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ARTICLE INFO ABSTRACT
Keywords: As freshwater demand grows globally, using reclaimed water in natural water bodies has become essential.
Microbial fuel cell Constructed wetlands (CWs) are widely used for advanced wastewater treatment due to their environmental

Constructed wetland
Carbon limitation
Sewage sludge-biochar
Denitrifying bacteria

benefits. However, low carbon/nitrogen (C/N) ratios in wastewater limit nitrogen removal, often leading to
eutrophication. This study explores the use of sewage sludge biochar (SB) and activated carbon (AC) as elec-
trodes in microbial fuel cell-constructed wetlands (MFC-CW) to enhance nitrogen removal and energy genera-
tion. Results indicated that the sludge biochar closed-circuit CW (MSBS-CW) achieved considerable total nitrogen
removal (95.85 %) and maximum power density (9.05 mW/m?). Furthermore, high-throughput sequencing and
functional gene analysis revealed substantial shifts in the microbial community within MSBS-CW, particularly in
the electroactive bacteria (Geobacter), autotrophic denitrifying bacterium (Hydrogenophaga, Thiobacillus) and
anaerobic ammonium oxidation bacteria (Candidatus Brocadia). Electrochemical and material characterization
showed that SB enhanced the cathode’s electrochemical performance and the anode’s biocompatibility, thereby
improving denitrification and energy generation. This study demonstrates that sludge biochar is an effective low-
cost electrode material for MFC-CW systems, offering a sustainable solution for nitrogen removal and energy
production under carbon-constrained conditions.

1. Introduction 2023). However, wastewater often contains higher levels of nutrients,
especially nitrates (NO3), and leads to eutrophication as directly dis-

As the global population grows and urban industrialization pro- charging sewage without deep treatment (Wang et al., 2025; Wei et al.,
gresses, the demand for freshwater is increasing (Feng et al., 2023a). 2024). Generally, the deep treatments includes coagulation, adsorption,
Recharging with reclaimed water from wastewater from treatment membrane separation, and advanced oxidation (Ouyang et al., 2024;
plants (WWTPs) is an effective way to address water scarcity (Liao et al., Rashid et al., 2024; Venancio et al., 2023). Nevertheless, the high
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(Closed Circuit); SBS-CW, Sewage Sludge Biochar Open Circuit Constructed Wetland; COD, Chemical Oxygen Demand; TN, Total Nitrogen; EEM, Excitation Emission
Matrix; FT-IR, Fourier Transform Infrared Spectroscopy; XPS, X-ray Photon Spectroscopy; CV, Cyclic Voltammetry; DOM, Dissolved Organic Matter; ETSA, Electron
Transfer System Activity; ORR, Oxygen Reduction Reaction; PARAFAC, Parallel Factor Analysis; PCR, Polymerase Chain Reaction.
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Fig. 1. (a) Schematic diagram of MFC-CW, (b) Different MFC-CW systems during the stabilization period pollutant removal efficiency, different depth concentrations
of (c) COD and (d) TN, (e) operating voltage vary with time, polarization curves of (f) SB and (g) AC.

treatment costs and secondary pollution limit these technologies, mak-
ing them unsuitable for long-term, stable treatment of reclaimed water
(Feng et al., 2023b). Therefore, advanced wetland technologies capable
of achieving deep nitrogen removal for reclaimed water are urgently
needed.

Constructed wetlands (CWs) are nature-based wastewater treatment
processes that have the characteristics of environmental friendliness,
convenient operation and economy (Zheng et al., 2022). They convert
pollutants through natural processes like biodegradation, adsorption,
photodegradation, and phytoremediation, providing effective deep
treatment of wastewater effluent. CWs could be classified into three
categories of horizontal flow, horizontal submerged flow, and vertical
submerged flow, in which vertical submerged wetlands have advantages
like small area demand, suitable anoxic conditions, and high nitrogen
removal capacity, making them suitable for NO3 removal (Zhao et al.,
2024). However, previous research has investigated nutrient concen-
trations in effluents from 3340 WWTPs in China and found the average
concentrations of chemical oxygen demand (COD) and total nitrogen
(TN) were 33.8 mg 1Tand 10.9 mg 1'1, respectively (Sun et al., 2016). In
addition, NO3 removal heavily relies on biological heterotrophic deni-
trification in CWs under anoxic conditions, using organic matter as an
electron donor (Pyo et al., 2024). The low carbon/nitrogen (C/N) ratio
in wastewater is inadequate for complete denitrification in CWs.

