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Abstract: In this study, a constructed wetland–Fe3O4/granular activated carbon anode microbial elec-
trolysis cell (CW-FMEC) was constructed to enhance denitrification in low COD/N ratio wastewater.
The introduction of Fe3O4 boosted the expression of functional genes involved in the denitrification
pathway, and the abundance of narG, nirS, and nosZ increased by 99.29%, 70.54%, and 132.18%, re-
spectively, compared to CW. In addition, the content of c-type cytochromes (c-Cyts) and EPS were also
enhanced in the CW-FMEC. The microbial communities study displayed that Thauera, Dechloromonas,
and Arenimonas became the main genera for denitrification. The denitrification performance at differ-
ent COD/N ratios was investigated in depth. Under optimal working circumstances, the CW-FMEC
had an excellent nitrate removal rate (88.9% ± 1.12%) while accumulating nearly no NO2

−-N or
NH4

+-N in the effluent. This study provides a new direction for the development of CW-MEC and
accelerates its implementation.

Keywords: Fe3O4; CW-FMEC; denitrification pathway; low COD/N ratio; nitrate removal

1. Introduction

Nitrogen, as an essential element for life, plays a vital role in the ecosystem material
cycle and energy transfer. More and more human activities lead to excessive nitrogen dis-
charge into natural water bodies, resulting in eutrophication and disrupting the ecosystem
balance. Around 20% of the world’s domestic water comes from groundwater, and nitrate
nitrogen pollution is gradually becoming globalized due to the mobility of groundwater [1].
Nitrate transfer from water into the human body would also cause harm to the human
body. Despite nitrate nitrogen itself having no direct harm on human bodies, it could re-
sults in diseases such as methemoglobinemia, endemic goiter, digestive system cancers [2].
Therefore, excessive nitrogen-containing pollutants in wastewater needed to be denitrified
and converted into nitrogen before discharge [3].

The common techniques for removing nitrate nitrogen included physical, chemical,
and biological methods [4]. However, the development of these nitrate reduction techniques
has been limited due to limited adsorption capacity and non-renewability of adsorbents [5],
difficulty of electrodialysis in treating complex wastewater [6], and susceptibility of reverse
osmosis membranes to contamination [7]. Chemical methods such as catalytic reduction,
active metal reduction, and electrochemical reduction have been slow to develop due to
high costs and secondary pollution via by-products and are not in line with the concept of
carbon neutrality. Biological denitrification, which refers to the process of reducing NO3

−-
N to N2 by microorganisms with a denitrification function, is superior to physical and
chemical methods because of thorough reduction reaction, low secondary pollution, low
cost, and high efficiency [8]. Zekker et al. [9] utilized real municipal wastewater supplied
with CH3COONa and KNO3 and succeeded in the cultivation of biomass containing deni-
trifying polyphosphate-accumulating organisms (DPAOs). This biomass holds practical
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potential for application in water treatment systems, effectively mitigating the inhibitory
effects of nitrate on nitrite and demonstrating efficient nitrogen and phosphorus removal
in their sequencing batch reactor (SBR) systems.

A constructed wetland (CW) is a kind of water treatment technology with low operat-
ing costs and high eco-efficiency [10], and has been successfully used to remove various
pollutants, such as organic compounds, inorganic nutrients, and heavy metals, as well
as having a relatively good treatment effect. Grinberga et al. [11] reported that efficient
removal of phosphorus could be achieved by planting dense vegetation in constructed
wetlands. However, a single constructed wetland had a rather limited treatment effect
especially in the cases of low organic content and high nitrate nitrogen concentration. And,
its nitrate removal performance was far from satisfactory when water was continually
provided. Therefore, in the treatment of low carbon and nitrogen ratio wastewater, it is nec-
essary to add carbon sources frequently, which not only improves costs but also produces
a large amount of sludge and can even clog the wastewater treatment system, thereby
reducing the treatment effect. With people having higher and higher requirements for
wastewater treatment effectiveness, constructed wetlands coupled with other technologies
have also attracted much attention [12]. The constructed wetland–microbial electrolysis cell
(CW-MEC) has received widespread attention as a novel wastewater treatment and energy
recovery technology. In the coupled system, plant root secretions could provide chemical
energy for microorganisms, which could reduce the amount of externally added carbon
sources, and the electrodes are also made of relatively cheap materials, which could reduce
material costs in the separate MEC system. On the other hand, the constructed wetland
with vertical flow provides a certain redox potential for MEC, which reduces the applied
voltage and saves electrical energy. Therefore, the coupled CW-MEC system has better
economic benefits and stronger pollutant removal ability, as well as better synthesis, stabil-
ity, and more promising application prospects [13]. However, there is a limited number
of studies on denitrification at a low COD/N ratio using constructed wetland–microbial
electrolysis cell systems.

