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EFFECTS AND MECHANISM OF CONSTRUCTED WETLAND
MICROBIAL FUEL CELL (CW-MFC) IN THE TREATMENT
OF FRESHWATER FISH AQUACULTURE WASTEWATER

The freshwater aquaculture sector in China is vast and utilizes a considerable volume of water.
Wastewater discharge leads to the deterioration of the water environment. Viable treatment strategies
need to be implemented immediately to effectively address this contamination. The constructed wet-
land microbial fuel cell (CW-MFC) technology shows potential in treating wastewater from freshwater
aquaculture. Therefore, the study implemented a CW-MFC system to investigate its effectiveness and
process in eliminating pollutants like chemical oxygen demand (COD), inorganic nitrogen, and total
phosphorus (TP) from wastewater in freshwater fish farming. Results indicated a 7.46% enhancement
in COD removal by CW-MFC when contrasted with artificial wetlands (CW). The removal of NH; -N,
NO;-N, and NO;-N increased by 9.08, 3.99, and 6.73%. TP removal increased by 1.31%. The removal
capacity of pollutants was significantly higher in CW-MFC than in CW. In addition, the electron
transport system activity (ETSA) of CW-MFC was 33.33% higher than that of CW. CW-MFC signif-
icantly improves electron utilization efficiency, thereby promoting denitrification and power genera-
tion. Higher extracellular polymeric substances (EPS) content and dehydrogenase (DHA) activity in
CW-MFC indicated that electron transfer facilitated microbial degradation of COD. These results
demonstrate that CW-MFC has significant advantages in treating freshwater fish aquaculture waste-
water compared to conventional CW.
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1. INTRODUCTION

The aquaculture industry in China holds a prominent position globally, with its out-
put consistently ranking first worldwide for numerous years. After decades of develop-
ment, freshwater aquaculture has transformed low-density and extensive practices into
intensive and industrialized operations characterized by substantial inputs, increased
stocking density, and enhanced productivity [1]. However, in the process of develop-
ment, the ecological balance of aquaculture waters and the protection of the water envi-
ronment are often ignored. The extensive scale of freshwater fish aquaculture leads to
a significant volume of feed input, resulting in the presence of unutilized feed residues
in the water. The excrement and decomposing carcasses of farmed fish will additionally
contribute to the degradation of water quality, leading to organic pollution and eutroph-
ication characterized by excessive nutrient enrichment such as nitrogen and phosphorus.
This will harm the health of farmed animals and thus hinder the sustainable and healthy
development of freshwater fish farming [2]. Therefore, we urgently need to take effec-
tive measures to control the pollution of freshwater fish aquaculture wastewater.

Currently, extensive research has been conducted on the treatment of wastewater
from freshwater aquaculture, which can be categorized into physical, chemical, and bi-
ological treatment technologies based on their respective mechanisms [3]. Physical
treatment technology is mainly to remove solid wastes such as floating matter and floc-
culation in sewage by physical means, which plays a certain role in optimizing and reg-
ulating water quality. Physical treatment technology is simple and widely used, mainly
for solid particles and larger organic particles in wastewater, but less effective for the
removal of dissolved substances and microorganisms. The physical treatment technol-
ogy usually can only achieve the primary treatment of wastewater, which still needs
subsequent treatment to meet the discharge standards or reuse requirements. Therefore,
the physical treatment technology is mostly used for the pretreatment of freshwater fish
aquaculture wastewater. The treatment of freshwater fish aquaculture wastewater often
uses a combination of physical and chemical methods. However, physical and chemical
treatment technology also has some limitations, such as high equipment investment and
operating costs, secondary pollution of residual ozone, and other problems. Biological
treatment technology mainly creates a favorable environment for water microorganisms
in freshwater fish breeding facilities, speeds up the reproduction rate of microorganisms,
and enables them to treat organic matter, nitrogen, and phosphorus in water, to achieve
water purification [4].