Recently, the various methods to enhance nitrogen removal in CWs,
including adding plant litter (Zhou et al., 2024), fermentation broth
(Chen et al., 2022), biochar (El Barkaoui et al., 2023), and pyrite (Yan
et al., 2021), have been extensively studied. Among these, biochar has
gained significant interest as a carbon-rich product from anaerobic,
high-temperature biomass treatment (Zhuang et al., 2022). Previous

studies have shown that adding biochar to CW-treated secondary
effluent could significantly improve nitrate-N removal (Guo et al.,
2023a). Guo et al. investigated the nitrogen removal efficiency when
using biochar as a CW substrate and found that it could enrich genes
encoding nitrate metabolism enzymes (Guo et al., 2023b). Zheng et al.
prepared biochar from cattail and sewage sludge for CW, in which the
release of dissolved organic matter (DOM) and higher electron transfer
capacity of sewage biochar (SB) obviously enhanced nitrogen removal
(Zheng et al., 2022). In addition, the anaerobic ammonium oxidation
activity for denitrification could be significantly stimulated (Wang et al.,
2022a).

Moreover, the high electrical conductivity, electron-donating ability,
and biocompatibility likely make biochar has been deemed to an ideal
electrode material for microbial fuel cells coupled with constructed
wetlands (MFC-CW). The electrons were generated by microorganisms
oxidizing organic matter at the anode, and move along an external cir-
cuit to the cathode and bind to electron acceptors (e.g., NO3) (Gupta
et al., 2023). In addition, MFC-CW could enhance nitrogen removal by
improving the abundance and diversity of microbial communities (Xu
et al., 2018). MFC-CW has been considered as a promising method for
simultaneous nitrogen removal and power generation. Commercial
electrode materials commonly used in MFC-CW studies include carbon
cloth, carbon felt, and activated carbon, which are effective due to their
high specific surface area and electrical conductivity (R. Lu et al., 2024;
Yang et al., 2022). However, their high-cost limits practical applications.
In contrast, sludge biochar, produced by pyrolyzing sludge, is a low-cost
conductive material (Mian et al., 2019). Moreover, graphitic-N and
pyridinic-N could be produced during sludge biochar pyrolysis, facili-
tating electrical activation and redox processes (Mian et al., 2022). It
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was favoring the oxygen reduction reaction (ORR) and denitrification
processes at the cathode. Previous studies have shown that sewage
biochar anode could improve the power output of MFC due to the
biocompatibility and slow-release carbon source (Feng et al., 2018; Zhu
et al., 2022a). Table S1 compares the power densities reported for other
MFC-CWs (Ji et al., 2022; Tang et al., 2019; Tao et al., 2022a; Zhang
et al., 2024a). Notably, Zhang et al. obtained the highest power density
of 44.64 mW m2 using sewage sludge biochar as the MFC-CW electrode
material (Zhang et al., 2024a). However, the energy production and
denitrification performance in carbon constraint constructed
wetlands-microbial fuel cells system are still unknown, and further
research is needed. The feasibility of sewage biochar as a low-cost car-
bon-based electrode in MFC-CW for treatment low carbon/nitrogen
(C/N) ratio wastewater, which will provide a new way for municipal
sludge treatment.

Therein, the nitrogen removal and electricity production perfor-
mances of MFC-CW using commercial activated carbon (AC) and sewage
sludge biochar (SB) as electrodes were compared. The objectives of this
study are (i) to explore the feasibility of sewage sludge biochar as
carbon-constrained MFC-CW electrodes, (ii) to investigate the
enhancement mechanisms based on the surface properties of the mate-
rials, and (iii) to examine the synergistic effect of combining SB and MFC
regarding enhanced nitrogen removal and energy production. The ob-
tained results showed that sludge biochar closed circuit CW (MSBS-CW)
effectively enhanced power production and nitrogen removal efficacy,
providing a reference method for recycling waste biomass and con-
structing wetlands for reclaimed water deep treatment.

2. Materials and methods
2.1. Substrate preparation

Sewage sludge was collected from a wastewater treatment plant
(Xiamen, China) and converted into biochar using modified methods
based on previous research (Zhang et al., 2024b; Zheng et al., 2022). The
retrieved sludge was dried at 105 °C to constant a weight, and then
flattened and sieved. After that, the sludge was pyrolyzed in a tube
furnace under nitrogen at 600 °C for two hours to obtain sludge biochar
(1-3 mm). Gravel (2-4 mm diameter) and pebbles (4-6 cm diameter)
were purchased from Gongyi Gravel Factory (Henan, China), while
activated carbon (2-4 mm diameter) was obtained from a Bafang Water
Purification Plant.