Fe3O4 is a suitable modifier and excellent material for supercapacitors due to its
superior biocompatibility, unique Fd3m structure, low cost, high bacterial affinity, and
simple production. Through magnetic attraction, Fe3O4 particles make it easier to develop
multilayer networks and accelerated electron transport [14]. It has been shown that Fe3O4
could also facilitate direct electron transfer between species [15]. In addition, some bacteria,
such as P. stutzeri, were able to directly transfer Fe3O4 into their cells for growth and
metabolism, without first breaking it down into dissolved Fe2+ and Fe3+. On the other hand,
by promoting growth and metabolism through direct contact with bacteria, Fe3O4 could
increase the expression of electron-transfer-related proteins, such as NADH dehydrogenase
and cytochrome c in adherent bacteria, thus increasing the overall number of bacteria in
the system [16]. However, there is a limited number of studies focusing on improving the
removal of nitrate nitrogen from constructed wetland microbial electrolysis cells using
Fe3O4-modified materials.

In this work, a coupled constructed wetland–microbial electrolysis cell system was
established to evaluate the effect of nitrate denitrification under the condition of a low
carbon ratio, and the optimal operating conditions were determined, based on which
nanoscale Fe3O4-modified granular activated carbon (GAC) was prepared as the three-
dimensional anode of the system using a simple polytetrafluoroethylene (PTFE) adhesion
method, which further improved the performance of the system. The microbial community
in the system was identified via 16S rRNA sequencing, and the N-related functional genes
were quantified using high throughput qPCR chip technology. Furthermore, the mechanism
of electrical enhancement and anode modification enhancement was explored. This work
provides theoretical support for the application of microbial electrolysis cells to improve
the removal rate of nitrate nitrogen from a constructed wetland under the condition of a
low COD/N ratio.
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2. Materials and Methods
2.1. Synthesis of Fe3O4/GAC Composite Particles

The previously described preparation method was modified to create the Fe3O4/GAC
composite particles [17]. Fe3O4 was purchased from Beasley New Materials (Suzhou) Co.,
Ltd. (Suzhou, China) with an average particle size of 200 nm. Figure 1 depicts the synthesis
procedure. A homogenous suspension was prepared by ultrasonically blending a specific
dosage of Fe3O4 (1.2 g), PTFE (5 g), isopropyl alcohol, and deionized water (50 mL) for
30 min. Subsequently, an appropriate quantity of GAC that could pass through an 8-mesh
filter was immersed into the mixture and subjected to a sonication process for a period
of 30 min. Following this, the GAC after hybrid ultrasound treatment was successively
washed with deionized water and ethanol. The Fe3O4/GAC composites were obtained by
drying the final product in a vacuum oven at 80 ◦C for 24 h.
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Figure 1. Preparation of Fe3O4/GAC composite particles.

2.2. Experimental Start-Up

The schematic structure of the reactor is shown in Figure 2. Three wetland reactors
were constructed using polyethylene plastic; each column was 50 cm high, 14 cm in
diameter and, 5 mm thick. A gravel (6–13 mm) layer of 10 cm was placed at the bottom
as a support layer. The anode of the CW-MEC consisted of graphite carbon felt with a
width of 10 cm, a length of 15 cm, and a thickness of 5 mm, which was curled and placed in
2–4 mm coconut shell activated carbon to establish a three-dimensional anode system to
enhance the mass transfer efficiency of the anode. The cathode, carbon felt with a diameter
of 14 cm, was placed directly on a removable over-water orifice plate. In the CW, there was
no cathode or anode, and the anode layer was filled with quartz sand. The constructed
wetland–Fe3O4/granular activated carbon anode microbial electrolysis cell (CW-FMEC)
had a similar configuration to the CW-MEC, but with the upper 1 cm of the GAC anode
layer replaced with Fe3O4/GAC. Water inlets and outlets were set at the bottom and top,
and four sampling ports where place in the middle of the reactor. In the start-up phase,
a 25 cm tall canna stem was planted in each wetland. Both electrochemical systems were
connected to an external resistor of 1000 Ω via titanium wires as well as to the power supply.
In contrast, the CW was not connected to an external circuit. The effective volume of each
reactor was about 2.7 L.