Constructed wetland (CW) is a technology that utilizes the synergistic effects of
soil, artificial media, plants, and microorganisms on physical, chemical, and biological
processes to treat sewage [5]. Its mechanism includes adsorption, retention, filtration,
redox reactions, precipitation, microbial decomposition and transformation, and plant
accumulation. It can effectively remove pollutants in water through aerobic and anaer-
obic respiration of microorganisms, nitrification, denitrification, and other processes.
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CW-MFC technology coupling CW with microbial fuel cell (MFC) is a method to ob-
tain bioelectricity in the wastewater treatment Proc. It achieves sewage purification ef-
fect through microbial action, which can enhance pollutant removal ability and produce
energy [6]. It does not require a continuous external oxygen supply, which reduces treat-
ment costs. Currently, CW-MFC technologies are generally used to treat dye wastewater,
heavy metal pollution, antibiotics, and emerging pollutants [7]. However, only a few schol-
ars examined CW-MFC in aquaculture wastewater. Wang et al. [8] coupled an innovative
algae-bacteria microbial fuel cell with constructed wetlands to treat fish pond aquacul-
ture wastewater. The removal rates of chemical oxygen demand (COD), total phospho-
rus (TP), and total nitrogen (TN) increased by 23.84, 21.44 and 15.07%. The CW-MFC
system was employed by Liu et al. [9] for the treatment of mariculture wastewater, re-
sulting in a remarkable NO,-N removal rate of 97.10%. Although these studies provide
valuable insights into the application of CW-MFC in aquaculture wastewater, the spe-
cific processes and mechanisms of pollutant removal in freshwater fish aquaculture
wastewater still need to be further refined.

CW-MFC was constructed to treat organic matter, inorganic nitrogen, and phospho-
rus in freshwater fish aquaculture wastewater. In this study, the effect and mechanism
of removing contaminants from freshwater fish aquaculture wastewater by CW-MFC
were investigated by combining the morphology and structure characterization of fillers,
electron transport system activity (ETSA), extracellular polymer substance (EPS) con-
tent, and enzyme activity. It aims to provide a reference for the practical application of
CW-MFC in freshwater fish aquaculture wastewater treatment.

2. MATERIALS AND METHODS

Construction of the experimental device. The experiment was conducted in the
greenhouse of the Ecological Environment Research Center, Yanshan Campus, Guilin
University of Technology. CW-MFC and CW devices were constructed with Canna
indica L. as wetland plants. Figure 1 shows the CW-MFC and CW devices. The cylin-
drical bodies of CW-MFC and CW are made of UPVC pipes with a diameter of 30 cm
and a height of 75 cm. From bottom to top, 20 cm thick zeolite (particle size 8—10 mm),
20 cm thick activated carbon (particle size 2—4 mm), 15 cm thick ceramsite (particle
size 10-15 mm), and 10 cm thick activated carbon (particle size 2—4 mm) were succes-
sively filled. The device is up-flow with a water inlet at the bottom. The corresponding
water outlets of the zeolite layer, anode layer (lower activated carbon layer), ceramsite
layer, and cathode layer (upper activated carbon layer) are EFF1, EFF2, EFF3, and
EFF4. The activated carbon of the CW-MFC anode and cathode layers was wrapped by
a circular stainless steel mesh to enhance electron transfer. The cathode and anode wires
of CW-MFC were titanium and copper wires wrapped with epoxy resin, respectively,
and the resistance box was connected to form a closed loop.
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Fig. 1. Schematic diagram of the device for CW-MFC (a) and CW (b)

Startup of the system. Tilapia, yellow catfish, and catfish are widely cultivated freshwa-
ter fish species and the concentrations of pollutants in their aquaculture wastewater are at
moderate levels. Therefore, according to the concentration of pollutants in the aquaculture
wastewater of these three kinds of fish [10], the average value of its indicators was taken to
prepare synthetic wastewater to simulate the freshwater fish aquaculture wastewater. The
synthetic wastewater consisted of (in mg/dm?®): CsH2O06 (75.3), NH4CI (6.67), KH,PO4
(8.3), NaHCO; (41.6), MgSOs4 (3.75), AICIL; (1.13), HsBOs (0.15), CaCl,-H.O (3.07),
NaNO; (1.86), CuSOs (4.78). The concentrations of influent pollutants were: COD
81.73-85.91, NH;-N 2.66-2.91, NO,-N 1.66-1.75, NO;-N 3.84-3.90, TP 1.92-1.98.

