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Microbial fuel cells (MFCs) are widely acknowledged to be a promising eco-friendly abatement technology

of pollutants, and are capable of generating electricity. However, the poor mass transfer and reaction rate in

MFCs significantly decrease their treatment capacity for contaminants, especially hydrophobic substances.

The present work developed a novel MFC integrated with an airlift (ALR) reactor using a polypyrrole

modified anode to promote the bioaccessibility of gaseous o-xylene and attachment of microorganisms.

The results indicated that the established ALR-MFC system showed excellent elimination capability, with

removal efficiency exceeding 84% even at high o-xylene concentration (1600 mg m−3). The maximum

output voltage of 0.549 V and power density of 13.16 mW m−2 obtained by the Monod-type model were

approximately twice and sixfold higher than that of a conventional MFC, respectively. According to the

microbial community analysis, the superior performances of the ALR-MFC in terms of o-xylene removal

and power generation were mainly ascribed to the enrichment of degrader (i.e. Shinella) and

electrochemical active bacteria (i.e. Proteiniphilum). Moreover, the electricity generation of the ALR-MFC

did not decrease at a high O2 concentration, as O2 was conducive to o-xylene degradation and electron

release. The supplication of an external carbon source such as sodium acetate (NaAc) was conducive to

increasing output voltage and coulombic efficiency. The electrochemical analysis revealed that released

electrons can be transmitted with the action of NADH dehydrogenase to OmcZ, OmcS, and OmcA outer

membrane proteins via a direct or indirect pathway, and ended up transferring to the anode directly.
1 Introduction

Microbial fuel cells (MFCs) are an emerging green energy
technology that can generate electricity directly during the
efficient degradation of contaminants using microbes instead
of expensive materials as catalysts.1 The anode is the funda-
mental component in MFCs, and its characteristics play a crit-
ical role in electron transfer and the redox reaction, and have
been the primary reason underlying the low efficiency in various
MFC prototypes.2 The common carbon-based materials,
including carbon paper,3 carbon cloth,4 carbon felt,5 graphite
felt,6 graphite brush,7 and graphite sheet,8 are widely applied in
MFCs owing to their stability and affordability. However, their
inherently hydrophobic property is inconducive for microbial
adhesion, contributing to poor electron transfer capacity.2 Many
attempts have been made with respect to modication in
enhancing MFCs performance and viability. Polypyrrole (PPy) is
ater Management of Zhejiang Province,
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an attractive polymer used for electrode modication due to its
excellent biocompatibility and conductivity. PPy deposition
improves the surface roughness and electrical conductivity of
the anode, and thus the maximum power density of the MFC
was 2.3 times that using unmodied carbon felt.9

Besides, substrate mass transfer is another important
consideration in the design of reactors, which dominates MFCs
performance.10 Integrated systems are established to improve
the insufficient gas–liquid mass transfer of contaminants,
especially hydrophobic volatile organic compounds (VOCs).
MFC with biological owing reactor achieved the removal effi-
ciency of ethyl acetate as high as 93.8%.11 The airli reactor
(ALR) has been extensively utilized in wastewater treatment, air
purication, petroleum desulfurization, and other elds due to
its exceptional mass and heat transfer rate,12 ALR was proved to
enhance uid turbulence and accelerate mass transfer rates,
obtaining 95.4% o-xylene removal efficiency.13 The removal
efficiency and stability of the airli packing bioreactor was
signicantly higher than the ALR in removing dichloromethane
and toluene, which means that the set of obstacles is protable
in VOCs removal.14 Moreover, the addition of external carbon
source has been conrmed as another effective strategy to
enhance system performance. The maximum power density of
MFC can be increased from 9.1 to 28.3 W m−3 using glucose as
an additional substrate.15 Oxygen content is a vital contributing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
parameter for operation capacity of coupled system due to the
sensitivity of microorganisms to oxygen,16 which has not been
investigated deeply yet.

In this work, we aimed to develop an ALR-MFC system to
overcome the mass transfer limitation in hydrophobic o-xylene
removal, and the anode modied with PPy was employed to
supply more microbial attachment sites and accelerate electron
transfer. The system performances including pollutant elimi-
nation and electricity generation under different o-xylene
concentrations were monitored. Also, the effects of oxygen
content and external carbon source on reactor operation were
evaluated. More detailed, the enhancement mechanism of
integrated construction for o-xylene degradation was explored
based on analysing microbial structure and electrochemical
characteristic of the biolm.

