
* Corresponding author.

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2023.29807

304 (2023) 162–168
August

Enhanced denitrification efficiency with immobilized bacteria in microbial 
fuel cell

Lian-gang Houa,*, Qi Sunb, Zheng-wei Pana, Zhi-tao Sunc, Jun Lid

aWater & Environmental Protection Department, China Construction First Group Construction & Development Co., Ltd., 
Beijing 100102, China, email: houliangang@163.com (L.-g. Hou), 3088843876@qq.com (Z.-w. Pan) 
bStandard Quota Division, Water Conservation Promotion Center of Ministry of Water Resources, Beijing 100038, China, 
email: 743359969@qq.com 
cRoad Traffic Institute, Beijing Municipal Engineering Design and Research Institute Co., Ltd., Beijing 100082, China, 
email: 904107257@qq.com 
dFaculty of Architecture, Civil and Transportation Engineering, Beijing University of Technology, Beijing 100124, China, 
email: bjutlijun@sina.com

Received 27 March 2023; Accepted 20 July 2023

a b s t r a c t
In this paper, the influence of immobilized bacteria on the denitrification performance of microbial 
fuel cells (MFC) was studied, and a novel MFC with immobilized bacteria on electrodes was devel-
oped. The anode of the MFC was immobilized with electroactive microorganisms, while the cath-
ode was immobilized with denitrifying bacteria, utilizing water-based polyurethane as a carrier. The 
results showed that the electroactive microorganisms immobilized on the anode improved the elec-
tron utilization efficiency, while the denitrifying bacteria immobilized on the cathode improved the 
denitrification performance. In addition, to ensure the efficiency of MFC, the number of electrodes 
can be reasonably determined according to the number of immobilized bacteria. High-throughput 
sequencing analysis showed that the immobilization of bacteria on MFC electrodes was beneficial 
to maintain the stability of the functional bacterial community structure. Therefore, the biochemical 
approach of utilizing immobilized bacteria to remove nitrate in MFC is a promising technology.
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1. Introduction

Microbial fuel cell (MFC) is currently recognized as a 
promising biological treatment technology for the removal of 
nutrient-rich substances in wastewater [1–3]. A typical MFC 
consists of a cathode compartment and an anode compart-
ment separated by a proton exchange membrane (PEM) [4,5]. 
Anaerobic electroactive microorganisms in the anode cham-
ber can directly convert chemical energy stored in organic 
matter into electrical energy [6]. The electrons flow to the 
cathode through an external electric circuit and react with 
electrons acceptor, such as oxygen or nitrate [7]. Recently, 

nitrate removal has received more attention during the 
development of MFC for wastewater treatment [8,9].

However, the electroactive microorganisms in the anode 
were easily affected by fluctuations in the influent water 
quality, which cause fluctuations in the anode potential. 
In conventional MFCs, electroactive microorganisms were 
uniformly distributed in the anode compartment. Electrons 
were distributed everywhere in the entire space of the anode 
chamber, which will cause electrons cannot be completely 
transported to the cathode, and the utilization rate was low 
which affects energy recovery [10,11]. Denitrifying bacteria 
on the cathode may be lost when drainage and affect the 
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nitrate removal of MFC. Therefore, MFC is an open system 
with unstable voltage [12] and fluctuating denitrification 
performance. Moreover, with the long-term operation of 
MFC, the microbial community is constantly evolving and 
the microbial community may change, which will lead to 
poor wastewater treatment effect [13–15].

Microbial immobilization technology [16] uses physical 
or chemical methods to immobilize free microbial cells in 
a specific spatial region while retaining the catalytic prop-
erties of bacteria for continuous or repeated use [17,18]. 
Immobilization free microorganisms could reduce the loss 
of bacteria, increase biomass and protect the cells, it has 
been introduced into the wastewater treatment industry in 
recent years [19,20]. Herein, in the present work, the bacte-
ria on electrode in MFC were immobilized and the denitri-
fication performance of MFC was investigated. A novel 
electrode flexibly movable MFC with immobilized bacteria 
was developed in this study. High-throughput sequenc-
ing was used to analyze the community structure of bacte-
ria on electrode. Utilizing immobilized bacterial electrodes 
in MFC as a biochemical method for nitrate removal is a 
promising technology, and this study is expected to pro-
mote the application of MFC in wastewater treatment.

