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Abstract: Chitin is one of the most abundant polymers in nature, with chitinous biomass often
discarded as food waste and marine debris. To explore an effective way to degrade chitin, in this
work, anaerobic sludge was inoculated at the anode of a two-chamber microbial fuel cell (MFC),
and chitin was degraded via anaerobic respiration and fermentation. The results showed that the
anaerobic sludge could degrade chitin under both the anaerobic respiration and fermentation modes,
with similar degradation rates (7.10 ± 0.96 and 6.96 ± 0.23 C-mg/L·d−1). The open-circuit voltage
and output current density could roughly reflect the degradation of chitin in the MFC. The maximum
current density generated through the anaerobic sludge degradation of chitin via anaerobic respiration
was 160 mA/m2, and the maximum power density was 26.29 mW/m2. The microbial sequencing
results revealed substantially different microbial community profiles, with electroactive bacteria
(EAB) flora and fermentative bacteria (Longilinea) as the main microbial groups that degraded chitin
via anaerobic respiration and fermentation, respectively. Therefore, anaerobic sludge may be a good
choice for the treatment of refractory biomass due to its abundant electroactive and fermentative flora.

Keywords: anaerobic sludge; chitin; anaerobic respiration; fermentation; MFC

1. Introduction

Advances in modern industry and technology have resulted in a constant demand for
energy, and this enormous energy demand has been largely met by unsustainable natural
fossil fuels. Extensive mining and refining operations of fossil fuels have resulted in further
environmental pollution, shifting the focus of research to eco-friendly and sustainable
resources [1]. Biomass has gained attention as a sustainable future energy source. Chitin is
the second most abundant natural biopolymer in nature after cellulose, with a highly similar
structure to cellulose, and is composed of N-acetyl-β-D-glucosamine (GlcNAc) linked by
β-1,4-glycosidic bonds [2]. Crustaceans such as shrimp and crabs are the richest source
of chitinous biomass, with approximately 1012–1014 tons of chitinous biomass produced
annually by the fish processing industry [3]. Chitinous biomass is mostly discarded as
food waste and marine debris, making the effective degradation and use of chitin of great
significance.

Aerobic and anaerobic degradation are the two common metabolic modes of chitin
degradation. Boyer et al. compared chitin degradation using estuary aerobic and anaerobic
sediments and found that metabolite acetate could be detected via the fermentation of
chitin, while no measurable intermediates were detected via aerobic chitin degradation [4].
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The aerobic respiration degradation of chitin was faster than fermentation degradation,
but it could not recover energy or chemicals. Anaerobic respiration is another type of
anaerobic metabolism besides fermentation. The MFC is a device of great concern; it is
a biochemical-catalyzed system that uses microorganisms to generate bioelectricity by
oxidizing biodegradable organic matter [5]. Microorganisms that are typically present
in the anode chamber of fuel cells can act as biocatalysts, oxidizing organic substrates
through anaerobic respiration to generate electrons (e−) and protons (H+). Electrons are
transferred from the anode to the cathode through an external circuit, while protons diffuse
into the cathode chamber through a proton exchange membrane, which separates the anode
and cathode chambers. MFCs have been developed to generate electricity using different
substrates, such as acetate, glucose, and starch [6,7]. However, these substrates have high
biodegradation rates, are quickly exhausted, and are relatively expensive, making their
use uneconomical. Therefore, chitin derived from shrimp and crab food waste is of great
significance as a sustainable energy source. Using anaerobic respiration as the main mode
of MFC systems to simultaneously degrade chitin and produce energy may be a better
chitin treatment method.

As a biocatalyst for MFC, electrochemically active bacteria (EAB) can generate and
transfer electrons exocellularly [8]. Using wastewater from a secondary clarifier as an inocu-
lum to degrade chitin in a single-chamber MFC has been reported, but no analysis of EAB
has been conducted [9]. The EAB pure cultures Arenibacter palladensis, Aeromonas hydrophila,
and Shewanella oneidensis were reported to directly use chitin as a substrate to generate
electricity in two-chamber MFCs [10–12]. Anaerobic sludge has the characteristics of a large
biomass and a rich microbial diversity [13]. The bacterial genera contained in anaerobic
sludge include fermentative bacteria such as Hydrogenispora [14], Enterobacter, Bacillus, and
Clostridium [15], as well as common EAB such as Geobacter [16] and Shewanella [17] in MFC
systems. Anaerobic sludge is widely used in water pollution control and is currently used
to degrade refractory organic pollutants [18] and biomass, such as cellulose [19]. Therefore,
anaerobic sludge may be suitable for degrading chitin and generating electricity in MFC
systems, though no reports have been published on the degradation of chitin using MFC
systems inoculated with anaerobic sludge.