2 Materials and methods
2.1 Reactor setup

The ALR-MFC system was established as shown in Fig. 1. The
reactor was made of plexiglass with a diameter of 80 mm and
a height of 300 mm, and the working volume of the reactor was
0.9 L. The graphite rod (10 mm in diameter and 250 mm in
length) and graphite sleeve modied with PPy (36 mm in inner
diameter, 42 mm in outer diameter and 200 mm in length) were
used as cathode and anode, respectively. A reference Ag/AgCl
(+0.197 V vs. standard hydrogen electrode, SHE) was installed
to control the anode potential, and all potentials reported here
were referred to SHE. In the same electrochemical system,
electropolymerization of pyrrole was proceeded through
potentiostatic method at 0.9 V in a solution containing 0.1 mol
per L PPy, 0.075 mol per L sodium p-toluene sulfonic acid, and
0.1 mol per L H2SO4 to produce PPy lm.9 Meanwhile, the anode
acted as the guide pipe for air liing. A resistance box (0–9999
U) was connected with the ALR-MFC to form a closed circuit.
And real time output voltage across the external resistance was
gathered by a digital recorder (MIK R5000C; Meacon, Hang-
zhou, China). The reactor was operated at 30 °C maintained by
circulating water through the water jacket.

The inoculum was collected from the long-term running
airli microbial electrolytic cell possessing o-xylene removal
Fig. 1 Schematic diagram of the ALR-MFC system ((1) gas inlet, (2)
sleeve-type bioanode, (3) reference electrode, (4) cathode, (5) electric
wire interface, (6) gas outlet).

© 2023 The Author(s). Published by the Royal Society of Chemistry
ability. The electrolyte was composed by phosphate buffer
solution (PBS: 2.452 g per L NaH2PO4$H2O, 4.576 g per L
Na2HPO4, 0.13 g per L KCl, and 0.31 g per L NH4Cl), 5 mL per L
vitamins and 12.5 mL per L trace elements. Vitamin and trace
element solutions were prepared as mentioned previously.13 O-
xylene ($99%) and sodium acetate (NaAc, $99%) were
purchased from Aladdin (Shanghai, China). Other chemicals in
this work were of analytic grade supplied by Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). The electrolyte
was refreshed every 2–4 day according to its pH variations. The
simulated o-xylene exhaust gas was synthesized by bubbling the
mixed gas of air and N2 through the bottle containing liquid o-
xylene, which was further purged into the reactor continuously
at total ow rate of 0.6 L min−1. The oxygen content in target
pollutant was varied by regulating the ow rates of air and N2.1

2.2 Experimental procedures

During the start-up phase, o-xylene with the concentration of
400 mg m−3 was served as the sole carbon source. The empty
bed resistance time (EBRT, calculated by divided the volume of
the empty ALR-MFC to the inlet gas ow) and external resis-
tance were set at 80 s and 1000 U, respectively. In addition, the
pH of electrolyte was ranged at 6.8–7.2 during the reactor
operation process. The removal efficiency of o-xylene was
monitored every 12 h until the uctuation range of removal
efficiency was within 5% for 7 d, indicating successful startup of
the reactor. In the steady state, the effect of o-xylene concen-
trations ranging from 200 to 1600 mg m−3 on pollutant elimi-
nation performances including removal, mineralization and
coulombic efficiencies as well as power generation capacities
including output voltage and power density were evaluated.
Moreover, the system performance under different operation
conditions such as oxygen concentration (10 and 21%, v/v) and
external carbon source (0.5 g per L NaAc) were compared. The
electrochemical activity and microbial community structure of
biolm collected from open- and closed-circuit operation
modes were analysed to explore the enhancement mechanism
of the ALR-MFC reactor for o-xylene degradation.

2.3 Analytical methods

The concentrations of o-xylene and CO2 were determined using
a gas chromatography (GC9790-II, FULI, China) assembled with
a ame ionization detector and thermal conductivity detector,
respectively.4 The gas sampling volume at the inlet and outlet is
0.8 mL and the concentration of o-xylene is repeated three
times. The removal efficiency, mineralization efficiency,
coulombic efficiency, and elimination capacity were calculated
according to the eqn (1)–(4), respectively.