2.2. Construction and operation of CW

Three sets of laboratory-scale CW microcosms were established, as
shown in Fig. 1a, of sludge biochar-based CW (SBS-CW), closed-circuit
sludge biochar-based CW (MSBS-CW), and closed-circuit activated
carbon-based CW (MAC-CW). Each system was constructed using poly-
methyl methacrylate (inner diameter 180 mm, height 750 mm) and
divided into five layers of 100 mm water distribution layer (cobbles),
200 mm lower filter layer (gravel), 100 mm anode layer (AC or SB), 200
mm upper filter layer (gravel), and 50 mm cathode layer (AC or SB).
Besides, the cathode and anode were prepared according to previous
methods (Ji et al., 2022), compacted with AC or SB, and wrapped in
stainless steel mesh (SSM). The two electrodes were connected to an
external adjustable resistor (0.1-15000Q) using insulated copper wire
with epoxy glue applied to prevent corrosion at the connection points.
The CW influent was synthetic wastewater (COD = 40 mg 1"}, NO3-N =
13mgl?, NHf-N =2mg1?', TP = 0.4 mg 1", pH = 7.4 + 0.2) configured
according to previous study, and the specific compositions were listed in
Table S2 (Sun et al., 2016). In addition, the hydraulic retention time was
set to 3 days, and microorganisms in CW were inoculated using sludge
from a sewage plant biochemical tank. Before the experiment, the mi-
croorganisms in CW were acclimated and cultured with synthetic
wastewater until the effluent pollutant concentration stabilized.
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2.3. Sample analysis and material characterization

Influent and effluent samples were collected every 3 days, filtered
through a 0.45 pm membrane, and immediately analyzed for COD, ni-
trate nitrogen (NO3-N), ammonia nitrogen (NHZ-N), and total nitrogen
(TN) using a UV-Vis spectrophotometer (DR6000, HACH, USA). Effluent
from different functional layers was collected and examined on days 15
and 60 at steady state to explore water quality changes along the
pathway. Real-time voltage was automatically collected every 2 min
using an eight-channel voltage detection unit (Sin-R5000C, China).
Polarization and power density curves were measured by varying
external resistance values. Electrochemical indicators such as output
power (P, mV), current (I, mA), power density (PD, mW m'z), and cur-
rent density (CD, mA m?) were calculated from the output voltage.
Detailed calculations were provided in Text S1. Additionally, DO and pH
were measured in situ using portable instruments. The heavy metals
were measured using inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7800).

Surface morphological features were analyzed by scanning electron
microscopy (S-4800, Hitachi), and surface elements were determined by
energy dispersive spectroscopy (EDS). Surface functional groups were
identified using a Fourier transform infrared spectrometer (Nicolet iS10,
Thermo) in the wave number range 400 - 4000 cm'™'. Surface elemental
species were analyzed using X-ray photon energy spectroscopy (K-alpha,
Thermo). Brunauer-Emmett-Teller (BET) surface area and pore volume
were measured using ASAP 2460 (Micromeritics). Crystallinity infor-
mation was obtained using a Raman spectrometer (alpha300R, WITec).
CV curves were used to interpret the electrochemical properties of the
materials and were measured using an electrochemical workstation
(Chi660e, Shanghai Chenhua) according to previous methods (Text S2).
DOM was extracted under neutral 20 °C deionized water conditions, and
DOC concentration was measured using an organic carbon analyzer
(TOC-L, Shimadzu). Filtered samples were analyzed by absorption
spectroscopy and fluorescence excitation-emission matrix (EEM) using a
fluorescence spectrometer (F-7100, Hitachi). Parallel factor analysis
(PARAFAC) was performed on the EEM data after background subtrac-
tion. In addition, the electron transfer activity (ETSA) of each system
was determined as described in Text S3.

2.4. Microbial communities and genes relative abundance

Substrate samples were collected from the MFC-CW anode and air
cathode layer, then shaken and centrifuged to separate the biofilm. The
samples were stored at —80 °C until DNA extraction. Gene V3-V4 frag-
ments were amplified from extracted DNA using primer sets 515F (5-
GTGYCAGCMGCCGCGGTAA-3) and 806R (5-GGACT-
ACNVGGGGTWTCTAAT-3) and analyzed by high throughput
sequencing. In addition, nitrogen metabolism-related genes were
quantified using quantitative PCR (qQPCR). Primers were derived from
previous studies and the relative abundance of genes was calculated by
absolute copies in 16S rRNA (Zhou et al., 2022).

2.5. Data analysis

All experiments were repeated, and the mean and variance were
calculated. Pollutant removal efficiency was assessed by calculating the
mean concentration, with data collected every 3 days during the stabi-
lization period (0 — 105 days). SPSS (version 26.0) was used for statis-
tical analysis. Additionally, one-way analysis of variance (ANOVA) was
used, with p < 0.05 considered statistically significant.
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Fig. 2. SEM images of (a) SB and AC, (b) EDS image of SB, (c) FT-IR spectra, (d) full XPS spectra, (e) C 1 s spectra, (f) Fe 2p spectra, (g) N 1 s spectra, Raman spectra

of (h) AC and (i) SB, and (j) CV curves for both materials.
3. Results and discussion
3.1. Treatment performance of constructed wetlands