The concentrated anaerobic activated sludge used for the experiment was obtained
from Yanjing Beer (Guilin Liquan) Co., Ltd. To achieve better acclimatization, the ac-
tivated sludge was incubated anaerobically for 10 days before being put into the reactor
system and afterward inoculated into the reactor. The synthetic wastewater was contin-
uously pumped into the reactor system through a peristaltic pump from the bottom inlet.
The start-up was considered complete when a stable biofilm had formed in the device
and the effluent's water quality and voltage were stable. After the system reached sta-
bility, it was operated for 60 days.

Determination of water quality. Water samples were collected at the outlet of each
layer of the system. The influent and effluent water samples were filtered with a 0.45 pum
membrane and analyzed within 24 h. COD was determined by the dichromate method
(HJ 828-2017). NH; -N, NO,-N NO;-N, and TP were determined by UV spectropho-
tometry.



Constructed wetland microbial fuel cell (CW-MFC) 17

SEM and XRD characterization. Filler samples within the original and post-exper-
iment systems were collected. Scanning electron microscopy (SEM) was used to ob-
serve the surface morphology of the samples and the morphology of the electrode bio-
film. The acceleration voltage was 3 kV during filming. The phase of each layer of filler
was analyzed with an X-ray diffractometer (XRD). It was operated at a voltage of 40 kV
and a current of 30 mA. Samples were scanned in a range of 5 < 20 < 80 deg with an
interval of 0.02 deg. The results were analyzed using Jade 6.5 software.

ETSA determination. The measurement of electron transport system activity is
based on the reduction of iodonitrotetrazolium chloride (INT) by viable organisms in
the biofilm sample [11]. First, 2 cm® of INT (0.2%) solution was mixed with 1 ¢m? of
the sample, and then incubated in a dark room (20 min, 25 °C). 0.2 cm? of methanol was
added to stop enzyme activity, and centrifuged at 10 000 rpm for 5 min to obtain the
precipitate. Next, the insoluble precipitate was resuspended in methanol (4 cm?, 96%)
and mixed thoroughly. The solution absorbance was measured with a spectrophotome-
ter at 495 nm.

4 32 1
ETSA=—A 1332 6 O /(e'min
150 <7 *gpHe Ox/(gmin)

where A represents absorbance, 15.9 is the molar absorbance, V' is the volume of meth-
anol, cm?®, 32/2 is a constant, S is the volume of the sample, cm?, and T is the reaction
time, min.

EPS determination. The anode and cathode samples (40 ¢cm?) from the CW-MFC
system were dehydrated and centrifuged in a 50 cm? tube at 6000 rpm for 5 min to obtain
a concentrated sample. The sample was diluted to 40 cm® with a 0.05% NaCl solution
at 70 °C, shaken for 1 min, and then centrifuged at 6000 rpm for 10 min. The supernatant
was filtered through a 0.45 um cellulose acetate membrane to obtain loosely bound EPS
(LB-EPS). To obtain tightly bound EPS (TB-EPS), the sample was diluted to 40 cm?
with a 0.05% NaCl solution at room temperature. The suspension was heated in a water
bath at 60 °C for 30 min, then centrifuged at 6000 rpm for 15 min. The supernatant was
filtered through a 0.45 pm cellulose acetate membrane to obtain TB-EPS. Finally, the
protein (PN) and polysaccharide (PS) contents in the filtrates (TB-EPS and LB-EPS)
were measured by the Lowry method and the phenol-sulfuric acid method, respectively.