Removal efficiency ð%Þ ¼ Cin � Cout

Cin

� 100% (1)

Mineralization efficiency ð%Þ ¼ CCO2

0
Mo-xylene

8� ðCin � CoutÞMCO2

(2)

Coulombic efficiency ð%Þ ¼ Mo-xyleneIave

FbQðCin � CoutÞ (3)
RSC Adv., 2023, 13, 20314–20320 | 20315
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Fig. 2 The effect of o-xylene concentration on removal and miner-
alization efficiencies of ALR-MFC reactor.
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Elimination capacity
�
g m�3 h�1� ¼ QðCin � CoutÞ

V
(4)

where the Cin and Cout are the inlet and outlet concentrations of
o-xylene, mg m−3; CCO2

0 is outlet concentrations of CO2, mg
m−3; Mo-xylene is the relative molecular mass of o-xylene; MCO2

is
the relative molecular mass of CO2; Iave is the average current of
ALR-MFC system, A; F is the Faraday constant, 96 485 C mol−1;
b is the number of electrons transferred; Q is the gas ow rate,
m3 h−1; V is the working volume of the reactor, m3.

The output voltage and power density, dened as Y, were
modelled as a function of o-xylene concentration (S) through an
empirical Monod-type using the following equation:

Y
�
V or mW m�2� ¼ YmaxS

Ks þ S
(5)

where Ymax is the maximum voltage or maximum power
density, V or mWm−2; S is the o-xylene concentration, mg m−3;
Ks is the half-saturation constant, mg m−3. And the power
density was calculated using the equation:

Power density
�
mW m�2� ¼ ðUAÞ2

R
(6)

where UA is the output voltage normalized to the projected area
of the anode electrode, V m−2; R is the external resistance, U.
2.4 Biolm characterization

The electrochemical characteristic of biolm were determined
by cyclic voltammetry (CV) analysis. CV curves were measured
before and aer 48 h of operation using the CHI 660E electro-
chemical workstation (CH Instruments, Inc., Shanghai, China)
at a scan rate of 0.001 V s−1 over a potential window ranging
from −0.6 to +0.6 V in a three-electrode system.17

The succession of microbial community was analysed by
high-throughput sequencing technology. Microbial DNA was
extracted using 3S DNA Isolation Kit V2.2 for environmental
samples (Biocolor, Shanghai). The PCR amplication was per-
formed in accordance with the work of Cheng et al.18 PCR
reaction process was conducted as follows: 95 °C for 3 min,
followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C
for 30 s, with a nal extension step of 72 °C for 5 min. The PCR
products were sequenced on the Illumina Miseq desktop
sequencer aer amplication. More details have been described
in our previous work.19
Fig. 3 Monod kinetics modelling of output voltage and power density
with respect to o-xylene concentration.
3 Results and discussion
3.1 O-xylene removal performance of ALR-MFC

The removal efficiency of ALR-MFC maintained at 92% at o-
xylene concentration lower than 800mgm−3 and then gradually
reduced to 84%, while the mineralization efficiency displayed
the sustained declining trend as o-xylene concentration
increased (Fig. 2). A more signicant decrease in mineralization
efficiency compared to that in removal efficiency at all tested o-
xylene concentrations was contributed to the recalcitrance of o-
xylene.20 Normally, the degradation of o-xylene will be termi-
nated before the step of ring-opening. The removal efficiency
20316 | RSC Adv., 2023, 13, 20314–20320
and elimination capacity of ALR-MFC were 84% and 57.6 g m−3

h−1 at o-xylene load of 67.7 g m−3 h−1, which were 21.7% and
91.9% greater than that of the traditional biological lter ob-
tained at lower pollutant load, respectively.21 Moreover, the o-
xylene elimination behaviour of the reactor was also superior,
compared to two-chambered MFC whose removal efficiency and
elimination capacity were 78% and 4.3 g m−3 h−1 at 5 g m−3 h−1

o-xylene load,1 respectively, possibly ascribed to the occurrence
of stronger gas–liquid mass transfer in our established system.
3.2 Power generation performance of ALR-MFC