2. Materials and methods

2.1. Immobilization of bacteria on electrode

The cathode and anode of the MFC were made of carbon 
felt (5.0 mm thickness) of 12.25 cm2 (3.5 cm × 3.5 cm) surface 
area, respectively. Carbon felt and copper wire were soaked 
in H2SO4 and NaOH, respectively, and washed with ultra-
pure water before use. Copper wires were passed through 
carbon felts, and the anode and cathode carbon felts were 
soaked in solutions rich in electroactive microorganisms 
and denitrifying bacteria for about 3 d, respectively. The 
preparation steps of the anode electrode in experimental 
group could be referred in our previous reports [21,22]. Add 
an appropriate amount of electrically active microorgan-
isms, an appropriate amount of water-based polyurethane, 
and a small amount of FeCl3 solution to a beaker, and stir 
evenly. The carbon felt is then placed in a beaker and cov-
ered with an aqueous polyurethane solution. Potassium 
persulfate and N,N,N,N-4-methylethylenediamine solu-
tions are then added to the beaker to allow polymerization 
to occur in the beaker, thereby immobilizing the bacteria 
on the electrodes. The preparation steps of the immobi-
lized bacteria on the cathode are similar, except that the 
electroactive microorganisms are replaced by denitrify-
ing bacteria. To ensure the same number of bacteria in the 
experimental group, the same amount of free bacteria was 
added into the control group chamber when MFC started.

2.2. Set up of MFC

The schematic diagram of the MFC in this study is 
shown in Fig. 1. The electrode chamber was composed of 
two plexiglass chambers separated by PEM (D117N), and 
the volume of the two electrode chambers was 125.0 mL 
(5.0 cm × 5.0 cm × 5.0 cm). The electrodes were placed in 
cathode and anode chamber, respectively, and the resistance 
(10.0 Ω) was connected. The distance between the cathode 

electrode and the PEM was approximately 3.5 cm. The bac-
teria immobilized on the electrode was labeled as experi-
mental group (immobilizated electrode-MFC, IeMFC), and 
the free bacteria on electrode was labeled as control group 
(free bacteria-MFC, FbMFC). The concentration of NO3

– was 
settled as 10.0 mg/L in the cathode chamber initially. A small 

(a)

(b)

(c)

Fig. 1. Schematic diagram and real reactor image of microbial 
fuel cells (A) IeMFC, (B) FbMFC and (C) reactor image.
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amount of glucose solution was added into the anode 
chamber to maintain the growth of bacteria. Water lost due 
to evaporation was routinely replenished with water for 
maintaining a constant water level [23], and all MFCs were 
operated under about 27.0°C throughout the experiments.

2.3. Test methods

Water samples were collected periodically for water 
quality measurements and analyzed within each exper-
imental cycle. The concentrations of nitrate and COD in 
MFC were analyzed according to Standard Methods for the 
Examination of Water and Wastewater. Before analysis of 
the parameters in liquid, samples were membrane filtered 
(0.45 μm), and all tests were repeated at least twice. The 
voltage of MFC was measured by using a voltmeter (Victor 
VC890D, China).

2.4. High throughput sequencing analysis

High-throughput sequencing of 16S rRNA gene frag-
ments was used to analyze the microbial communities 
in electrode. The initial electroactive microorganisms in 
anode was labeled S1 while the initial cathodic denitrify-
ing bacteria was marked as S2. DNA sequencing was per-
formed by Shanghai Shenggong Co., Ltd of China.