2.3. The Experimental Water Characteristics and Water Quality Determination

The simulated nitrate-contaminated groundwater was prepared by adding potassium
nitrate (KNO3), sodium bicarbonate (NaHCO3), and sodium acetate (CH3COONa) to
1 L of tap water. The concentrations of NH4

+-N, NO2
−-N, and NO3

−-N were determined
via UV spectrophotometry (UV-1100, HACH, Shanghai, China), and the water samples
were filtered through a filter membrane with a thickness of 0.45 µm before determination.
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Three replicate samples were tested for each sampling to reduce the error. Chemical oxygen
demand (COD) was determined according to the standard method.
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2.4. Wetlands Start-Up and Operation

In the start-up phase, both experimental and control groups were inoculated with
anaerobic activated sludge obtained from Longwangzui Municipal Wastewater Treatment
Plant, Wuhan, China. In the inoculation process, the activated sludge and constructed
simulated wastewater (COD 200 mg/L, NO3

−-N 40 mg/L, NaHCO3 50 mg/L) were
intermittently fed into the wetland at a volume ratio of 1:1 for a fortnight, with a hydraulic
retention time of 48 h. The higher the COD/N, the more rapidly microorganisms grew and
biofilm cultivation domesticated and the less the start-up time was. When there was no
nitrate in the effluent water, the COD/N ratio slowly reduced, and the wetland changed
from intermittent flow to continuous flow and was incubated only with fresh synthetic
wastewater, with influent water supplied via a peristaltic pump (BT-100S-1, LEADFLUID,
Baoding, China), with a lower inlet and an upper outlet. The hydraulic retention time was
maintained at 48 h. The wetland was incubated for two weeks in batches, and the water was
fed into the wetland from the peristaltic pump (BT-100S-1, LEADFLUID, Baoding, China).
A constant current of 3 mA was applied to both CW-MEC and CW-FMEC. The exterior was
wrapped with aluminum foil to avoid the influence of sunlight. In the process of reducing
the COD/N ratios, the effluent nitrate concentration was confirmed to be stable under
each working condition before continuing to reduce the COD/N ratios. The COD/N ratios
were varied by keeping the concentration of the influent NO3

−-N concentration unchanged
while varying that of the influent COD concentration. The reactor was considered to be
successfully operational when a grey biofilm could be seen on the electrodes with packing
under the condition of 2:1 COD/N ratio and when the nitrate concentration in the effluent
remained stable for a week, which took about 30 days. The three COD/N ratios used in the
subsequent experiments were 1.5:1, 1:1, and 0.5:1. The system was deemed to be in stable
operation when the effluent concentration remained stable for five consecutive days after
each change of influent.

2.5. Analytical Methods

The morphology of GAC and Fe3O4 /GAC was studied via scanning electron mi-
croscopy (SEM, JSM-IT300, Tokyo, Japan). Extracellular polymeric substances (EPS) were
chemically extracted from the wetland filler using EDTA method [18]. Polysaccharides and
proteins were determined using the Anthrone and Bradford methods, respectively [19,20].
The concentration of c-type cytochromes (c-Cyts) in EPS was determined via a UV–Vis
spectrophotometer (UV-1100, HACH, Shanghai, China) [21]. The fillers (ceramic fraction)
were collected from the three reactors, rinsed with PBS (0.05 M) and DNA was extracted,
then sent to Magigence (Shenzhen, China) for sequencing of the DNA samples using
Illuminamiseq/novaseq high-throughput sequencing technology. The purity and concen-
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tration of DNA were determined using an ultra-micro spectrophotometer (NanoDrop One,
Thermo Fisher, Waltham, MA, USA).

To amplify the 16S rRNA gene, PCR was carried out using primers 338F (5′-ACTCC
TACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), selected from
the bacterial V3–V4 high variant region [22]. The amplified library was sequenced using
the Illumina Nova 6000 sequencing platform (Guangdong Maggian Biotechnology Co.,
Ltd., Guangzhou, China). The operational taxonomic units (OTUs) were clustered us-
ing the usparse method, and sequences with 97% similarity were grouped into identical
OTUs [23]. A SmartChip Real-Time PCR System (Wafergen, Fremont, CA, USA)-based
high-throughput qPCR chip was utilized to thoroughly examine the quantity and variety
of N-related functional genes present in the specimens. The detection status of each gene
and Cycle Threshold value in the samples were determined using Canoco software 5.
The relative quantitative information of each gene in each sample was then obtained by
normalizing the data using 16S rRNA as an internal reference. The absolute quantitative
information of the 16S rRNA gene was acquired using the Roche instrument.