This work investigates the anaerobic degradation of chitin by anaerobic sludge via
anaerobic respiration and fermentation systems, and the degradation rates of the chitin
were compared. The bioelectrical properties of the MFC system were obtained, including
the open-circuit voltage, output current density, and polarization curve. In addition, the
biofilm formed by the anaerobic sludge at the anode was analyzed to understand the
evolution of the functional bacteria in the anaerobic respiration and fermentation systems.

2. Materials and Methods
2.1. Preparation of Suspended Chitin

First, 5 g of chitin flakes (Sangon Biotech, Shanghai, China) were shredded and mixed
with 400 mL of HCl (37%) under stirring for 10 min. Then, the homogenous slurry was
poured into 5 L of cold deionized water. After stirring, the solution was filtered with a
cellulose membrane and the chitin precipitate was washed with deionized water until
the pH reached 4. Subsequently, the precipitate was resuspended in deionized water and
adjusted the pH to 7 using NaOH. The suspension was filtered again and the supernatant
was discarded. Finally, the chitin precipitate was resuspended in 1 L of deionized water to
obtain a final concentration of 2% (w/v, g/mL).

2.2. Experimental Operation

A two-compartment H-type MFC (working volume of 140 mL) was used in this work,
with a carbon felt electrode (30 × 30 × 1 mm) used for both the anode and cathode. The
anode and cathode chambers were separated by a cation exchange membrane (CMI-7000,
Membranes International Inc., Ringwood, NJ, USA). This cation exchange membrane is
a strong acid cation exchange membrane with a thickness of 0.45 ± 0.025 mm, allowing
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positively charged cations to pass through. The cation exchange membrane was placed
between the anode and cathode chambers and clamped with a clamp. The anode chamber
was inoculated with 140 mL of anaerobic sludge (mixed liquor suspended solid—MLSS:
2500 mg/L) from the anaerobic tanks of the Jingkou Sewage Treatment Plant (Zhenjiang,
Jiangsu, China), and the final concentration of chitin was 1.5 g/L. Meanwhile, ferricyanide
solution (16.47 g of K3Fe(CN)6, 17.8 g of Na2HPO4·12H2O, and 3 g of KH2PO4 per liter)
was used for the cathode. The MFCs were connected to a fixed external resistor (1000 Ω),
and the output voltage was recorded via a data acquisition system (PISO-813, ICP DAS
Co., Ltd., Taiwan, China) every 0.5 h. The experimental device of the MFC is shown in
Figure 1a. After the output voltage reached the steady state, the MFCs were run in the
open-circuit mode for 4 h, the polarization curves were obtained by varying the external
resistance (300–50 kΩ), and the stable voltage was recorded.

To confirm the anaerobic fermentation degradation mode of chitin in the open-circuit
MFC system, a control fermentation degradation experiment of chitin in anaerobic serum
bottles was conducted. The fermentation control experiment was carried out in a 200 mL
serum bottle, to which 140 mL of chitin and anaerobic sludge were added, with the same
concentration as the MFC system. The experimental device of the serum bottle is shown in
Figure 1b. Before starting the experiment, the anaerobic sludge was completely depleted
of any remaining organic carbon (verified via chemical analysis) through an operation in
the MFC under starvation conditions (without adding feed). The MFC anode and serum
bottles were blown with nitrogen for 15 min and then sealed with a rubber stopper. All
experiments were conducted in triplicates.