Enzymatic activity determination. Dehydrogenase (DHA) activity was measured by
the TTC (triphenyltetrazolium chloride) colorimetric method. 1 cm?® of Tris-HCl buffer,
a 0.1 mol/dm?® glucose solution, and a 0.5% TTC solution were added to an Erlenmeyer
flask containing 5 g of the sample. It was incubated at 37 °C for 24 h. The reaction was
terminated by adding 0.5 ¢m? sulfuric acid. After thorough mixing and adding 5 cm?® of
toluene, the solution was centrifuged at 4000 rpm for 5 min. The organic layer was
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collected and the solution absorbance at 492 nm was measured. Ammonia monooxy-
genase (AMO) activity was measured using phosphate buffer at pH 7.4. 20 ¢cm? phos-
phate buffer was added to 5 g of the sample solution, shaken for 30 minutes, then cen-
trifuged. The nitrite content in the supernatant was measured. Nitrate reductase (NR) and
nitrite reductase (NIR) activities were measured using assay kits. The activity of alkaline
phosphatase (AKP) was measured using the phenyl disodium phosphate colorimetric
technique. A mixture of 1 ¢cm? toluene and 10 ¢cm® phenyl disodium phosphate was
added to 5 g of the sample solution. Following a 15-minute agitation, the mixture was
maintained at 37 °C for 24 h. After collecting the filtrate, 1 cm® was transferred into
a flask with a volume of 100 ¢m®. Adding 5 cm?® of borate-sodium hydroxide buffer,
3 ¢cm?® of potassium ferrocyanide (2.5%), and 3 cm?® of a 0.5% 4-aminoantipyrine solu-
tion, distilled water was utilized to achieve a total of 100 cm?®. Following a 25-minute
stabilization period, the absorbance level of the solution was recorded at 570 nm.

Data analysis. Differences between the two systems were assessed by one-way
ANOVA analysis with paired-samples T-test using IBM SPSS Statistics 27. Statistical
differences, statistically significant differences, and statistically extremely significant
differences were accepted at p < 0.05, p <0.01, and p < 0.001, respectively. The mean
and standard deviation of the data were calculated using Origin 2021. And all data fig-
ures were plotted by Origin 2021.

3. RESULTS

3.1. REMOVAL OF CONTAMINANTS FROM CW-MFC AND CW

Figure 2 shows the effect of COD removal at different stages in CW-MFC and CW.
The COD removal rates of CW-MFC and CW are different. The average COD concen-
trations in the final effluent of CW-MFC and CW were 4.91 mg/dm® and 11.29 mg/dm?,
respectively. The average COD removal rates of CW-MFC and CW were 94.27% and
86.81%, respectively. The COD removal efficiency of CW-MFC was 7.46% higher than
that of CW. The COD removal ability of CW-MFC was significantly higher than that
of CW (p <0.001).

The removal of inorganic nitrogen by the system includes the removal of NH, -N,
NO;-N, and NO;-N. The inorganic nitrogen removal effect of CW-MFC and CW at each
stage is shown in Fig. 3. Both systems had a certain removal effect on various inorganic
nitrogen pollutants. Moreover, the removal effect of CW-MFC is significantly different
from that of CW. The average removal efficiencies of NH;-N, NO,-N, and NO;-N by CW-
-MFC were 93.83, 94.92, and 85.62%, respectively.
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The average removal efficiency of NH, -N, NO,-N, and NO;-N by CW were 84.75,
90.93, and 78.89%, respectively. The removal efficiencies of CW-MFC were 9.08, 3.99,
and 6.73% higher than that of CW, respectively. The removal abilities of NH; -N and
NO.-N by CW-MFC were extremely higher than that by CW (p < 0.001), and the removal
ability of NO;-N by CW-MFC was significantly higher than that by CW (p < 0.01).
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Figure 4 shows the removal of TP by CW-MFC and CW. In both systems, the removal
of TP showed a gradual increase. The average removal efficiency of TP by zeolite layer in
CW-MFC and CW reached about 62.60% and 62.23%, respectively. CW-MFC removed
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83.86% TP in the zeolite and anode layers, but only 9.01% TP in the ceramsite and cathode
layers. Similarly, CW removed 83.38% of the TP in the first two stages and 8.18% in the
last two stages. The TP removal rates of the CW-MFC and CW were 92.87% and 91.56%,
respectively. CW-MFC had a higher TP removal ability than CW (p < 0.05).
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3.2. CHARACTERIZATION OF CW-MFC FILLERS