3. Results and Discussion
3.1. Characterization of Electrode Material

The morphological characteristics of the anode materials before and after modification
were evaluated using scanning electron microscopy (SEM). The SEM images of unmodified
GAC showed a regular surface, which is typical of activated carbon, as shown in Figure 3a,b.
The SEM images of Fe3O4/GAC composites (Figure 3c,d) show that spherical Fe3O4
particles with a diameter of about 200 nm were successfully attached to the surface of
the GAC, and the surface roughness was significantly improved. Although it has been
shown that the binder method clogs the mesopores (2–50 nm) of activated carbon, thus
reducing the specific surface area; it promotes the formation of macropores and, at the same
time, it can enhance the material’s own ability to store charge [24]. Here, the number of
macropores (>50 nm) on the surface of the modified material increased significantly. The
active bacteria were mainly dependent on the macropores, so this modification facilitated
the mass transfer and attachment of bacteria, while the introduction of Fe3O4 with good
electrical conductivity provided a porous conductive network for electron transfer in the
formed biofilm.
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3.2. Treatment Performance

The nitrogen removal performance of each system was shown in Figure 4. The initial
concentration of NO3

−-N in the wastewater was 39.93 ± 0.57 mg/L, and the current applied
to all the electrochemical systems was 3 mA. Under these conditions, the NO3

−-N effluent
concentration of the normal CW decreased to 13.44 ± 0.54 mg/L, 28.60 ± 0.20 mg/L,
32.34 ± 0.44 mg/L, and 34.20 ± 0.30 mg/L when the C: N ratios were 2:1, 1.5:1, 1:1,
and 0.5:1, respectively. In the CW-MEC microcosm, the NO3

−-N effluent concentrations
were 11.60 ± 0.50 mg/L, 21.53 ± 0.33 mg/L, 23.28 ± 0.44 mg/L, and 30.12 ± 0.38 mg/L,
respectively. NO3

−-N was not completely removed, where the optimum nitrogen removal
efficiency of CW and CW-MEC was 66.38% ± 1.37% and 70.98% ± 1.54% at a COD/N ratio
of 2:1, respectively. And, with the decrease in COD/N, the NO3

−-N removal performance
became worse and worse. In particular, when the COD/N ratio decreased from 2:1 to
1.5:1, the NO3

−-N removal performance in these two groups showed a cliff-like decline. In
contrast, the effluent concentrations at the four stages of CW-FMEC were 4.44 ± 0.46 mg/L,
9.82 ± 0.38 mg/L, 17.38 ± 0.42 mg/L, and 25.12 ± 0.21 mg/L, and the optimum NO3

−-
N removal efficiency at the COD/N ratio of 2:1 reached 88.90% ± 1.12%, which was
significantly higher than that of the other two groups. Interestingly, unlike the other two
groups, the NO3

−-N removal efficiency for CW-FMEC significantly declined when the
COD/N ratio decreased from 1.5:1 to 1:1, and the effluent concentration was consistently
lower than that of CW and CW-MEC at all four stages, which might be related to the
improved utilization of the carbon source by the Fe3O4-modified anode.

In the process of the incomplete reduction of nitrate, NO2
−-N and NH4

+-N ac-
cumulated. When acetate was used as a carbon source, a COD/N ratio greater than
3.7 was required for denitrification to proceed more completely [25]. The COD/N ratio
in this experiment was consistently in a range that was not sufficient to achieve complete
denitrification. At a COD/N ratio of 2:1, the NO2

−-N content in the CW-MEC microcosm
was about 3.13 ± 0.12 mg/L, which was the highest NO2

−-N concentration observed in
this study. It had been reported that the NO2

−-N concentration increased with the increase
in the carbon concentration [26], which is consistent with the results of the present study.
CW-MEC accumulated the most NO2

−-N in either phase, followed by CW and CW-FMEC.
Even in the case of the highest accumulation, the NO2

−-N concentration in CW-FMEC was
only 1.37 ± 0.11 mg/L, whereas the NO2

−-N effluent concentration in CW was twice this
value and in CW-MEC it was 2.28 times greater. In this study, NH4

+-N concentrations in all
three systems were lower. In CW-FMEC, NH4

+-N did not accumulate, while in CW-MEC
the NH4

+-N concentration was up to 0.71 ± 0.09 mg/L; the NH4
+-N effluent concentration

in CW-MEC was higher than that in CW in each phase.
On the other hand, energy consumption was one of the major costs, so the nitrate nitro-

gen coulombic reduction rate could be used to evaluate the nitrogen removal performance
of individual systems, as shown in Equation (1).

u = CVη/IT (1)

where u was the nitrogen coulomb reduction rate (mg C−1); C was the initial concentration
of nitrate in the influent (mg L−1); V was the total volume of the reactor (L); η was the
nitrate removal efficiency; I was the applied current (A); and T was the HRT (s).