Fermentation 2023, 9, x FOR PEER REVIEW 3 of 13 
 

 

2.2. Experimental Operation 
A two-compartment H-type MFC (working volume of 140 mL) was used in this work, 

with a carbon felt electrode (30 × 30 × 1 mm) used for both the anode and cathode. The 
anode and cathode chambers were separated by a cation exchange membrane (CMI-7000, 
Membranes International Inc., Ringwood, NJ, USA). This cation exchange membrane is a 
strong acid cation exchange membrane with a thickness of 0.45 ± 0.025 mm, allowing pos-
itively charged cations to pass through. The cation exchange membrane was placed be-
tween the anode and cathode chambers and clamped with a clamp. The anode chamber 
was inoculated with 140 mL of anaerobic sludge (mixed liquor suspended solid—MLSS: 
2500 mg/L) from the anaerobic tanks of the Jingkou Sewage Treatment Plant (Zhenjiang, 
Jiangsu, China), and the final concentration of chitin was 1.5 g/L. Meanwhile, ferricyanide 
solution (16.47 g of K3Fe(CN)6, 17.8 g of Na2HPO4·12H2O, and 3 g of KH2PO4 per liter) was 
used for the cathode. The MFCs were connected to a fixed external resistor (1000 Ω), and 
the output voltage was recorded via a data acquisition system (PISO-813, ICP DAS Co., 
Ltd., Taiwan, China) every 0.5 h. The experimental device of the MFC is shown in Figure 
1a. After the output voltage reached the steady state, the MFCs were run in the open-
circuit mode for 4 h, the polarization curves were obtained by varying the external re-
sistance (300–50 kΩ), and the stable voltage was recorded. 

To confirm the anaerobic fermentation degradation mode of chitin in the open-circuit 
MFC system, a control fermentation degradation experiment of chitin in anaerobic serum 
bottles was conducted. The fermentation control experiment was carried out in a 200 mL 
serum bottle, to which 140 mL of chitin and anaerobic sludge were added, with the same 
concentration as the MFC system. The experimental device of the serum bottle is shown 
in Figure 1b. Before starting the experiment, the anaerobic sludge was completely de-
pleted of any remaining organic carbon (verified via chemical analysis) through an oper-
ation in the MFC under starvation conditions (without adding feed). The MFC anode and 
serum bottles were blown with nitrogen for 15 min and then sealed with a rubber stopper. 
All experiments were conducted in triplicates. 

 
Figure 1. Photographs of experimental setup of two-compartment MFC (a) and serum bottle (b). 

2.3. Chemical Analyses 
Samples were periodically collected from the MFC and the serum bottle with steri-

lized syringes, which were filtered with 0.22 µm syringe filters. The TOC was measured 
using a TOC detector (TOC-L, Shimadzu, Kyoto, Japan). The NH4+ was analyzed using 
Nessler’s reagent spectrophotometry method at a wavelength of 420 nm, the NO2− was 
determined via the N-1-naphthyl-1,2-diaminoethane dihydrochloride spectrophotometric 
method at a wavelength of 540 nm, and the NO3− was measured via the ultraviolet spec-
trophotometry method at wavelengths of 220 nm and 275 nm [20]. The concentrations of 

Figure 1. Photographs of experimental setup of two-compartment MFC (a) and serum bottle (b).

2.3. Chemical Analyses

Samples were periodically collected from the MFC and the serum bottle with sterilized
syringes, which were filtered with 0.22 µm syringe filters. The TOC was measured using a
TOC detector (TOC-L, Shimadzu, Kyoto, Japan). The NH4

+ was analyzed using Nessler’s
reagent spectrophotometry method at a wavelength of 420 nm, the NO2

− was determined
via the N-1-naphthyl-1,2-diaminoethane dihydrochloride spectrophotometric method at a
wavelength of 540 nm, and the NO3

− was measured via the ultraviolet spectrophotometry
method at wavelengths of 220 nm and 275 nm [20]. The concentrations of NH4

+, NO2
−,

and NO3
− were analyzed using a UV–visible spectrophotometer (L8, INESA, Shanghai,

China).

2.4. Scanning Electron Microscope Observation

Upon the completion of the chitin degradation experiment, a small piece of the carbon
felt electrode was harvested, fixed with 2.5% glutaraldehyde overnight, and dehydrated
with gradient ethanol solutions (35%, 50%, 70%, 90%, and 100%) and hexamethyldisilane
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solution (50% and 100%) [11], and finally deposited on a silica wafer. The samples were
coated with gold using a sputter coating device and observed via thermal field emission
scanning electron microscopy (SEM) (S-4800, Hitachi, Tokyo, Japan).