3.1.1. Chemical oxygen demand and nitrogen removal performance

Figs. S1-S3 presented the influent and effluent pollutant concentra-
tions and removal efficiencies for each CW group during the stabiliza-
tion period, demonstrating stable pollutant removal over long-term
operation. Additionally, Fig. 1b displays the treatment performance of
different wetlands. The COD removal at SBS-CW, MSBS-CW and MAC-
CW were achieved 75.76 %, 78.82 % and 82.84 %, respectively. MAC-
CW had high COD removal due to the larger specific surface area of
the activated carbon, which was facilitated to microorganism attach-
ment and growth (Ji et al., 2022). The sludge biochar MFC-CW system
exhibited higher COD removal than the CW system, consistent with
previous studies (Tao et al., 2024; Xu et al., 2018). Understanding the
COD removal process is critical because it serves as a substrate for ni-
trogen removal and MFC power generation (Zhang et al., 2024a).
Therefore, COD concentrations at different depths were examined
(Fig. 1c). It was observed that MAC-CW had a low COD concentration in
the lower filter layer. Conversely, MSBS-CW had a low COD

concentration in the anode layer, indicating substantial consumption of
organic matter for electricity production (Teoh et al., 2024). Addition-
ally, most organic matter was degraded at the bottom of the reactor,
suggesting that microbial metabolic activities primarily utilized the
organic matter as electron donors for nitrate reduction and energy
production.

For NHj removal, as shown in Fig. 1b, SBS-CW achieved 86.01 %
efficiency, while MAC-CW and MSBS-CW demonstrated higher effi-
ciencies of 92.10 % and 95.85 %, respectively. This is likely due to the
higher abundance of ammonifying bacteria in MAC-CW and MSBS-CW
(Zhu et al., 2022b). Besides, the NO3 removal efficiencies for SBS-CW,
MAC-CW, and MSBS-CW were 79.72 %, 89.98 %, and 97.37 %,
respectively. The denitrification process was an electron-driven
biochemical reaction that could be facilitated by the surface groups of
SB and AC through modulation of electron transfer (Zhang et al., 2024a).
Notably, the closed SB system significantly improved the denitrification
process, likely due to bioelectricity promoting microbial structure and
electron transfer (Liu et al., 2023). Interestingly, trends in nitrogen and
COD removal were inconsistent. The conventional denitrification car-
bon source was a limiting factor and became more challenging under
reclaimed water carbon-limiting conditions. It was indicated the
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presence of alternative denitrification processes, such as autotrophic
denitrification or anaerobic ammonium oxidation in the MSBS-CW
system (Tao et al., 2022a). Besides, TN concentrations at different
depths were examined (Fig. 1d). At the anode layer, MSBS-CW and
MAC-CW removed high TN of 5.56 and 5.29 mg 1*}, respectively. The
MFC-CW enhanced TN removal might be attributed to the higher
number of NOj3 reducing bacteria (Li et al., 2024). Furthermore,
MSBS-CW removed the high amount of TN (2.16 mg 1Y) in the cathode
layer might due to NO3 being available for autotrophic nitrogen
reduction at the cathode electronic stimulation (Gupta et al., 2023). NO3
significantly threatens the environment and ecosystems. Fig. S4 pre-
sented the residual NO> concentrations for each system, with values of
0.40 + 0.15 mg 1''for SBS-CW, 0.45 + 0.15 mg 1! for MSBS-CW, and
0.32 + 0.11 mg I'! for MAC-CW. These results suggested that each sys-
tem could totally remove nitrogen and have less impact on the
environment.

3.1.2. Energy generation performance

The voltage curves of MSBS-CW and MAC-CW over time was showed
in Fig. le. During the stabilization period, MSBS-CW exhibited a 6.4-
time higher voltage (172.46 + 6.80 mV) compared to MAC-CW (26.96
+ 3.25 mV). This indicated that SB was more favorable for enriched
electroactive bacteria (EAB) for power generation (Ebrahimi et al.,
2021). The power density was calculated by varying the external resis-
tance value, as shown in Fig. 1f and g. The outcomes showed that the
maximum power densities of MSBS-CW and MAC-CW were 9.05 mW m?2
and 0.27 mW m2, respectively. Previous studies suggest that biochar is

Water Research 273 (2025) 123024

an ideal anode material due to its electron-donating capacity and
excellent biocompatibility (Feng et al., 2018; Zhu et al., 2022a). More-
over, higher contents of N, Fe, and P enhance the ORR catalytic activity
of the air cathode (Yuan et al., 2015). It was indicated that sewage
sludge biochar is an excellent material for both cathode and anode ap-
plications in carbon-constrained conditions. Table S1 compares the
power densities reported for other MFC-CWs and the highest power
density of 44.64 mW m2 using sewage sludge biochar as the MFC-CW
electrode material (Ji et al., 2022; Tang et al., 2019; Tao et al., 2022a;
Zhang et al., 2024a). Therein, the limitation of COD (40 mg I'Y in this
study was resulted in less electron transfer at the anode (Tao et al.,
2022b).