The results show that all three systems achieved optimal denitrification at a C/N
of 2:1 and that the nitrogen degradation coulombic rates for the two systems at the opti-
mum denitrification conditions (C = 40 mg/L, V = 2.7 L, I = 3 mA, and HRT = 48 h) were
0.148 mg/C and 0.185 mg/C, respectively. Among them, the nitrogen degradation coulom-
bic for the removal of nitrate via the CW-FMEC was superior to CW-MEC alone and
higher than that reported by other researchers [27–29]. Pratiksha et al. [27] reported
a NO3

−-N coulombic reduction rate of 0.17 mg/C. Zhu et al. [28] reported this value
to be 0.031 mg/C in an electrochemical system. Yin et al. [29] reported this value was
0.015 mg/C (η = 95.83%) in a heterotrophic/biofilm–electrode autotrophic denitrification
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reactor (HAD-BER). Table 1 summarizes the results of other researchers and the results
of this study. Based on these results, CW-FMEC not only exhibited high denitrification
efficiency but also reduced the accumulation of NO2

−-N and NH4
+-N and reduced energy

consumption, which suggests that the anode modified with nano-Fe3O4 was favorable for
the denitrification of constructed wetland–microbial electrolysis cell.

Water 2024, 16, x FOR PEER REVIEW 7 of 17 
 

 

0.11 mg/L, whereas the NO2−-N effluent concentration in CW was twice this value and in 
CW-MEC it was 2.28 times greater. In this study, NH4+-N concentrations in all three sys-
tems were lower. In CW-FMEC, NH4+-N did not accumulate, while in CW-MEC the 
NH4+-N concentration was up to 0.71 ± 0.09 mg/L; the NH4+-N effluent concentration in 
CW-MEC was higher than that in CW in each phase. 

 

 
Figure 4. Variation in effluent concentration in control and different electrochemical systems in the 
experiment ((a). NO3−-N; (b). NO2−-N and NH4+-N). 

On the other hand, energy consumption was one of the major costs, so the nitrate 
nitrogen coulombic reduction rate could be used to evaluate the nitrogen removal perfor-
mance of individual systems, as shown in Equation (1). 𝑢 = 𝐶𝑉𝜂/𝐼𝑇  (1)

where 𝑢 was the nitrogen coulomb reduction rate (mg C−1); C was the initial concentra-
tion of nitrate in the influent (mg L−1); V was the total volume of the reactor (L); η was the 
nitrate removal efficiency; I was the applied current (A); and T was the HRT (s). 
 

Figure 4. Variation in effluent concentration in control and different electrochemical systems in the
experiment ((a). NO3

−-N; (b). NO2
−-N and NH4

+-N).

Table 1. Summary of previous work conducted by several researchers with a different
applied currents.

Reactor Type Influent Nitrate
(mg/L)

Current
Intensity (mA)

Removal Efficiencies
(%)

Nitrogen Coulomb
Reduction Rate (mg/C)

Pratiksha et al. [27] CW-MEC 50 0.233 69.1 0.17

Zhu et al. [28] Bielectrochemical system 35 400 94.2 0.031

Yin et al. [29]
Heterotrophic/biofilm–
electrode autotrophic
denitrification reactor

60 60 95.83 0.015

Current study CW-FMEC 40 3 88.9 0.185
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3.3. COD Removal

The effluent COD of each unit was determined when the effluent from each stage was
stable. Figure 5 depicts the COD removal efficiency of individual units at each stage.
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When COD/N was varied in the range of 2~0.5, the COD removal rate increased in all
three systems, while effluent COD decreased, possibly because the larger the COD/N is,
the higher the amount of carbon source added and the higher the content of the effluent
containing organic matter that could not be utilized. In addition, CW-FMEC showed the
highest COD removal under the same COD/N condition, and the effluent COD was lower
than that of CW and CW-MEC. However, the carbon utilization of CW-MEC inversely
decreased, and the removal performance of COD became worse compared to CW micro-
cosms. Among them, CW-FMEC removed more than 90% of COD or even up to 95.63% at
a COD/N of 1.5~0.5, while CW-MEC removed 14.02% less than CW and 35.02% less than
CW-FMEC at a COD/N of 2. Considering the utilization pattern of organic carbon, the
overall activity of autotrophic and heterotrophic microorganisms could be determined by
combining the utilization rate of organic carbon and the NO3