3. Results and discussion

3.1. Electricity generation in MFC

A voltmeter is used to regularly measure the voltage to 
characterize the power generation performance of the MFC 
and Fig. 2 shows the voltage of MFC in this study. The volt-
age of IeMFC increased slowly from 0.04 V in the experi-
mental group, the maximum open circuit voltage was about 
0.139 V with the maximum power density was 19,321.0 mW/
m3 (the total anode chamber volume of MFC). In the control 
group, the voltage of FbMFC increased slowly from 0.02 V, 
the maximum open circuit voltage was about 0.106 V, the 
maximum power density was 11,236.0 mW/m3 (the total 
anode chamber volume of MFC). The voltage fluctuated 
greatly and the start-up time of FbMFC system was longer 
through the voltage changes. It can be seen from Fig. 2 that 

the voltage of experimental group was significantly higher 
than that in the control group, and the voltage was more  
stable.

In this study, before constructing MFC, the anode car-
bon felt of IeMFC was immersed in a suspension of electri-
cally active microorganisms, electroactive microorganisms 
enriched on carbon felt and immobilized on the electrode, 
so the number of electroactive microorganisms on the elec-
trode was large. The electrons produced by the microorgan-
isms were not easy to diffuse freely in the anode chamber, 
and most electrons could be transported to the cathode. 
Therefore, the start-up time of IeMFC was short and the 
electricity production was higher and stabler. In the control 
group, although the anode carbon felt electrode was also 
immersed in the suspension of electroactive microorganisms, 
the microorganisms were not fixed on the electrode and could 
flow freely in the anode chamber, there were few electroac-
tive microorganisms on the anode electrode of FbMFC. On 
the other hand, it takes some time for the electroactive micro-
organisms to accumulate to a higher density on the electrode, 
so the startup time of FbMFC was longer. At the same time, 
the electrons were scattered in the anode chamber, and the 
electrons may overflow and combine with oxygen in the air, 
resulting in the relative reduction of available electrons on 
the electrode and the low utilization rate of electrons, so the 
voltage of FbMFC was lower than that of the experimental 
group, here the electron utilization efficiency refers to the 
proportion of electrons transmitted to the MFC cathode 
through wires and used by the MFC cathode to all electrons 
generated in the anode chamber. The electroactive microor-
ganisms immobilized on the electrode which improved the 
ability of bacteria to resist the impact of water fluctuation 
and ensured the stable electricity production performance.

3.2. NO3
––N removal in MFC

To investigate the denitrification performance of MFC, 
the nitrate concentration variation in cathode chamber was 
analyzed. Nitrate removal efficiency refers to the propor-
tion/ratio of nitrate concentration in water to be converted 
and degraded. In this study, the initial nitrate concentra-
tion in the cathode chamber was set at 10.0 mg/L. With the 
system running, the nitrate concentration was measured 
every 8 h. As shown in Fig. 3, when the nitrate concentra-
tion in the influent was 10.0 mg/L, the effluent of IeMFC 
was 4.92 mg/L while in FbMFC was 6.05 mg/L after 8 h. 
The nitrate was reduced to 0 after less than 24 h, and the 
nitrate removal efficiency was 100% in IeMFC. In the con-
trol group, the nitrate concentration was 1.69 mg/L after 24 h 
with the nitrate removal efficiency was 83.1%, and the nitrate 
concentration was still 0.73 mg/L after 32 h. The removal 
rate of nitrate in the experimental group was significantly 
faster than that in the control group.

According to Fig. 3, the experimental group can com-
pletely remove nitrate after 24 h, so the HRT is set to 24 h 
to study the removal performance of nitrate during long-
term operation. To verify the experimental effect, repeated 
experiments were carried out, and the typical cycle was 
selected to calculate the nitrate removal rate. It can be seen 
from Fig. 4 that after the MFC run stably, IeMFC could com-
pletely remove nitrate after 24 h, while the removal efficiency 
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Fig. 2. Voltage of IeMFC and FbMFC.
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of FbMFC for nitrate was only 85%, and the removal 
efficiency of IeMFC was higher than that of FbMFC.