As shown in Fig. 3, the Monod-type model was used to describe
the relationship between the power generation performance
and the o-xylene concentration. The power generation capacity
of ALR-MFC displayed a continuous improvement with inlet gas
concentration rising from 200 to 1600 mg m−3. It should be
noted that the output voltage increased slowly when the inlet o-
xylene concentration over than 1000 mg m−3. The results of the
model tting (R2 = 0.997) indicated that the maximum gener-
ated voltage was 0.549 V, more than two times higher than that
of ordinary MFC reactor.1 Larger bioanode surface was one of
the primary contributors to the greater output voltage. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of o-xylene concentration on coulombic efficiency of
ALR-MFC.
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maximum power density of ALR-MFC achieved as high as 13.16
mWm−2, approximately sixfold better than that of the reported
data (2.3 mW m−2).22 The signicant advantages on output
voltage and elimination capacity of developed ALR-MFC system
demonstrated that the reactor has great potential for efficient
conversion from chemical energy of o-xylene into electrical
energy.
Fig. 5 Microbial community in ALR-MFC reactor in start-up stage and
after 150 days operation.

Table 1 Main genus of anode biofilm in start-up stage and after 150 da

Genus

Proportion (%)

Before operation Aer operation

Acidovorax 38.05 <0.3
Proteiniphilum <0.3 25.37
Brevundimonas 28.60 <0.3
Mycobacterium <0.3 6.73
Shinella <0.3 12.96
Dysgonomonas mossii 7.9 <0.3
Dokdonella <0.3 8.87
Comamonas 6.72 <0.3
Alicycliphilus 3.12 <0.3
Leifsonia <0.3 3.45
Dysgonomonas 1.79 <0.3

a A represents the main function of power generation, and B represents t

© 2023 The Author(s). Published by the Royal Society of Chemistry
The coulombic efficiency of ALR-MFC in Fig. 4 revealed that
the largest coulombic efficiency of 5.37% can be attained at
200 mg m−3 o-xylene, and then decreased gradually under
higher pollution load condition. Although the coulombic effi-
ciency was over twice greater than the MFC feeding with toluene
(2.6%),23 which was poorer than that of MFCs supplied by
acetate (coulombic efficiency = 31%),24 and glucose (coulombic
efficiency = 37%).25 The results emphasized the importance of
carbon source types to reactor performance, and the relevant
explorations have been conducted in the later section.
3.3 Microbial community in biolm of ALR-MFC

The succession of microbial community structure before and
aer operation was shown in Fig. 5. The origin microbial
community was mainly consisted of Acidovorax (38.05%), Bre-
vundimonas (28.6%) and Dysgonomonas mossii (7.9%),
accounting for 74.55% of the total microbes. The power
generation relied on the genus, including Acidovorax (Table 1)
and Dysgonomonas mossii. The dedicated o-xylene degraders
such as Brevundimonas and Comamonas also had ability to
degrade toluene and p-nitrophenol.26,27 For long-term opera-
tion, the relative abundances of Proteiniphilum, Shinella, and
Dokdonella increased markedly. Both Shinella and Dokdonella
can degrade toluene and o-xylene compounds simulta-
neously.28,29 Moreover, previous report has illustrated that Pro-
teiniphilum played an essential role in efficient electricity
generation.30 Alicycliphilus was in capacity acquiring and
consuming electrons,31,32 lowering the power density.22 Other
bacteria, such as Leifsonia andMycobacterium played synergistic
roles in o-xylene degradation in the bioanode.
3.4 Effect of operating conditions on ALR-MFC performance

3.4.1 Inlet oxygen concentrations. Fig. 6 shows that the
oxygen content of o-xylene gas has a notable inuence on
system performance. In Fig. 6a, a decrease of 8.2% in removal
efficiency appeared as the oxygen content varied from 21% to
10%, likely due to the activity inhabitation of aerobic predom-
inant degrader such as Shinella under low oxygen
ys operationa

Main function Electron utilization Ref.

A & B Electron consumption 33
A Electron consumption 30
B — 26
B — 34
B — 29
A Electron consumption 35
A & B Direct electron transfer 28 and 36
A & B Direct electron transfer 27 and 37
A Electron consumption 38 and 39
B — 40
A & B Electron consumption 41

he main function of xylene degradation.

RSC Adv., 2023, 13, 20314–20320 | 20317
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Fig. 6 Effect of oxygen concentration on (a) o-xylene removal and
mineralization efficiencies, and (b) output voltage of ALR-MFC reactor.