−-N removal rate. Combined
with the performance of nitrogen removal in each reactor, heterotrophic microorganisms
played a dominant role in CW, and the degradation rate of NO3

−-N decreased with carbon
concentration. In the CW-MEC microcosm, both autotrophic and heterotrophic organisms
were involved in NO3

−-N removal, which improved the removal efficiency, but the applied
electric field significantly affected the activity of heterotrophic denitrifying microorganisms,
which reduced the removal rate of COD removal but positively promoted autotrophic deni-
trifying microorganisms. Not only was there excellent performance of nitrogen removal
but there was also good COD removal in the CW-FMEC; CW-FMEC not only exhibited
good denitrification performance but also a good removal effect on COD, which indi-
cates that the activity of heterotrophic and autotrophic denitrifying bacteria in the system
was improved after the modification of anode Fe3O4 in the CW-FMEC and that the den-
itrifying autotrophic and heterotrophic bacteria acted synergistically to further enhance
nitrogen removal.
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3.4. Functional Genes of Different Reactors under Optimal Conditions

To investigate the effect of different systems on microbial metabolism, we quantified
the relevant N-functional genes under optimal conditions in the three CW systems, as
shown in Figure 6.
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Denitrification genes are the basis for the denitrification function of biofilm. In order
to gain deeper insights into the effect of the electric field as well as anode modification
on the denitrification ability of the system, it was necessary to detect the abundance of
denitrification genes in biofilm via qPCR. Figure 6a shows the absolute quantification
of genes related to nitrogen cycling such as narG, napA, nirS, nirK, and nosZ in different
reactors. In CW-MEC, the abundance of napA and narG, encoding nitrate reductase, and
nosZ, encoding nitrous oxide reductase, decreased, while that of nirS and nirK, encoding
nitrite reductase, both increased. Specifically, the abundance of napA, narG, and nosZ
decreased by 22.98%, 50.19%, and 21.88%, while the abundance of nirS and nirK increased
by 4.95% and 257.72%, in CW-MEC compared with CW. Nitrite reductase, encoded by
the nirK and nirS genes, played a crucial rate-limiting role in denitrification. As reductase
was located outside the periplasm of the cell, it was more susceptible to environmental
factors, suggesting that the imposition of an electric field promoted the expression of
nitrite reductase genes [30]. In terms of absolute abundance, the slight increase in nirS
and nirK expression also explained the rate of nitrate removal in the CW-MEC system
compared to CW. All key genes associated with the denitrification pathway process were
significantly altered in CW-FMEC, with the abundances of napA, narG, nirS, nirK, and nosZ
being significantly higher than in the CW reactor. This indicated that Fe3O4-modified,
anode-activated carbon based on CW-MEC effectively increased the expression of genes
related to the denitrification pathway, thus improving the denitrification effect. Among
them, the abundance of narG, nirS, and nosZ, with relatively large absolute abundance,
greatly increased by 99.29%, 70.54%, and 132.18%, respectively. The absolute expression
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of nirS, which played a rate-limiting role and had the highest absolute abundance, was
improved from 9.13 × 104 copies/ng DNA to 1.56 × 105 copies/ng DNA. Therefore, it was
considered to be the most critical gene affecting reactor performance, which was also in
line with the excellent performance of CW-FMEC, which showed the best treatment results
accompanied by the lowest NO2

−-N accumulation.
In addition, combining Figure 6b–d, the application of an electric field and the modified

elicitation of Fe3O4/GAC led to a reduction in the expression of nifH, whereas the only
other pathway associated with a source of NH4

+ was detected for ureC, which encodes
for urea catabolism. Together with the fact that this study was carried out under the
condition of a low COD/N ratio, ammonification respiration was very limited at a low
COD/N ratio in environments where denitrification and ammonification coexisted [31].
Hence, the source of NH4

+ depended mainly on changes in the absolute expression of
nifH. AmoB and amoA genes encoding ammonium monooxygenases were related to the
destination of NH4

+, which played a key role in the nitrification process, and the gdhA
gene encodes the assimilation of NH4