To investigate the flexibility of the immobilized bacterial 
electrode, multiple anode and cathode with immobilized 
bacteria were put into anode chamber and cathode cham-
ber in a new MFC, respectively, and the resistance and wire 
were connected to build a new multi-electrode immobilized 
bacteria MFC (Fig. 5). It was found that the new MFC could 
start up and operation in a short time, generated a voltage 
immediately, and the nitrate could be removed gradually. 
The NO3

– concentration in the cathode chamber decreased 
from 20.0 to 3.7 mg/L within 6 h, and less than 8 h to remove 
all 20.0 mg/L nitrate. The number of electrodes affects the 
performance of MFC [24], and the flexible use of multiple 
electrodes in this study improved the denitrification perfor-
mance in MFC. The bacteria immobilized on the electrode 
in this study could increase the flexibility of the electrode, 
realize a flexible use of MFC electrode. It is conducive to 
shorten the start-up time of MFC and could ensure nitrate 
removal efficiency, which has great advantages in the 
wastewater treatment industry.

3.3. Analysis of microbial community on electrode

3.3.1. Analysis of anode bacteria

Electroactive microorganisms can carry out extracel-
lular electron transfer, which converts chemical energy 
stored in organic matter into electrical energy. The results 
of high-throughput sequencing showed (Fig. 6a) that the 
anode bacteria inoculated in MFC were mainly Shewanella 
(59.11%) and Stenotrophomonas (38.57%) of Proteobacteria 
(99.33%) phylum. After 30 d operation, the main bacteria 
phylum in the anode of IeMFC were Proteobacteria (95.96%), 
Bacteroidetes (2.15%), Firmicutes (1.62%); while in the anode of 
FbMFC were Proteobacteria (96.52%), Firmicutes (2.77%). Most 
of the bacteria phylum in the two groups of anodes belong 
to Proteobacteria phylum, and a few belong to Firmicutes 
phylum in this study. Proteobacteria and Firmicutes both 
use carbohydrates as carbon sources for metabolism and 
produce electrons. The electrons generated in the body of 
Firmicutes need to pass through the cell wall to transfer so 
the electrons generation ability of this kind of bacteria was 
relatively weak, and Proteobacteria was a common electricity 
producing bacteria phylum.

As shown in Fig. 6b, the main genera and relative 
abundance in the anode of IeMFC at the genus level after 
30 d operation were Shewanella (10.75%), Stenotrophomonas 
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(8.51%), Pseudomonas (59.08%), Dechloromonas (11.17%), 
Chryseobacterium (2.02%), Delftia (1.3%), while in the anode 
of FbMFC that were Shewanella (6.91%), Stenotrophomonas 
(2.26%), Pseudomonas (17.68%), Bosea (1.68%), Brevundimonas 
(27.94%), Clostridium_sensu_stricto (1.46%), Delftia (7.03%), 
Hydrogenophilus (1.07%), Salmonella (1.83%), Sphingomonas 
(8.49%). The types and relative abundance of microorgan-
isms on the anodes of the two MFCs have changed com-
pared with the initial values, and the changes in the bacterial 
structure in the control group are more obvious than those 
in the experimental group. After 30 d operation, the rel-
ative abundance of Shewanella in the experimental group 
changed from 59.11% to 10.75%, while in the control group 
it was only 6.91%. Schwarzenella [25] was a facultative anaer-
obic bacterium belonging to γ-Proteobacteria phylum. It was 
gram-negative and can use a variety of chemical substances 
including iron as substrates to produce electrons [26], and 
it was a kind of electricity producing bacteria that widely 
exists in water and sediment and was often used for inoc-
ulating in MFC. Stenotrophomonas bacteria could still be 
detected in the two groups of MFC after 30 d of operation, 
but their relative abundance in the two MFC was quite dif-
ferent. The relative abundance of Pseudomonas in IeMFC was 
59.08% while in FbMFC was only 17.68%, indicating that 

Pseudomonas has become the dominant bacteria in the anode 
of IeMFC. The bacteria on the anode were immobilized to 
maintain the relative stability and ensure the stable electric-
ity production performance of MFC.