3.2. Characterization of electrode materials

SEM of SB and AC was showed in Fig. 2a. The surface of SB was rough
and mainly composed of amorphous and carbon particles, facilitating
microorganism attachment and growth. In contrast, AC had smoother
surfaces with numerous tiny pores. The EDS image of SB had detected
elements such as C, O, Fe, Al, Si, and Ca, which were evenly dispersed on
the surface (Figs. 2b and S5). Meanwhile, Fe could be acted as an elec-
tronic mediator for autotrophic denitrification, and N-coordinated Fe
exhibits high catalytic activity for ORR (Yuan et al., 2015). Previous
studies have shown that heteroatom doping enhances the catalytic ac-
tivity of biochar (Wang et al., 2022b). Furthermore, the concentrations
of heavy metals in both reactors and SB immersed in pure water were
minimal (Table S3), indicating that releasing heavy metals from SB
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poses negligible environmental risk.

The surface functional groups of the electrode materials were char-
acterized by FT-IR, as shown in Fig. 2c. The O-H stretching vibrations
generated the broad peak at 3428 cm™, which was more prominent in
SB. Previous studies have shown that phenol-OH groups could actively
participate in electron transfer during nitrate and nitrite reduction
processes (Zheng et al., 2022). The peaks at 1620, 1411, and 1056 cm™*
were assigned to C = C/C = O, C-H, and C-O-C groups, respectively (Guo
et al., 2023b; Kumar et al., 2023). The non-acidic groups (C = O and
C-0-C) could favor MFC performance by significantly enhancing elec-
tron transfer activity, which were more abundant in SB (Zhong et al.,
2019). It was suggested that SB likely enhanced denitrification and
power generation in MFC-CW by improving the electron transfer pro-
cess. Furthermore, SB exhibited a distinct peak at 590 cm™, attributed to
the stretching vibration of the Fe-O bond, which was aligned with the
EDS results (Li et al., 2024).

XPS was used to further understand the surface chemical composi-
tion of AC and SB. As shown in Fig. 2d, both carbon-based materials
contained carbon and oxygen. In addition, SB contained elements such
as iron, nitrogen, calcium, silicon, and aluminum, consistent with the
EDS results (Fig. 2b). The C 1 s spectrum was displayed in Fig. 2e,
assigned peaks at 284.8 eV, 286.6 eV, and 288.8 eV to C-C, C-O, and C =
O, respectively. SB exhibited higher C-O and C = O peak areas, which
agreed with the FT-IR results. Fig. 2f shows the Fe 2p, identifying peaks
at711.1eV,716.3 eV, 724.0 eV, and 728.9 eV as Fe 2p3/2, Fe 2p3/2, Fe
2p1/2, and Fe 2pl/2, respectively. This indicated the SB surface con-
tained Fe?* and Fe®* forming iron compounds (Zhang et al., 2024a;
Moradian et al., 2022). Additionally, the characteristic peaks of the N 1's
spectrum of SB (Fig. 2g) were deconvoluted into Pyridinic-N (398.1 eV),
Pyrrolic-N (399.5 eV) and Graphitic-N (400.8 eV) (Zhong et al., 2019).
Notably, Pyridinic-N and Graphitic-N play vital roles in ORR, providing
active sites and reducing mass transfer resistance. Pyridinic-N could

accelerate the oxygen reduction process by weakening the O-O bond,
while Graphitic-N strengthens electrocatalytic properties by increasing
conductivity in high-energy band domains (Ma et al., 2018). Further-
more, the degree of graphitization and defects in the carbon-based
materials was assessed by the intensity ratio (Ip/Ig) from the Raman
spectrum (Fig. 2h and i) (Cancado et al., 2024). The results exhibited
that the Ip/Ig value of SB (0.95) was lower than that of AC (0.98),
suggesting that SB was converted from amorphous carbon to ordered
SP2 microcrystals during pyrolysis with a higher degree of graphitization
(Zheng et al., 2022). Besides, as illustrated in Fig. 2j, the CV curve of SB
observed a substantial oxygen reduction process in an oxygen-saturated
solution, whereas AC showed almost no reduction current. This indi-
cated that SB had higher ORR catalytic activity than AC due to the
higher content of metal and N-containing functional groups in SB,
introducing defective sites and structural distortions (Zhang et al.,
2024a).