+ to glutamate. Although the expression of amoB
was increased compared to that in CW, the absolute abundance of amoB in this study
was also relatively small, with no amoA detected. Moreover, hao, usually considered
to be responsible for encoding a gene involved in heterotrophic nitrification, was not
detected [32]. On the other hand, the nxrA gene encoding nitrite oxidoreductase was not
detected here either, suggesting that there was no complete nitrification pathway in any
of the three systems. Therefore, the accumulation of NH4

+ depended mainly on nifH
and gdhA, which were, respectively, related to the source and destination of NH4

+. The
expression of nifH was reduced from 1.54 × 104 copies/ng DNA to 8.29 × 103 copies/ng
DNA in CW-MEC compared with that in CW, and that in CW-FMEC was reduced to
8.36 × 103 copies/ng DNA. The expression of gdhA increased from 7.74 × 103 copies/ng
DNA to 1.06 × 104 copies/ng DNA in CW-MEC, while gdhA increased to 3.12 × 104 copies/ng
DNA in CW-FMEC— 1.36-fold and 4.03-fold increases, which are also consistent with the
fact that NH4

+ accumulation in CW-MEC was lower than that in CW-FMEC. Here, NH4
+

accumulation in CW was in between the two, while the expression of nifH was reduced to
the same level in both electrochemical systems, which also suggests that the change in the
expression of gdhA played a decisive role in determining NH4

+ accumulation in the reactor.

3.5. Relative Content of EPS and c-Cyts under Optimal Conditions

EPS has been found to be important in cell adhesion, biorecognition, and electron
transfer [33,34], and some of the substances in EPS can accelerate electron transfer and
increase denitrifying enzyme activity. The response of biofilm denitrification capacity to
electrical stimulation as well as to anodic modification by nano-Fe3O4 was determined by
measuring the content of extracellular polymers (EPS). Among them, polysaccharides and
proteins were the main components of EPS, and the results of polysaccharide and protein
content determined upon ceramic packing of each reactor are shown in Figure 7a. Both
polysaccharides and proteins upon CW-MEC packing, respectively slightly decreased by
18.6% and 13.1% compared to those on the CW, potentially because some heterotrophic
bacteria in the system perceived the applied electric field as a kind of coercion, thus affecting
the metabolism, which also corresponds to the lower removal rate of COD.

The contents of protein and polysaccharide in CW-FMEC were significantly higher
than those in CW—specifically 67.3% and 63.1% higher than those in CW, respectively—
which indicates that the nano-Fe3O4 anodic modification caused the microorganisms to
secrete more extracellular polymeric substances. Furthermore, the addition of nanoma-
terials would promote the secretion of microbial extracellular polymers (EPS) and en-
hance enzyme activity [35], consistent with the best denitrification effect of CW-FMEC in
this work.
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Electrons needed to be transferred to nitrogen oxide reductases such as nitrate re-
ductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR), and nitrous oxide
reductase (N2OR) in the denitrification process. This process could be realized by an
electron transport chain consisting of complex I (NADH-Co Q reductase), complex III
(ubiquinone-cytochrome c oxidoreductase) quinone pool, and cytochrome c [36,37]. There-
fore, increasing the activity of the relevant enzymes and electron transport activity would
improve denitrification efficiency and reduce the accumulation of intermediate products
(e.g., nitrite and nitrous oxide). To further investigate how the applied electric field and the
modification of nano-Fe3O4 affect electron transport in the reactor biofilm, the cytochrome
c-Cyts content in the EPS was measured, as shown in Figure 7b. The results show that,
compared with the control group, the relative content of c-Cyts in EPS of CW-MEC and CW-
FMEC increased by 8% and 35%, respectively, which indicates that electrical stimulation
increased the activity of enzymes related to the transfer of electrons and, thus, improved
denitrification efficiency. Fe3O4/GAC was further modified on this basis, with a better
promotion effect and the accumulation of less intermediate products.

Cytochromes acted as iron-containing proteins associated with membranes or dif-
fused into the EPS, which could help establish intercellular connections and facilitate
DIET by transferring electrons from electricity-supplying bacteria to various electron
acceptors [38,39]. The presence of Fe(III) mimicked the production of c-Cyts by bacte-
ria [40,41]. It has also been proved that Fe3O4 can act as a substitute for c-Cyts to facilitate
electron transfer (as shown in Figure 7c) [42].