In this study, bacteria inoculated in MFC were still rela-
tively abundant in the experimental group after 30 d, which 
indicated that bacteria immobilization had a certain role in 
maintaining the stability of bacteria, making the dominant 
bacteria not easy to lose and solving the problem of low 
and unstable biomass on electrode, improving the ability 
of MFC anode to resist water fluctuations and ensuring the 
stable electricity production performance of MFC.

3.3.2. Analysis of cathode bacteria

The performance of denitrifying bacteria on cathode 
affects the nitrogen removal efficiency of MFC, and the 
stability of denitrifying bacteria was of great significance 
to maintain the long-term stable nitrogen removal. High-
throughput sequencing showed that the bacteria inocu-
lated on cathode initial were mainly Pseudomonas (68.39%), 
Brevundimonas (6.97%), Rhizobium (9.04%) and Trichococcus 
(2.15%) at the phylum level. The main phylum in the cath-
ode of IeMFC were Proteobacteria (96.66%) and Bacteroidetes 
(2.25%) after 30 d operation (Fig. 7a), and the relative abun-
dance of the Proteobacteria had little change compared with 
initially. Proteobacteria (86.04%) and Bacteroidetes (12.93%) 
were the main phylum in the cathode of FbMFC, the species 
and relative abundance at phylum level changed signifi-
cantly during MFC operation process in the control group.

The main genus and relative abundance on cathodes of 
IeMFC after 30 d were Pseudomonas (50.51%), Brevundimonas 
(9.83%), Rhizobium (11.24%), Marinobacter (13.61%). While in 
FbMFC were Pseudomonas (25.99%), Brevundimonas (19.96%), 
Rhizobium (14.42%), Enterobacter (16.61%). It can be seen 
from Fig. 7b that the species and relative abundance of MFC 
on cathode have changed during operation process. The 
changes in FbMFC were more obvious than that in IeMFC, 
the bacterial in cathode of IeMFC was more stable. The rela-
tive abundance of Pseudomonas which was the main denitri-
fying bacteria in experimental group changed from 68.39% 
to 50.51% after 30 d, while that in control group was only 
25.99% after 30 d, which indicated that the immobilization 
of bacteria on electrode was conducive to maintaining the 
stability of functional bacteria. High throughput sequencing 
analysis showed that bacteria immobilization could effec-
tively maintain the stability of functional bacteria on MFC 
electrode and improve the nitrogen removal efficiency of 
MFC. In this study, bacteria were immobilized on the elec-
trode, and electron utilization rate in anode was improved, 
and the nitrogen removal performance was improved in the 
cathode. Bacteria immobilization in MFC could realize elec-
trode flexible using, that is, the anode of immobilized electro-
active microorganisms was put into the anode chamber, and 
the cathode was put into the cathode chamber that contained 
nitrate. After connecting the resistance and wire, the nitrate 
removal could be realized shortly in MFC, which shortens 
the start-up time of MFC reactor, ensures the power gener-
ation performance and nitrate removal efficiency. The novel 
MFC with immobilized bacteria will effectively promote 
the application of MFC in the field of wastewater treatment.
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4. Conclusions

In this paper, a new type of MFC with bacteria immobi-
lized on the electrode was prepared, and it was found that 
the anode immobilized electroactive microorganisms was 
beneficial to improve the electron utilization efficiency, and 
the denitrification performance of the immobilized denitrify-
ing bacteria on the cathode was improved at the same time. 
High-throughput sequencing analysis indicated that bacte-
rial immobilization on the electrodes was beneficial to main-
tain the stability of the community structure of functional 
bacteria in MFC. The novel MFC with immobilized bacterial 
in this study is a highly potential novel setup for efficient 
nitrate removal and will effectively promote the applica-
tion of MFC in wastewater treatment.

Acknowledgements

This work was supported by science and technol-
ogy R&D plan of China Construction First Group Co., 
Ltd (KJYF-2022-9).