Figure 5 illustrates the original surface morphology and structure of the fillers of
each layer in the CW-MFC. The surface of zeolite fillers was rough, with protrusions
and microporous structures. The surface of the activated carbon filler had porous char-
acteristics and presented a cluster-like structure. The surface of the ceramsite was rela-
tively smooth and had a bulk structure.

Fig. 5. SEM images of the original fillers of CW-MFC
at two magnifications: a), b) zeolite, c¢), d) activated carbon, e), f) ceramsite
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In Figure 6, the surface structure and form of each layer’s fillers post-CW-MFC
operation are depicted. A large number of micro nanoparticles accumulated on the sur-
face of the zeolite filler compared to the original filler, and rod-shaped microorganisms
were observed. A dense biofilm was formed on the surface of the activated carbon filler.
The biofilm on the surface of the ceramsite was thin-layered.

k4> 500nm

Fig. 6. SEM images of each layer of the filler after CW-MFC operation
at two magnifications: a), b) zeolite, c), d) anode-activated carbon,
e), f) ceramsite, g), h) cathode-activated carbon

X-ray diffraction (XRD) analysis was conducted on the fillers of each layer to delve
deeper into the contaminant elimination process of CW-MFC, both before and follow-
ing its operation. Figure 7 shows the XRD patterns of the zeolite filler. The main char-
acteristic peaks of both the original zeolite and the zeolite in CW-MFC were mordenite
and polyhalite. After the CW-MFC operation, a new diffraction peak of hydrogen phos-
phate appeared at 29.85°.

Figure 8 shows the XRD patterns of the activated carbon filler before and after CW-
-MFC operation. Two distinct peaks appeared around the diffraction angles of 23.78°
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and 43.4°, corresponding to the (002) and (101) crystal planes of graphite [12]. Both the
original activated carbon and the anode/cathode-activated carbon in the CW-MFC system
possess typical graphitic structures, with no significant changes in crystal structure. How-
ever, the (002) crystal plane of both the anode and cathode shifted from 23.78° to 22.81°.
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Figure 9 shows the XRD patterns of the ceramsite filler before and after CW-MFC
operation. The diffraction peaks at 20.81°, 26.56°, 50.12°, and 64.56° correspond to
Si0,. Diffraction peaks located at 30.05° and 36.49° correspond to FeAl>Os4. The crystal
structure of the ceramsite remained the same before and after the operation, and the
main components were still silica and iron-aluminum spinel [13].

3.3. CHEMICAL AND BIOLOGICAL PROPERTIES

The generation of electrons in CW-MFC results from the decomposition of or-
ganic matter by microorganisms. Figure 10 shows ETSA in both systems. ETSA was
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0.012 pg O2/(g'min) in the CW-MFC and 0.008 pg O»/(g'min) in the CW. ETSA in
CW-MFC was extremely significantly higher than that in CW (p < 0.001). Compared
to CW, the ETSA in CW-MFC is increased by 50%.
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Figure 11 shows that the average concentrations of PN and PS at the anode in CW-
-MFC were 8.87 mg/dm? and 4.44 mg/dm?, respectively. The average concentrations of
PN and PS in the cathode were 6.39 mg/dm? and 2.72 mg/dm?, respectively. The sum
of PN and PS concentrations represented the total EPS (TEPS). The concentrations of
PS and PN in CW-MFC were both extremely significantly higher than those in CW
(» <0.001). In both systems, the TEPS contents in the anode region and the lower acti-
vated carbon layer (13.31 mg/dm® and 7.14 mg/dm?, respectively) were higher than
those in the cathode region and the upper activated carbon layer (9.11 mg/dm? and
4.45 mg/dm?, respectively).