3.6. Microbial Communities and Structure

To further investigate the differences in the structural composition of the bacterial
community in different reactors, microorganisms within the biofilm of each system were
studied using 16S rRNA gene sequencing. The main dominant phyla in the three systems
were analyzed, as shown in Figure 8. The main dominant phyla were Proteobacteria, Bac-
teroidetes, Chloroflexi, and Firmicutess, all of which played an important role in the nitrogen
cycle in natural ecosystems and were abundant in the denitrifying bacterial community in
the denitrification system. The Proteobacteria phylum had the highest percentage in all three
reactors. The common denitrifying bacteria Thauera, Hydrogenophaga, and Dechloromonas
were all Proteobacteria [43] and, under the influence of the electric field and Fe3O4 modi-
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fication, the enrichment degree of Proteobacteria greatly increased from 36.51% to 45.43%
and 82.15%, respectively; it has been reported in the literature that the increase in Pro-
teobacteria enrichment is a direct response to the enhancement in denitrification [44]. The
total abundance of these dominant phyla basically remained unchanged, indicating that
the change in the enrichment degree of Proteobacteria was the main factor affecting the
denitrification effect.
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At the genus level, Thauera and Dechloromonas were the dominant genera in CW, Dok-
donella, Thauera, and Acinetobacter in CW-MEC, and Thauera, Dechloromonas, and Arenimonas
in CW-FMEC. Thauera was the most common genus in denitrification systems as it could
utilize both organic matter as a carbon source for heterotrophic denitrification and H2 as an
electron donor for hydrogen autotrophic denitrification [45]. Dokdonella and Acinetobacter
were also the two more common genera with denitrification capability [46,47]. Some re-
searchers isolated Acinetobacter from a hydrogenotrophic reactor and demonstrated that
it played an important role in the denitrification process of hydrogenotrophic denitrifi-
cation [48]. Compared with CW, the relative abundance of Thauera and Dechloromonas in
CW-MEC slightly decreased by 1.17% and 1.43%, respectively, while that of Dokdonella and
Acinetobacter increased by 3.22% and 3%, respectively. These changes in the abundance of
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denitrifying genera also explained the slight enhancement in the performance of CW-MEC
relative to CW denitrification.

The most obvious changes in CW-FMEC were manifested by Thauera, Dechloromonas,
and Arenimonas, where the relative abundance of Thauera and Dechloromonas increased
by 8.98% and 15.06%, respectively, which is also consistent with a significant increase
in the enrichment of the dominant phylum Proteobacteria, and the relative abundance of
Arenimonas increased by 7.61%. Dechloromonas was reported to be a bacterium with both het-
erotrophic denitrification function and hydrogenotrophic denitrification potential [49,50].
The significant increase in the relative abundance of Thauera and Dechloromonas was one
of the key factors for enhancing the nitrogen removal performance of CW-FMEC. It has
been reported that Pseudomonas can transfer electrons to the anode when stimulated by
voltage, while Arenimonas can utilize the electrons from the anode to reduce nitrate to
improve the system’s denitrification efficiency [51]. The enrichment of both genera was
increased in CW-FMEC, which was also one of the key factors affecting the removal perfor-
mance of nitrogen. In addition, Hydrogenophaga, another hydrogen autotrophic denitrifying
bacterium, also increased from 0.17% in CW to 0.94% in CW-MEC, suggesting that hy-
drogen was produced in both reactors charged and that Dechloromonas might facilitate
hydrogenotrophic denitrification. These results showed that heterotrophic denitrification
and hydrogen nutrient denitrification coexisted and cooperated in the MEC denitrification
system. Furthermore, Fe3O4 could enrich Pseudomona and promote its EPS secretion to
enhance the denitrification effect at a low COD/N ratio, corresponding to the increased
relative abundance of Pseudomona and the good denitrification effect [52].

4. Conclusions

Compared to the CW, the improvement in nitrogen removal performance of CW-MEC
at a current of 3 mA and COD/N = 2 was very limited, only from 66.38% ± 1.37% to
70.98% ± 1.54%. On the other hand, the CW-FMEC exhibited an excellent nitrate removal
rate (88.9% ± 1.12%) without accumulating NO2

−-N or NH4
+-N. All key genes associated

with the denitrification pathway were significantly altered in CW-FMEC. The microorgan-
isms were also stimulated to secrete more EPS, and the content of c-Cyts increased (35%),
which was associated with electron transfer in the denitrification pathway and, conse-
quently, accelerated electron transfer during denitrification. In addition, the abundance of
the three dominant denitrifying functional bacteria Thauera, Dechloromonas, and Arenimonas
on the filler increased by 8.98%, 15.16%, and 7.61%, respectively. The results demonstrate
that the preparation of Fe3O4/GAC is a promising method for anode enhancement in
CW-MEC.
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