Declaration of competing interest

There are no conflicts of interest to declare.

References
[1] I. Gajda, J. Greenman, I.A. Ieropoulos, Recent advancements 

in real-world microbial fuel cell applications, Curr. Opin. 
Electrochem.,11 (2018) 78–83.

[2] S. Mateo, P. Cañizares, M.A. Rodrigo, F.J. Fernández-Morales, 
Reproducibility and robustness of microbial fuel cells 
technology, J. Power Sources, 412 (2019) 640–647.

[3] C. Santoro, C. Arbizzani, B. Erable, I. Ieropoulos, Microbial fuel 
cells: from fundamentals to applications. A review, J. Power 
Sources, 356 (2017) 225–244.

[4] Y. Ye, H.H. Ngo, W. Guo, Y. Liu, S.W. Chang, D.D. Nguyen, 
J. Ren, Y. Liu, X. Zhang, Feasibility study on a double chamber 
microbial fuel cell for nutrient recovery from municipal 
wastewater, Chem. Eng. J., 358 (2019) 236–242.

[5] B.E. Logan, B. Hamelers, R. Rozendal, U. Schröder, J. Keller, 
S. Freguia, P. Aelterman, W. Verstraete, K. Rabaey, Microbial 
fuel cells:  methodology and technology, Environ. Sci. Technol., 
40 (2006) 5181–5192.

[6] R. Rossi, B.E. Logan, Impact of reactor configuration on pilot-
scale microbial fuel cell performance, Water Res., 225 (2022) 
119179, doi: 10.1016/j.watres.2022.119179.

[7] V.B. Oliveira, M. Simões, L.F. Melo, A.M.F.R. Pinto, Overview 
on the developments of microbial fuel cells, Biochem. Eng. J., 
73 (2013) 53–64.

[8] P.T. Kelly, Z. He, Nutrients removal and recovery in 
bioelectrochemical systems: a review, Bioresour. Technol., 
153 (2014) 351–360.

[9] G. Palanisamy, H.Y. Jung, T. Sadhasivam, M.D. Kurkuri, 
S.C. Kim, S.H. Roh, A comprehensive review on microbial 
fuel cell technologies: processes, utilization, and advanced 
developments in electrodes and membranes, J. Cleaner Prod., 
221 (2019) 598–621.

[10] S.E. Oh, B.E. Logan, Voltage reversal during microbial fuel 
cell stack operation, J. Power Sources, 167 (2007) 11–17.

[11] M.A. Amirdehi, L. Gong, N. Khodaparastasgarabad, 
J.M. Sonawane, B.E. Logan, J. Greener, Hydrodynamic 
interventions and measurement protocols to quantify 
and mitigate power overshoot in microbial fuel cells 
using microfluidics, Electrochim. Acta, 405 (2022) 139771, 
doi: 10.1016/j.electacta.2021.139771.

[12] X. Xie, M. Ye, P.C. Hsu, N. Liu, C.S. Criddle, Y. Cui, Microbial 
battery for efficient energy recovery, Proc. Natl. Acad. Sci. 
U.S.A., 110 (2013) 15925–15930.

[13] P.T. Sekoai, A.A. Awosusi, K.O. Yoro, M. Singo, O. Oloye, 
A.O. Ayeni, M. Bodunrin, M.O. Daramola, Microbial cell 
immobilization in biohydrogen production: a short overview, 
Crit. Rev. Biotechnol., 38 (2018) 157–171.

[14] K. Wang, Y. Liu, S. Chen, Improved microbial electrocatalysis 
with neutral red immobilized electrode, J. Power Sources, 
196 (2011) 164–168.

[15] M. Landreau, S.J. Byson, H. You, D.A. Stahl, M.K.H. Winkler, 
Effective nitrogen removal from ammonium-depleted 
wastewater by partial nitritation and anammox immobilized 
in granular and thin layer gel carriers, Water Res., 183 (2020) 
116078, doi: 10.1016/j.watres.2020.116078.

