen and phosphorus in 
CW-A were shown in Fig. 6. The nitrogen removal pathways 

were intrinsically attributed to the biodegradation, plants 
absorption, and Fe–C substrates redox. In the aerobic zone, 
the DO was supplied by atmospheric reaeration and oxygen 
secretion from plant rhizosphere. NH4

+-N was converted to 
NO3

−-N by the nitrification bacteria. Moreover, there was a 
locally anoxic condition in the inner area of biofilm, which 
was suitable for the growth of denitrification bacteria. The 
organics could be used by heterotrophic denitrification bac-
teria for NO3

−-N removal, so the nitrification and denitri-
fication were achieved at the same zone. The NO3

−-N and 
TN removal efficiencies were 30.5% and 52.5% in the aero-
bic zone. In addition, phosphorus could be absorbed by the 
phosphate-accumulating bacteria and wetland plants. Previ-
ous study demonstrated that the plants had important effects 
on pollutants removal when the influent concentrations were 
low (Martín et al. 2013). In the anoxic zone, heterotrophic 
denitrification bacteria could reduce NO3

−-N to N2. But the 
nitrogen removal performance of CW-C was unsatisfactory 
due to the insufficient organic matter. With the continuous 
operation, the Fe–C and gravel substrates reached adsorp-
tion saturation. Up to now, the removal efficiencies of nitro-
gen and phosphorus in traditional CWs were difficult to be 
improved.

In the anaerobic zone, the presence of Fe–C substrates 
solved the principal questions of low removal performance 
of nitrogen and phosphorus. The electrons and H2/[H] 
produced from ICME were utilized by autotrophic deni-
trification bacteria to reduce NO3

−-N. Furthermore, the 
microorganisms related to iron transformation and NO3

−-N 
reduction, such as Bacillus, Halomonas, Rhodoferax, and 
Pseudomonas, were enriched in CW-A. Especially, the abun-
dances of autotrophic denitrification bacteria (e.g., Denitat-
soma, Thauera, and Sulfuritalea) were higher than that in 
control CWs, indicating that Fe–C substrates significantly 
affected the microbic community structure and enhanced the 
microorganism pathway of nitrogen removal.

XPS was used to analyze the changes of different 
valence iron contents in fresh and used Fe–C substrates 
in CW-A, and the result was shown in Fig. 7. The propor-
tions of Fe(0), Fe2+, and Fe3+ of the fresh Fe–C substrates 
were 15.57%, 50.68%, and 33.75%. However, after the 

Fig. 5   Removal performances 
of NO3

−-N (a) and TP (b) by 
Fe–C substrates over reaction 
time
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continuous experiment in CW-A, Fe(0) was completely 
oxidized, while Fe2+ and Fe3+ were accounted for 14.67% 
and 85.33%, respectively. The results also proved that 
Fe(0) and Fe2+ were involved in biochemical reactions 
and their valence transformation had great effect on the 
pollutants removal. Fe–C substrates improved nitrogen 
removal performance in CW-A by stimulating microor-
ganisms related to nitrification and denitrification, rather 
than chemical redox. The phosphorus removal efficiency 
was strengthened by precipitation reaction of PO4

3− with 
Fe2+/Fe3+. Besides, wetland plants could affect the micro-
environment of microbial survival through oxygen secre-
tion and root exudates.

Conclusions

The combination of ICME and CWs significantly improved 
the nitrogen and phosphorus removal from the secondary 
effluent. In CW-A, the removal of NH4

+-N was affected by 
wetland plants and intermittent aeration. Fe–C substrates, 
wetland plants, and HRT were closely correlated with the 
removal performance of NO3

−-N, TN, and TP. The exten-
sion of HRT played a crucial role in promoting the removal 
of COD. The average TN and TP removal efficiencies were 
86.6% and 84.3% respectively in CW-A under the condi-
tions of HRT of 48 h, without aeration and at C/N ratio of 
4. The effective nitrification, heterotrophic and autotrophic 

Fig. 6   Mechanisms of nitrogen 
and phosphorus removal in 
CW-A

Fig. 7   XPS spectra of Fe 2p 
obtained from the Fe–C sub-
strates of fresh (a) and used (b)
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denitrification, organic degradation and phosphorus immo-
bilization occurred in different substrates layers. Microbial 
degradation was the main removal mechanism of nitrogen 
in CW-A. Fe–C substrates were beneficial to the enrich-
ment of autotrophic denitrification bacteria. Wetland plants 
remarkably increased the richness and diversity of micro-
organism, resulting in the efficient pollutants removal. The 
electrons and H2/[H] produced from ICME were utilized 
by autotrophic denitrification bacteria to reduce NO3

−-N 
and increased the TN removal efficiency. The phosphorus 
removal efficiency was strengthened by the precipitation 
reaction of PO4

3− with Fe2+/Fe3+. This study would have a 
deeper understanding of the enhanced mechanisms of simul-
taneous and efficient removal of nitrogen and phosphorus in 
Fe–C based CW, which may promote the application of CWs 
as advanced treatment process.
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