In addition, Table S4 and Fig. S6 presented the physical properties of
the two carbon materials. Specifically, SB exhibited higher hydrophi-
licity than AC, favoring bacterial attachment and thus enhancing deni-
trogenation and power production (Jia et al., 2018). In contrast, AC had
a larger pore volume and surface area than SB. Generally, a larger pore
volume and specific surface area favor nutrient capture and organic
pollutant removal. To put it another way, it was suggested that pore
volume and specific surface area were not the reasons for the enhanced
nitrogen removal and electricity production by SB. Additionally, after 72
h of immersion in neutral pure water, the pH values of SB and AC were
7.73 and 9.04, respectively. Table S5 provided the DO and pH values
recorded during the operation of each constructed wetland, with the pH
ranging from 7.5 to 8.5. Previous studies indicate that bioelectricity
generation and pollutant removal in MFC-CW systems are most efficient
under slightly neutral to alkaline conditions (Doherty et al., 2015; Wang
et al., 2016). These findings support the suitability of both AC and SB as
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electrode materials for MFC-CW.
3.3. Carbon source release and electron transfer activity

Dissolved organic carbon (DOC) release was analyzed using deion-
ized water extraction at 20 °C, and the average DOC content of SB (69.05
mg g1) was higher than that of AC (4.07 mg g™V). In addition, the specific
ultraviolet absorbance (SUVAgs4) and bioavailability (optical indices
such as slope ratio, Sg) values for dissolved organic matter (DOM)
released from carbon materials was showed in Fig. 3a. The SUVAgs54
value of AC(5.78 L mg'1C m™) was much higher than SB (0.77 L mg'lc m
1), indicating that the DOM released from AC contained more aromatic
organic matter. Higher Sg values reflect a lower relative molecular mass
of released DOM, with SB at 8.94 + 0.25 and AC at 2.92 + 0.69. These
results suggested that the DOM released by AC was more aromatic and
had a higher molecular weight, making it harder for microorganisms to
assimilate and utilize. Furthermore, the biodegradation index (BIX),
humification index (HIX), and fluorescence index (FI) of EEM are
depicted in Fig. 3b—d. The results suggested the greater bioavailability of
the released DOM from SB. A high HIX value of AC means that the DOM
is stable and humic in structure, making it hard utilize by
microorganisms.

In addition, the fluorescence components (C1, C2, C3) of all extrac-
ted samples were analyzed by PARAFAC and shown in Fig. S7. C1 is
typically considered a low molecular weight UVA humic-like compound
(Burrows et al., 2013), C2 a protein-like component (Kothawala et al.,
2012), and C3 a combined component containing both humic-like and
protein-like DOM (Yang et al., 2013). Fig. 3e presented the significantly
different fluorescence intensities of all components released by AC and
SB in deionized water. Notably, the C1 and C2 fluorescence intensities of
SB were 7.38 R.U. and 6.07 R.U., respectively, higher than those of AC
(1.62 R.U. and 0.0018 R.U.). In addition, C1 and C2 occupied 75.66 %
and 27.91 % of SB and AC, respectively (Fig. 3f). These results indicated
that SB has a higher concentration of DOM and consists mainly of
humic-like and protein-like compounds easier for microorganisms to
utilize (Zheng et al., 2022). Furthermore, protein-like components could
promote microbial activity to enhance denitrification performance
(Zhou et al., 2024). Thus, SB could increase microbial abundance and
activity by providing bioavailable carbon, facilitating pollutant removal
and energy production.

Moreover, the denitrification process is an electron-driven
biochemical reaction (Zheng et al., 2022). The microbial electron
transport system activity (ETSA) were further analyzed for explaining
the SB-enhanced nitrogen metabolism process. As shown in Fig. 3g, the
average ETSA values for SBS-CW, MAC-CW, and MSBS-CW were 0.36,
0.31, and 0.58 pg O g’1 protein’l min, respectively. A lower ETSA
negatively affects the electron reduction reaction, resulting in lower
bioelectricity production (Ji et al., 2022). This could explain the higher
energy production in MSBS-CW.

3.4. Structure of microbial communities

The high-throughput sequencing was performed to elucidate the
effects of different electrode materials and run modes on microbial
community structure (Figs. 4, Fig. S8 and Table S6). Venn diagrams for
each sample were presented in Fig. S8 to evaluate the distribution of
OTUs across samples. A total of 6318 OTUs were identified from six
groups of biofilm samples, among which 390 OTUs were shared, rep-
resenting 6.17 % of the total. That suggested significant differences in
the microbial community composition among the six groups. Moreover,
the alpha diversity of the microorganisms was presented in Table S6 and
the coverage of all samples exceeded 99 %, indicating that the results
were reliable and representative. The cathode layer of each system had
higher abundance (ACE and Chao 1) and diversity (Simpson and Shan-
non) than the anode layer (Xu et al., 2018). Furthermore, the order of
microbial richness and diversity among different CW systems was
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MSBS-CW > SBS-CW > MAC-CW. It was showed that both SB and MFC
could improve the microbial community structure of CWs.