The enzyme activity characteristics of the anode (lower activated carbon layer) and
cathode (upper activated carbon layer) in CW-MFC and CW are shown in Fig. 12. The
DHA activity at the anode of CW-MFC (45.62 pmol/g/d) was significantly higher than
that of CW (39.11 pmol/g/d). The AMO activity of CW-MFC was higher than that of
CW, and the AMO activity of the cathode was higher than that of the anode. The NR
activity of the anode of CW-MFC (20.23 pmol/g/d) was significantly higher than that
of the CW, and the NR activity of the anode was significantly higher than that of the
cathode. The NIR activity of the CW-MFC cathode was the highest (69.30 pmol/g/d).
The NIR activity was slightly higher at the cathode of the system than at the anode.
There was little difference in AKP activity between the two systems. AKP showed low
activity compared to the other four enzymes in the system.
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4. DISCUSSION

4.1. EFFECT OF CW COUPLED WITH MFC ON CONTAMINANT REMOVAL

The operation mode of CW-MFC can make electrochemical microorganisms have
higher abundance and thus higher microbial activity, which is the reason for the high
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COD removal rate [14]. Zeolite and ceramsite have good adsorption properties and ion
exchange ability, and have developed pore structure and high specific surface area,
which provide adhesion points for microorganisms and promote microbial decomposi-
tion of organic matter [15]. In addition, zeolites in CW-MFC may have improved their
surface conditions due to electric currents, thus increasing microbial activity [16]. In
contrast, zeolite and ceramsite in CW can also provide good physical adsorption and
microbial growth platforms. However, due to the lack of current promotion, the COD
removal rate is relatively low.

Due to the formation of a complete microbial fuel cell pathway in CW-MFC, elec-
trochemical bacteria, and ammonia-oxidizing bacteria have a higher abundance, which
can enhance nitrification [17]. This is consistent with the high removal rate of NH; -N
by CW-MFC in this study. A study by Teoh et al. [18] showed that NO;-N in up-flow
CW-MFC wastewater was effectively removed after entering the anaerobic zone at the
bottom of the unit, but it increased in the cathode emerging water. In the aerobic region
of the cathode, the nitration process produced NO,-N and NO;-N, and the concentration
of NH, -N in the effluent decreased while the concentration of NO;-N and NO,-N in-
creased correspondingly. In this study, the increase of NO,-N and NO;-N concentrations
of CW-MFC in the ceramsite filler layer was due to the competition generated by the elec-
tronic power generation and denitrification processes in CW-MFC. However, NO,-N and
NO;-N in CW could be used as electron acceptors for anaerobic respiration of denitrifying
bacteria, and nitrification occurred, thus increasing the removal rate of NO;-N in an an-
aerobic region of CW [19]. When wastewater passes through the CW-MFC cathode region,
NH; -N is converted to NO,-N and NO;-N by nitration. A portion of NO,-N and NO,-N
diffused into the anaerobic region and removed by denitrification (NO; — NO, — N>O
— N»), and the other part was not removed in time. Therefore, the concentration of NO,-N
and NO;-N in the effluent from the cathode aerobic zone of CW-MFC increased. The
concentrations of NO;,-N and NO;-N in the final effluent of the two systems increased.
This is due to the oxygen release and diffusion of plant roots, as well as the aeration of
the effluent section, which inhibits the denitrification of microorganisms [20], resulting
in nitrification under aerobic conditions. CW-MFC balanced the nitrification and deni-
trification processes while increasing the removal rate of NH; -N, reduced the accumu-

lation of NO,-N, and improved the removal rate of NO;-N by promoting denitrification.