[16] H.C. Flemming, S. Wuertz, Bacteria and archaea on Earth and 
their abundance in biofilms, Nat. Rev. Microbiol., 17 (2019) 
247–260.

[17] S. Naahidi, M. Jafari, M. Logan, Y. Wang, Y. Yuan, H. Bae, 
B. Dixon, P. Chen, Biocompatibility of hydrogel-based 
scaffolds for tissue engineering applications, Biotechnol. Adv., 
35 (2017) 530–544.

[18] L. Hou, Y. Liu, B.L. Zhou, J. Li, Influencing factors of 
immobilized bacteria particles for improving denitrification 
efficiency, Desal. Water Treat., 202 (2020) 276–282.

[19] G. Kumar, A. Mudhoo, P. Sivagurunathan, D. Nagarajan, 
A. Ghimire, C.H. Lay, C.Y. Lin, D.J. Lee, J.S. Chang, Recent 

0

20

40

60

80

100

FbM
FC

Ie
M

FC

 Other

 Firmicutes

 Bacteroidetes

 Proteobacteria

S2

R
el

at
iv

e 
A

b
u

n
d

an
ce

 (
%

)

0

20

40

60

80

100

S2

R
el

at
iv

e 
A

b
u

n
d

an
ce

 (
%

)  unclassified_Cyclobacteriaceae

 unclassified_Comamonadaceae

 unclassified_Brucellaceae

 unclassified_Halomonadaceae

 unclassified_Rhodobacteraceae

 Marinobacter

 Enterobacter

 Trichococcus

 Rhizobium

 Brevundimonas

 Other

 Pseudomonas

FbM
FC

Ie
M

FC

(a)

(b)

Fig. 7. High throughput sequencing results at the (a) phylum 
level and (b) genus level of cathode.



L.-g. Hou et al. / Desalination and Water Treatment 304 (2023) 162–168168

insights into the cell immobilization technology applied for 
dark fermentative hydrogen production, Bioresour. Technol., 
219 (2016) 725–737.

[20] S. Girijan, M. Kumar, Immobilized biomass systems: an 
approach for trace organics removal from wastewater and 
environmental remediation, Curr. Opin. Environ. Sustainability, 
12 (2019) 18–29.

[21] L. Hou, J. Li, Y. Liu, Microbial communities variation analysis 
of denitrifying bacteria immobilized particles, Process 
Biochem., 87 (2019) 151–156.

[22] L. Hou, Q. Yang, J. Li, Electricity effectively utilization by 
integrating microbial fuel cells with microbial immobilization 
technology for denitrification, Biotechnol. Bioprocess Eng., 
25 (2020) 470–476.

[23] S.W. Hong, I.S. Chang, Y.S. Choi, T.H. Chung, Experimental 
evaluation of influential factors for electricity harvesting 

from sediment using microbial fuel cell, Bioresour. Technol., 
100 (2009) 3029–3035.

[24] Q. Zhao, M. Ji, R. Li, Z.J. Ren, Long-term performance of 
sediment microbial fuel cells with multiple anodes, Bioresour. 
Technol., 237 (2017) 178–185.

[25] C. Yang, H. Aslan, P. Zhang, S. Zhu, Y. Xiao, L. Chen, 
N. Khan, T. Boesen, Y. Wang, Y. Liu, L. Wang, Y. Sun, Y. Feng, 
F. Besenbacher, F. Zhao, M. Yu, Carbon dots-fed Shewanella 
oneidensis MR-1 for bioelectricity enhancement, Nat. Commun., 
11 (2020) 1379, doi: 10.1038/s41467-020-14866-0.

[26] O. Schaetzle, F. Barrière, K. Baronian, Bacteria and yeasts as 
catalysts in microbial fuel cells: electron transfer from micro-
organisms to electrodes for green electricity, Energy Environ. 
Sci., 1 (2008) 607–620.


	_Hlk140129766
	_Hlk81898044