2.5. High-Throughput Sequencing

Sludge samples from the anode carbon felt surface were obtained after the com-
pletion of the experiments, and initial samples were obtained from the fresh inoculated
sludge. The samples were sent to Sangon Biotech (Shanghai) Co., Ltd. for microbial
community profiling. The V3 to V4 hypervariable regions of the bacterial 16S rRNA
gene were amplified through a polymerase chain reaction (PCR) with primers 341F (5′-
GTACTCCTACGGGAGGCAGCA-3′) and 805R (5′-GTGGACTACHVGGGTWTCTAAT-3′),
using the Illumina MiSeq platform (BBI, China) for high-throughput sequencing. The raw
sequencing data generated from this study have been deposited in the NCBI Sequence
Read Archive database under the accession number SRP437213.

2.6. Data Analysis

The average degradation rate of chitin (vchitin) was calculated according to the follow-
ing equation:

vchitin =
CTOC

t

( mg
L
d

)
,

where CTOC represents the generated TOC concentration at steady-state time t, and t is
the time when the TOC concentration reached the steady state. Because it was difficult to
measure the actual amount of chitin during degradation, a complete conversion of chitin to
organic carbon was assumed in the calculation [11].

3. Results and Discussion
3.1. Chitin Degradation in the Anaerobic Respiration and Fermentation Systems

Previous work reported that chitin degradation could theoretically yield ammo-
nium [10], which could be transferred from the MFC anode to the cathode through the
cation exchange membrane. In addition, the anaerobic sludge could convert ammonium to
other nitrogen compounds [21]. Therefore, the nitrogen compound concentrations of the
anode and cathode of the MFC, and the serum bottle samples were detected to reflect the
degradation of chitin. In this work, ammonium was detected when chitin was degraded
in the closed-circuit and open-circuit MFCs, and in the serum bottles. No nitrate or nitrite
compounds were detected in the samples under all conditions. This is probably because
ammonium was used as a sustainable proton shuttle in a CEM-equipped BES and was
not consumed in the process [22]. The change in ammonium concentration during the
chitin degradation process is shown in Figure 2. Under the closed- and open-circuit condi-
tions, the ammonium concentration in the anode of the MFC initially increased and then
decreased, while the ammonium concentration in the cathode continued to increase to a
stable level (Figure 2a). This indicated that chitin degradation at the MFC anode to produce
ammonium occurred simultaneously with the diffusion of ammonium from the anode to
the cathode, and almost all the ammonium produced by the anode was transferred to the
cathode. The changes in the sum of ammonium concentrations at the anode and cathode
of the MFC, as well as the changes in ammonium concentration in the serum bottle, are
shown in Figure 2b. The results indicated that the ammonium concentration produced due
to the degradation of chitin in the closed-circuit and open-circuit MFCs and serum bottles
showed a consistent increase and reached a steady-state concentration of approximately
45 mg/L after the ninth day. Since no other nitrogen-containing compounds other than
ammonium were detected in the MFCs and serum bottles, the time at which the resultant
ammonium concentration reached a steady state was the time at which the chitin was
completely degraded.
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The TOC represented the organic metabolites produced during chitin degradation. The
changes in TOC concentration during the process of chitin degradation in the MFC and
serum bottle experiments are shown in Figure 3. The change in TOC concentration with
time was similar in the closed-circuit, open-circuit, and serum bottle conditions, with almost
no metabolites produced under the sludge-free condition. The time of the steady-state TOC
concentration was consistent with the time of the steady-state ammonium concentration (day
9), indicating that the concentration of produced organic metabolites was the largest when
the chitin was completely degraded. As the chitin was difficult to effectively quantify, and
the products were not easily determined, the TOC concentration increases could be used as a
good method to reflect the degradation of chitin. Therefore, the TOC concentration generated
at the steady-state time divided by this time was used to reflected the chitin degradation
rate. This was similarly handled in a previous study [10]. Based on the similarity of the
concentration changes in TOC or total ammonium (Figure 2b) in the closed-circuit and open-
circuit MFCs and serum bottle culture conditions, we speculated that there was no difference
in the efficiency of the anaerobic respiration and fermentation degradation of chitin. To
accurately compare the chitin degradation rates under the three conditions, the rates were
calculated, which are listed in Table 1. The degradation rates of chitin in the serum bottles as
well as the open-circuit, closed-circuit, and sludge-free MFCs were 6.96 ± 0.32, 6.96 ± 0.23,
7.10 ± 0.96, and 0.05 ± 0.08 C-mg/L·d−1, respectively, indicating similar degradation rates
of chitin by the anaerobic sludge through fermentation and anaerobic respiration. Previous
studies have shown that the EAB Aeromonas hydrophila and Shewanella oneidensis degraded
chitin much faster in MFCs than in fermentation systems [10,11], whereas in this work,
anaerobic sludge could degrade chitin equally effectively in anaerobic respiration and
fermentation systems. This should be attributed to the microbial diversity of anaerobic
sludge, which gives it great advantages in degrading refractory biomass.