The zeolite layer in CW-MFC and CW had a high TP removal rate, which was
mainly due to the high adsorption capacity and porous structure of the zeolite. Zeolite
contains metal ions that can precipitate with P and can chemically react with phosphorus
ions in water to form an insoluble phosphate precipitate [21]. The activated carbon layer
promoted the chemical precipitation of TP mainly through physical adsorption and local
environmental changes caused by microbial metabolism in the anode region [22]. The
adsorption capacity of ceramsite was weaker than that of zeolite and activated carbon,
so the removal effect of the ceramsite layer on TP was less. However, the change of DO
and plant absorption in the cathode aerobic zone had little effect on the phosphorus
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removal efficiency. A previous study found that the main method of CW phosphorus
removal is the physical and chemical process of the matrix (including interception, pre-
cipitation, filtration, precipitation, absorption, adsorption, ion exchange, and complex-
ation) [23]. In general, there was little difference in the TP removal effect between the
two systems. The phosphorus removal processes of CW-MFC and CW were mainly
determined by physical adsorption and chemical precipitation in the matrix. Microbial
adsorption or transformation in CW-MFC can indirectly increase the TP removal rate,
so the TP concentration in CW-MFC was slightly lower than that in CW. The use of
more efficient phosphorus adsorption materials in the early stages of the system can
improve the phosphorus removal efficiency of the system.

4.2. VARIATION OF FILLERS AFTER CW-MFC OPERATION

Zeolite provided abundant adhesion sites and surface areas for microbial growth and
retention of suspended solids. After CW-MFC operation, there were microorganisms
attached to the zeolite filler, which contributed to the adsorption and degradation of
pollutants. Activated carbon’s surface biofilm was involved in breaking down organic
material, facilitating nitrification, and extracting nutrients [24]. As an ion exchange ma-
terial, the cations in the porous structure of zeolite exchanged ions with phosphate
groups in wastewater, thus forming hydrogen phosphate to precipitate and adsorb phos-
phate. In addition, chemical reactions associated with microbial activity also caused hy-
drogen phosphate to deposit on the zeolite surface, forming hydrogen phosphate. These
mechanisms, including ion exchange, adsorption, and microbial deposition, work to-
gether to promote phosphorus removal from the system. The porous structure of the
activated carbon layer also promoted the fixation and stable growth of microorganisms,
providing a large number of attachment points. According to Srivastava et al. [25],
graphite particles can promote electrode-dependent anaerobic ammonium oxidation in
CW-MFC, maintaining the high TN removal capacity and less biomass, thereby avoid-
ing system clogging during operation. Due to the electron transfer, redox reaction and
adsorption process in CW-MFC, the electron density and lattice parameters of the acti-
vated carbon electrode material changed. Although the overall crystal structure of acti-
vated carbon remained largely unchanged, this change reflected its role in the pollutant
treatment process.

Although the specific surface area of ceramsite is small, its microporous structure
still provided a certain growth space for microorganisms. The biofilm on the surface of
ceramsite consisted of microbial communities adapted to lower nutrient levels. Placed
the ceramsite layer in the back half of the system helped reduce the risk of microbial
attachment and clogging. Because the ceramsite layer was located in the back half of
the system, the concentration of pollutants was lower, and the more difficult to degrade
or adsorb substances had less impact on it. Therefore, the main function of ceramsite is
to provide a stable physical platform.
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4.3. CHEMICAL AND BIOLOGICAL CHARACTERISTICS ANALYSIS

ETSA drove the critical degradation stage of the nitrogen cycle and also determined
the efficiency of electricity generation. The ETSA in CW-MFC was significantly higher
than that in CW, which indicated that CW-MFC improved the electron transport effi-
ciency. CW-MFC promoted a more active microbial metabolism that continuously sup-
plied the produced electrons to electron acceptors. At the same time, the presence of
electrodes changed the local redox conditions, making electron transfer more efficient.
The redox-sensitive chemical groups on the surface of activated carbon and their posi-
tive effect on the denitrification process improved the electron transport efficiency [26].
Therefore, CW-MFC was more efficient than CW electrons, which facilitated the deni-
trification process and increased the generation of electrical energy.