Fig. 7 (a) The removal efficiency and output voltage, and (b)
coulombic efficiency of ALR-MFC reactor with 0.5 g per L NaAc
addition.
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concentration.42 Differently, an increase of 9.7% in minerali-
zation efficiency emerged with oxygen content decreasing,
which was because of the activity promotion for some catabolic
enzymes with high oxygen affinities.43 The output voltages
acquired at different oxygen concentrations indicated that
generated voltage was not inhibited by a high oxygen concen-
tration (Fig. 6b). Even though the existence of oxygen would
induce the competition of electrons with the anode which was
supposed to limit output voltage, oxygen could also promote the
ring-opening and complete degradation of o-xylene to make up
the voltage loss caused by oxygen in the mixed gas.

3.4.2 External carbon source. NaAc with the concentration
of 0.5 g L−1 was added into electrolyte to determine the function
of external carbon during o-xylene degradation. As presented in
Fig. 7a, both the removal efficiency and output voltage dropped
aer the addition of NaAc, which was caused by the higher
bioavailability of NaAc and succession of microbial community.
Notably, the output voltage raised to 0.606 V aer cultivation for
16 d, exceeding the average voltage reported previously (0.55
V).44 The improvement in output voltage and decline in removal
efficiency suggested that NaAc can enhance the electricity
generation performance but not the o-xylene elimination
capacity of ALR-MFC. Additionally, the coulombic efficiency of
system with NaAc shown in Fig. 7b was obviously higher than
20318 | RSC Adv., 2023, 13, 20314–20320
that of the system without NaAc shown in Fig. 4. The coulombic
efficiency was more than 6.9% at all measured o-xylene
concentrations (150–1200 mg m−3), and the largest coulombic
efficiency could reach 47.2%, verifying the enhancement effect
of external carbon source on chemical energy to electricity
energy.
3.5 Electrochemical characteristic

CV tests were carried out to identify the redox-active compo-
nents that may be involved in exocellular electron transfer (EET)
between biolm and anode.45 The CV analyses were measured
in the following two conditions, including aer replacement of
fresh medium and aer 48 h of reactor operation. It can be seen
from Fig. 8a that there was no signicant difference between
two CV curves, manifesting that microbial secretions did not
participate in the EET process.

The CV curve of anode biolm was shown in Fig. 8b. The
reduction peak at −0.360 to −0.040 V is probably pertained to
OmcZ (−0.420 to−0.06 V), OmcS (−0.360 to−0.04 V) and OcmA
(−0.350 to −0.08 V).46 One characteristic oxidation peak at
−0.420 to −0.300 V may be corresponded to NAD+/NADH
(−0.477 V).46 Based on the detected oxidation peaks and its
potential corresponding proteins, the electron pathway involved
in the o-xylene powered ALR-MFC was proposed in Fig. 9.
Firstly, o-xylene is oxidized to CO2, H

+ and electrons by anodic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 CV curves of (a) bioanode measured before and after 48 h
operation, and (b) anode biofilm.

Fig. 9 Proposed electron transfer pathway between biofilm and
anode.
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attached microorganisms. The released electrons and H+ could
be accepted by intracellular dehydrogenase to produce NADH,47

which is then transferred H+ to periplasm and simultaneously
transfer electrons to cytochrome. The electrons were then
transmitted to outer membrane proteins such as OmcZ, OmcS,
and OmcA and nally taken up by anode directly or indirectly.48
4 Conclusions

This work established a MFC coupling system with AL reactor
for efficient pollutant elimination and power generation. Both
© 2023 The Author(s). Published by the Royal Society of Chemistry
the o-xylene removal efficiency and the output voltage of the
system were enhanced signicantly, resulted from the existence
of abundant bacteria with capability of degrading o-xylene and
producing electricity in biolm. The impacts of operation
conditions such as oxygen content and external carbon source
on reactor performance were also evaluated. A decrease of 8.2%
in o-xylene removal efficiency appeared as the oxygen content
varied from 21% to 10%, demonstrating the enhancement
effect of oxygen for o-xylene degradation. Besides, except for the
coulombic efficiency improvement, the output voltage achieved
as high as 0.606 V with NaAc addition, 10% higher than the
reported average voltage (0.55 V). The comparison of CV curves
measured before and aer running process indicated that
electrons can be transferred from biolm to anode directly via
inner membrane protein such as NADH dehydrogenase as well
as outer membranes proteins such as OmcZ, OmcS, and OmcA.
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