In addition, the structure of microbial communities at the phylum
and genus levels was illustrated in Fig. 4, in which A and C represent
samples from the anode and cathode regions, respectively. At the
phylum level (Fig. 4a), the dominant microbial populations were Pro-
teobacteria, Chloroflexi, Bacteroidota, Nitrospirota, Planctomycetota, Acid-
obacteriota, and Patescibacteria. Among them, Proteobacteria had the
highest relative abundance in each system (28.50 % - 45.19 %), gener-
ally associated with carbon and nitrogen cycling in wastewater treat-
ment systems and playing essential roles in bioelectricity generation (Li
et al., 2024). Notably, the phylum of Chloroflexi and Bacteroidota were
involved in the degradation of complex organic matter (Li et al., 2023;
Zhou et al., 2024).It was showed higher abundance in the anode layers
than cathode layers in this study, indicating that organic matter con-
sumption occurs mainly in the anode layer. Chloroflexi was more
abundant (22.09 %) in MAC.A, which might contribute to the better
COD removal in MAC-CW. The phylum of Desulfobacterota had high
abundance (6.51 %) in MSBS.C, identified as an electroactive-rich bac-
terium (Zhu et al., 2022a), leading to increased power output in
MSBS-CW. Furthermore, Planctomycetota, associated with aerobic het-
erotrophic and anaerobic denitrification (Tao et al., 2022b). It had the
high relative abundance in MSBS-CW (4.30 % - 6.21 %) and SBS-CW
(3.44 % - 4.36 %), suggesting that SB probably enhanced the anaer-
obic ammonium oxidation pathway.

To better understand the microbial community composition, Fig. 4b
was displayed the shows distribution at the genus level. Nitrospira,
Candidatus_Competibacter, =~ Dechloromonas,  Stenotrophobacter, and
Thauera were the main genera in all systems. Dechloromonas and Thauera
are typical heterotrophic denitrifying genus (Tao et al., 2022b; Zheng
etal., 2022). SBS.A (4.35 %, 6.74 %), MAC.A (6.90 %, 5.16 %), MSBS.A
(8.12 %, 2.96 %), SBS.C (10.17 %, 3.31 %), MAC.C (10.81 %, 3.79 %),
and MSBS.C (13.47 %, 1.56 %) all had a high abundance, indicating that
the heterotrophic denitrification process was present in all CW systems.
Candidatus_Competibacter is a representative genus for COD and phos-
phorus removal (Shi et al., 2022). Its highest relative abundance in
MAC-A (24.54 %) could explain the high COD removal at the MAC-CW.
Notably, the microbial community structure of MSBS.C underwent sig-
nificant changes. The MSBS.C had the highest abundance of Geobacter
(10.81 %) compared to other samples (0.32 % - 1.70 %). Geobacter is a
typical electroactive bacterium that forms conductive biofilm for rapid
extracellular electron transfer (Gupta et al., 2023). The Fe (III) oxide and
Graphitic - N on the SB surface favored the growth of Geobacter, thereby
increasing the energy output (Zhang et al., 2024a). Thiobacillus was
more abundant in MSBS.C (7.30 %) and SBS.C (1.67 %) than in the other
samples (0.25 %—0.41 %), which is a Fe-based autotrophic denitrifying
bacterium that could absorb electrons directly from the electrode to
reduce NO3 (Shi et al., 2022; Xu et al.,, 2017). In addition, Hydro-
genophaga, a hydrogen autotrophic denitrifying bacterium (Fan et al.,
2022; Y. 2024). It had a higher relative abundance in MSBS.C (4.56 %)
than in other samples (0 %—0.48 %). The above results suggested that
SB enhanced the autotrophic denitrification process at the MFC-CW
cathode. Candidatus Brocadia, a typical genus of anaerobic ammonium
oxidation bacteria, is an autotrophic bacterium that uses ammonia as an
electron donor and nitrite as an electron acceptor to achieve nitrogen
removal (Chen et al., 2020; Tao et al., 2022a). The relative abundance of
Candidatus_Brocadia was higher in MSBS.A (4.10 %) and SBS.A (3.10 %)
than in MAC.A (0.24 %), providing strong evidence that SB enhanced
the anaerobic ammonium oxidation process in the anode layer.

The clustering analyses at the phylum and genus levels were per-
formed to further analyze the impact of SB on microbial communities in
MFC-CW (Fig. 4c and d). The clustering tree divided the samples into
three main groups at the phylum and genus levels. One group contained
SBS.C, MAC.A, and MAC.C; another group included SBS.A, MSBS.A; and
the last group included only MSBS.C. As the system was open-circuited,
SB altered the microbial community distribution in the anode.
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Fig. 5. Schematic diagram of the sludge biochar enhancement mechanism.