EPS is secreted by microorganisms and mainly contains PN, PS, nucleic acid, and other
biopolymer compounds, constituting the main components of biofilm. EPS plays an im-
portant role in promoting the aggregation of microbial cells, accelerating the rapid formation
of biofilm, and removing pollutants. In this study, the PN content of both systems was higher
than PS because PN played a dominant role in the formation of biofilm, which reflected the
stability and good physiological state of the biofilm of the system [27]. EPS was more abun-
dant in the anode region, which helped control the fluctuation of pollutant concentration
and maintained the stability of the system [28]. The superior biological adsorption prop-
erty of EPS effectively adsorbed suspended particles, organic matter, and some dis-
solved pollutants in water bodies. Through the interaction of hydrogen bonds, electro-
static action, and van der Waals force, EPS forms a stable bond with pollutants and
enables the physical degradation of wastewater [29]. In addition, EPS can also form
precipitation with phosphorus and remove pollutants through chemical combinations.
CW-MFC produced more TEPS than CW because CW-MFC provided a larger energy
source and electrochemical gradient.

Enzymatic activity may mirror alterations in microbes during the process of purify-
ing wastewater. DHA’s role in oxidizing organic substances mirrors the rate at which
organic matter in wastewater breaks down and its connection to electron generation
[30]. DHA activity in CW-MFC was higher than that of CW, indicating that electron
transfer promoted the growth of microorganisms that decompose organic matter. AMO
catalyzes the conversion of NH; -N to NO,-N and is a key enzyme in nitrification. Its
activity directly affects the removal efficiency of NH,-N and the oxidation state of ni-
trogen in the system. The activity of AMO in CW-MFC was higher than that of CW.
This was because CW-MFC provided an additional supply of electrons, increasing the
efficiency of nitric acid reduction. NR catalyzed the reduction of nitrate to nitrite, which
is the primary stage of the denitrification process. This conversion provided an interme-
diate product for subsequent further removal of nitrite. The slightly higher NIR activity
of the cathode was due to fluctuations in oxygen concentration during operation, thus
increasing denitrification activity during periods of low oxygen. NIR further reduced
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NO,-N to NO or Na. In the system, AMO, NR, and NIR worked together to form a trans-
formation pathway from NH; -N to N». Thus, the ammonium nitrogen in the wastewater
was effectively removed and more favorable conditions were provided for the reduction
of nitrite. There was little difference in AKP activity between the two systems, and the
activity was low. This was because most of the phosphorus in both systems was ab-
sorbed by the fillers and assimilated by the plants, and most of the phosphorus was
removed in the first half of the system. Therefore, in the later stages of the system, the
remaining available phosphorus as the substrate of the AKP was relatively limited, lim-
iting the activity of the AKP.

5. CONCLUSION

CW-MFC was constructed to investigate the effect on the treatment of freshwater
fish aquaculture wastewater and the mechanism of pollutant removal. Compared with
traditional CW, the CW-MFC system had better removal performance of organic matter,
inorganic nitrogen, and phosphorus. The mature biofilm, high EPS and DHA activities
on the surface of the CW-MFC anode indicated that COD removal is mainly achieved
by anaerobic microbial degradation in the anode region. CW-MFC balanced the nitrifi-
cation and denitrification processes in the system, reduced the accumulation of NO;-N,
and improved the removal rate of NO;-N by promoting denitrification. However, the
accumulation of NO;-N in the effluent increased slightly. Therefore, the maintenance
of an appropriate DO level in the cathode region of the CW-MFC is crucial for efficient
denitrification of the system. The removal of TP by CW-MFC was mainly due to the
adsorption fixation of fillers and the assimilation of plants. At the same time, CW-MFC
improved the concentration of ETSA, EPS, and enzyme activity in the system, so that
the wastewater treatment effect was better than CW. Overall, employing CW-MFC for
treating freshwater fish aquaculture wastewater demonstrated notable benefits com-
pared to conventional CW methods. However, the pilot-scale application and the stabil-
ity under different conditions need to be further verified. Further studies on expanding
the practical application of CW-MFC in freshwater fish aquaculture wastewater are rec-
ommended to improve its feasibility and effectiveness.
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