Table 1. TOC generation concentration at steady-state time; degradation rates for chitin degradation
by anaerobic sludge in both anaerobic respiration and fermentation modes.

Metabolic Mode Experimental Group Generated TOC
Concentration (mg/L) vchitin (C-mg/L·d−1)

Anaerobic respiration Closed-circuit MFC 63.93 ± 8.60 7.10 ± 0.96

Fermentation
Open-circuit MFC 61.19 ± 4.24 6.96 ± 0.23

Serum bottle 62.60 ± 2.92 6.96 ± 0.32

Abiotic group Sludge-free MFC 0.47± 0.72 0.05 ± 0.08
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3.2. Electrical Properties of Chitin Degradation in the MFC

The electrical properties of chitin degradation under the open- and closed-circuit
conditions in the MFC are shown in Figure 4. The open-circuit voltage of the open-circuit
MFC reached a maximum value of 784 mV, and then gradually decreased (Figure 4a). The
output current density of the closed-circuit MFC supplemented with anaerobic sludge
reached a maximum value of 160 mA/m2 and then declined gradually, while the output
current density of the uninoculated MFC was only approximately 4 mA/m2 throughout
the test (Figure 4b). This indicated that the anaerobic sludge could degrade chitin in
both the fermentation and anaerobic respiration modes. When the output current of the
closed-circuit MFC reached its maximum value, the polarization and power density curves
were measured to determine the maximum current and power density (Figure 4c). The
open-circuit voltage of the closed-circuit MFC was measured at 654.9 mV, while a maximum
power density of 26.29 mW/m2 was produced at a current density of 98.67 mA/m2, with a
resistance of 3 kΩ.

The open-circuit voltage should be close to the cell’s electromotive force when not
considering potential loss, and the electromotive force of the cell is equal to the cathode
potential minus the anode potential. The open-circuit voltage of the open-circuit MFC
reached a maximum value after 2.1 days and then gradually decreased (Figure 4a). The
increase in the initial open-circuit potential was due to the decrease in the anode potential,
as a result of the anodic biofilm development [23]. With the continuous degradation of
chitin, the ratio between oxidizing species and reducing species on the electrode surface
increased, resulting in an increase in the anode’s electrode potential and a decrease in the
open-circuit voltage. The electrical potential between the microbial respiratory system
and the electron acceptor generates the required current and voltage needed to generate
electricity [24]. Similar to the open-circuit voltage variation trend of the open-circuit MFC,
the output current density of the closed-circuit MFC reached a maximum value after
2.5 days, and then gradually declined (Figure 4b). These results indicated that the anode
biofilm of the open-circuit and closed-circuit MFCs reached a steady state at 2.1–2.5 days,
and the open-circuit voltage and output current densities gradually decreased with the
consumption of chitin. In addition, the resultant ammonium concentration reached a
maximum value in the open-circuit MFC at day 13, and the maximum value in the closed-
circuit MFC was at day 11. Meanwhile, the open-circuit voltage in the open-circuit MFC
dropped to the minimum value at day 13, and the output current density in the closed-
circuit MFC dropped below the initial value after 11.1 days. It could be seen that both the
open-circuit voltage and the output current density decreased to the minimum when the
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chitin was completely degraded. In conclusion, the open-circuit voltage and output current
density could roughly reflect the degradation of chitin in the MFC.