Interestingly, MSBS.C formed different microbial community structures
from the other samples, suggesting that MFC could modify the cathode
microbial structure in SB-based CW. Therefore, using SB as an MFC-CW
electrode could improve the microbial community structure at both the
cathode and anode, enhancing denitrification and energy output.

3.5. Enhancement mechanism of sludge biochar as electrodes

To explore the alteration of functional microorganisms by SB in MFC-
CW, nitrogen functional genes were quantified (Fig. 4e). MSBS-CW
showed the highest abundance of nitrification-related genes (nxrA:
2.32 x 10-5 - 7.65 x 10-5 %, amoB: 0.078 - 0.14 %, amoA: 0.20 - 0.27
%, hao: 0.0020 - 0.0043 %), suggesting that SB could enhance nitrifi-
cation as an electrode. Similarly, denitrification-related genes (narG,
nosZ, nirK, nirS) were more abundant in MSBS-CW than in other sam-
ples, indicating more complete denitrification. However, SBS-CW had
the lowest abundance of denitrification genes, showing that MFC effi-
ciently promoted denitrification. These results suggested that the syn-
ergistic interaction between SB and MFC contributed to the higher
abundance of nitrogen-functional genes. Additionally, hzsB and hzo
were typical functional genes for anaerobic ammonium oxidation (Wang
et al., 2022a). SBS-CW (0.040 - 0.15 %) and MSBS-CW (0.10 - 0.23 %)
had higher hzsB abundance compared to MAC-CW (0.0015 - 0.0060 %).
Moerover, hzo was detected only in SBS-CW and MSBS-CW, corre-
sponding to the higher abundance of Candidatus Brocadia in
high-throughput sequencing results.

According to the results, MSBS-CW demonstrated superior denitri-
fication and power generation performance in carbon-constrained en-
vironments and the specific enhancement mechanism was depicted in
Fig. 5. Iron and heteroatoms on the SB surface enhance ORR catalytic
activity at the cathode layer and serve as electronic mediators for
autotrophic denitrification. SB surfaces contained more Pyridinic-N,
Graphitic-N, C = O, and C-O groups, facilitating ORR and electron
transfer processes. Additionally, the more hydrophilic SB provided
available carbon sources, enhancing biocompatibility and allowing mi-
croorganisms to better adapt to wetland environments in low-carbon
conditions. Graphite-N and Fe (III) oxides on the material enriched
Geobacter abundance, thereby promoting energy yield. This electron
transfer from the anode to the cathode promoted autotrophic denitrifi-
cation, increasing nitrogen removal. Furthermore, SB’s biocompatibility
and enhanced electron transfer activity could improve the anaerobic
ammonium oxidation process in CW. Notably, autotrophic denitrifica-
tion and anaerobic ammonium oxidation do not require an organic
carbon source as an electron donor, providing a new solution to improve
the nitrogen removal performance of CW in low-carbon conditions.
Meanwhile, MFC-CW systems can effectively remove emerging pollut-
ants, including pharmaceuticals, pesticides, and antibiotics (Liu et al.,
2020). MSBS-CW demonstrated a more efficient bio-electrochemical

process, which can enhance the removal rate of emerging contami-
nants (Luo et al., 2009). That provides a novel approach for the
enhanced pollutants treatment in low-carbon wastewater.

4. Conclusions

This study verified the potential of sludge biochar (SB) and com-
mercial activated carbon (AC) as electrodes for Microbial Fuel Cells -
Constructed Wetlands (MFC-CW) in carbon-constrained environments,
and explored the enhancement mechanism. Three sets of MFC-CWs were
constructed: SB open circuit CW (SBS-CW), SB closed circuit CW (MSBS-
CW), and AC closed circuit CW (MAC-CW). The results indicated that SB
was more suitable than AC as an electrode material for MFC-CW under
carbon-constrained conditions, achieving 90.59 % average TN removal
and 9.05 mW m? maximum power density, significantly higher than
MAC-CW. Material surface properties described by XPS, FT-IR, EDS, and
electrochemical analysis suggested that SB effectively promotes ORR
catalytic and electron transfer activity. Meanwhile, EEM and PARAFAC
analyses indicated that SB-released DOM facilitated carbon source
replenishment and microorganism adaptation, enhancing nitrogen
removal. 16sRNA sequencing revealed that the SB-based MFC-CW was
enriched with autotrophic denitrifying and anaerobic ammonium
oxidation bacteria due to SB enhancing cathode ORR catalytic activity
and anode biocompatibility. Correspondingly, nitrogen metabolism
functional genes (hzsB, hzo, nirS, nikK, nosZ, etc.) had higher abun-
dance in MSBS-CW. Overall, this study confirmed the efficacy of SB as an
MFC-CW electrode in low-carbon environments, providing a reference
for practical engineering applications and offering a new approach for
municipal sludge recycling and reuse. However, the feasibility of large-
scale construction needs further assessment to promote the application
of reclaimed water treatment.
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