The closed-circuit MFC initially showed a marked increase in the output current
density, which peaked within a short period (Figure 4b), and this was similar to the MFC
using marine sediment as an inoculum to degrade chitin [25]. In addition, the resultant
ammonium concentration (Figure 2b) and TOC (Figure 3) of the closed-circuit MFC were
consistently elevated during this period. These results suggested that the microorganisms
in the anaerobic sludge of the closed-circuit MFC could effectively degrade chitin and
generate electricity, and the EAB must have been present in the anaerobic sludge to transfer
electrons to the anode.
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3.3. Microbial Morphology of the Anode-Attached Sludge

The SEM images of the initial carbon felt as well as the open-circuit and closed-circuit
MFC anode carbon felt after the chitin degradation experiment are shown in Figure 5. The
SEM images revealed the microbial morphology on the surface of the carbon felt electrode.
Attached microorganisms were observed on the anode carbon felt of the open-circuit
(Figure 5b) and closed-circuit (Figure 5c) MFC systems, compared to the initial carbon
felt (Figure 5a). The carbon fiber surface of the initial carbon felt was smooth and the
fibers were interwoven in three dimensions. In addition, the carbon fiber surface of the
open-circuit MFC anode carbon felt was smooth, with most microorganisms adhering to
the three-dimensional structure of the fibers in an agglomerated form. A large number
of microorganisms were dispersed on the carbon fiber surface of the closed-circuit MFC
anode carbon felt, with some fibers completely coated by microorganisms. The difference
in microbial morphology on the surface of the closed-circuit and open-circuit MFC anode
carbon felt could be related to the different metabolic modes of chitin degradation via
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anaerobic respiration and fermentation. The magnification of the closed-circuit MFC anode
carbon felt (Figure 5d) showed a large number of rod-like bacteria attached to the carbon
fiber surface. A large number of microorganisms were attached to the surface of the closed-
circuit MFC anode carbon fiber (Figure 5c,d) because the EAB needed to make contact with
the carbon fiber for extracellular electron transfer to generate electricity [26].
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3.4. Microbial Community of Anode Sludge in the Anaerobic Respiration and
Fermentation Systems

The microbial composition and abundance of the open-circuit and closed-circuit MFC
anode-attached sludge are listed in Figure 6, to compare and explore the differences in
microbial community between the chitin fermentation and anaerobic respiration degrada-
tion. The bacteria that accounted for more than 60% of the relative abundance in the three
sludge samples belonged to three dominant groups, namely Proteobacteria, Chloroflexi, and
Bacteroidetes. Proteobacteria, the main phylum of the closed-circuit MFC, increased signif-
icantly from 19.00% to 35.57%, while the open-circuit MFC showed no obvious increase
(only 20.67%). Chloroflexi, the main phylum of the open-circuit MFC, increased significantly
from 21.36% to 34.65%, while the closed-circuit MFC decreased to 10.08%. In addition,
Acidobacteria increased from 2.04% to 4.34% in the closed-circuit MFC but decreased to
1.73% in the open-circuit MFC. Furthermore, Nitrospirae increased from 2.37% to 4.69%
in the closed-circuit MFC, but decreased to 0.58% in the open-circuit MFC. Spirochaetes
increased from 0.40% to 4.94% in the closed-circuit MFC, but decreased to 0.16% in the
open-circuit MFC, while Planctomycetes decreased from 7.21% to 4.84% in the closed-circuit
MFC, but increased to 8.37% in the open-circuit MFC.
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At the phylum level, in the closed-circuit MFC, the abundance of Proteobacteria, Aci-
dobacteria, Nitrospirae, and Spirochaetes increased, while the abundance of Chloroflexi and
Planctomycetes decreased. In the open-circuit MFC, the abundance of Chloroflexi and Plancto-
mycetes increased, while the abundance of Nitrospirae decreased. These results indicate that
Proteobacteria, Acidobacteria, Nitrospirae, and Spirochaetes were the predominant anaerobic
respiration phyla in the anaerobic sludge, while Chloroflexi and Planctomycetes were the
main fermentation phyla. Proteobacteria played a crucial role in the electrochemical activity,
and most of the species from Proteobacteria were recognized as EAB [27]. Acidobacteria are
physiologically diverse and could use different substrates in the MFC and produce electric-
ity [28]. Nitrospirae is a group of Gram-negative bacteria, with the genus Nitrospira affiliated
with the phylum Nitrospirae considered the most widely distributed nitrifying bacteria [29].
Spirochaetes have been shown to play an important role in electron transfer [30]. This indi-
cates that a variety of EAB were enriched at the closed-circuit MFC anode. Chloroflexi are
abundant in sediment and involved in carbon cycling in the subsurface [31]. Planctomycetes
have been isolated from sewage treatment sludge, using N-acetyl-glucosamine as the sole
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carbon and nitrogen source [32], which was the hydrolysis product of chitin [10]. This
suggests that Chloroflexi and Planctomycetes were the common phyla involved in the organic
carbon and chitin degradation. These results indicate that the closed-circuit MFC mainly
enriched bacteria related to electrogenesis, while the open-circuit MFC mainly enriched
organic carbon (such as chitin)-degrading bacteria.

At the genus level, Nitrospira, Treponema, Desulfovirga, Desulfomicrobium, Desulfobulbus,
Nitrosomonas, Thiomonas, Burkholderia, and Geobacter all increased in the closed-circuit MFC.
Meanwhile, only Longilinea increased in the open-circuit MFC. It can be clearly seen in the
relative abundance heatmap (Figure 7) that Treponema and Nitrospira, with more increased
abundance in the closed-circuit MFC, were considered the main anaerobic respiration
genera, while Longilinea was the main fermentation genus with increased abundance in
the open-circuit MFC. Nitrospira contributed to high nitrogen removal and bioelectricity
production [33]. Treponema were the EAB and involved in the denitrification process [34].
Desulfovirga, Desulfomicrobium and Desulfobulbus were sulfate-reducing bacteria and EAB;
Desulfovirga and Desulfobulbus were enriched using NaHCO3 and acetate as carbon sources,
while Desulfomicrobium were enriched using ethanol as the carbon source [35]. Nitrosomonas
were the nitrogen transformation functional bacteria in the microbial fuel cell system [36].
Thiomona, Burkholderia, and Geobacter were EAB [37–39]. These findings indicated that
bacteria associated with electrogenesis were the domain genera in MFCs. Longilinea were the
anaerobes in the anaerobic sludge, which could undergo anaerobic (fermentative) growth
on carbohydrates and/or peptides (amino acids) [40]. These indicated that under different
chitin degradation modes (anaerobic respiration and fermentation), the corresponding
metabolic bacteria in the anaerobic sludge became the main functional bacteria.
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4. Conclusions

In this work, two modes of anaerobic respiration and fermentation were used to
degrade chitin, and the functional microbial groups, mainly the EAB and fermenting
bacteria, were enriched in the anaerobic sludge, respectively. Chitin degraded at the MFC
anode to produce ammonium, which diffused from the anode to the cathode at the same
time, and eventually almost all the ammonium produced at the anode was transferred
to the cathode. Chitin was completely degraded in both modes of anaerobic respiration
and fermentation using anaerobic sludge as the inoculum, which was confirmed through
TOC and ammonium concentration detection. There was no significant difference in
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the degradation rate of chitin by the anaerobic sludge in the anaerobic respiration and
fermentation modes (7.10 ± 0.96, and 6.96 ± 0.23 C-mg/L·d−1). Due to the anaerobic
properties of the MFC anodes, although MFC anodes can serve as extracellular insoluble
electron acceptors, not all bacteria can directly utilize anodes as electron acceptors, which
made the fermentation process in the anode environments highly competitive. The open-
circuit voltage and output current density could roughly reflect the degradation of chitin
in the open-circuit and closed-circuit MFCs. Chitin degradation via anaerobic respiration
in MFCs may be an attractive energy recovery approach, and waste biomass can be used
as a source of organic carbon and nitrogen for wastewater treatment and energy recovery.
Anaerobic sludge could effectively degrade chitin under different metabolic modes due to
the abundance of electroactive and fermentation bacteria, providing a good choice for the
treatment of refractory biomass.
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