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e-type microbial fuel cells for
enhanced electricity generation

Yiyang Liu,a Xiaoyan Sun,b Di Yin,a Lankun Caia and Lehua Zhang *ac

Electricity generation in microbial fuel cells can be restricted by a few factors, such as the effective area of

the anode for biofilm attachment, diffusion limitation of substrates and internal resistance. In this paper,

a suspended anode (carbon-based felt granule)-type microbial fuel cell was developed to make full use

of the volume of the anode chamber and provide a larger surface area of the anode for the growth of

exoelectrogenic bacteria. The current collector was rotated in the anodic chamber to contact with the

suspended granules intermittently and achieve better mixing. The open-circuit voltage reached steady

state at around 0.83 V. The maximum power density obtained from each scenario increased steadily

with the increase in mixing rate. The internal resistance decreased when the rotational rate and the

content of the carbon granules were increased. The maximum power density reached 951 � 14 mW m�3

with a corresponding minimum internal resistance of 162.9 � 3.5 U when the mass of carbon granules

was 50 g and the rotational rate was 300 rpm. The suspended microbes made negligible contribution to

the power density. The microbial fuel cell with a higher content of carbon granules had lower coulombic

efficiency and lower relative abundance of exoelectrogenic bacteria.
1. Introduction

Typical domestic wastewater contains about 1.23 kW h m�3 of
energy, which is mainly in the form of biodegradable organics.
Microbial fuel cells (MFCs) have received much attention
because of their potential applications in wastewater treatment
and energy generation.1–5 An exoelectrogen is an essential part
of MFCs and has many special properties, including the
metabolism of organics and the generation of electrons.6 The
electrons generated by exoelectrogenic bacteria spontaneously
transfer to the anode, which generates a low current ow in an
external circuit in a clean and mild condition. However, the
practical applications of MFCs are restricted by many issues
including the low voltage output and the difficulty of scaling up,
which are discussed in more detail below.7

Anode performance is one of the key factors affecting the
MFC performance. It has been investigated extensively in many
previous studies.8 The internal resistance of MFCs, effective
area of biolms attached to the anode surface, and mass
transfer rate of substrates play important roles in anode
performance. However, high internal resistance increases the
loss of electrical energy during transfer, the effective area of
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biolms can directly affect the electricity generation, and the
low mass transfer rate causes concentration polarization,
especially in large-scale reactors.9–11

Special congurations of MFCs have been studied to solve
these issues. For example, membrane electrode assembly-type
MFCs were applied to reduce the internal resistance,12 and
uidized electrodes or packed-bed electrodes acting as three-
dimensional electrodes were used to overcome the diffusion
limitations of substrates and enhance the effective area of bio-
lms in large reactors.13–18 A uidized electrode-type MFC was
analyzed to assess the capacitive characteristics of granular
activated carbon (GAC) particles.19 Electrons can be stored in the
GAC particles in the form of an electric double layer, and
a continuous current can be generated with intermittent contact
between the GAC particles and the current collector.20 In these
MFCs, the electrode acts as a lter and can be easily clogged by
suspended solids or biolms, which can block the mass-transfer
channel frequently during the operation. These issues need to be
solved before building a large reactor using these electrodes. A
carbon-based ow-through composite anode conguration was
constructed as carbon-based particles have been proved to
enhance the power generation in microbial fuel cells.21

In our study, a novel conguration of MFC reactor was
developed, which indicated the untapped potential of larger
MFCs. Specically, charges were stored in carbon-based felt
granules suspended in the anodic chamber, while the current
owed with the intermittent contact between the carbon-based
felt granules and a rotational current collector. In order to solve
the problems of ow blockage in previous uidized electrode-
This journal is © The Royal Society of Chemistry 2020
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type MFCs, the anode was suspended in a large reactor rather
than owing in a channel. Compared to the traditional 3D
porous anode material with magnetic stirring, the current
collector could contact with the anode better but did not
assemble and block. The suspended anode-typed MFC was
designed to make full use of the reactor volume, to overcome
diffusion limitations, and to reduce the internal resistance.
Furthermore, we investigated the bio-capacitor characterization
of the electrodes and the performance of the MFCs, including
the maximum power density, internal resistance, and
coulombic efficiency (CE). In addition, the community structure
of the microbes was investigated.
2. Material and methods
2.1 MFC construction

Two bottles with a volume of 1000 mL were used as the anodic
and cathodic chambers of the MFC (Fig. 1). The anode and
cathode chambers were separated by a cation exchange
membrane (CEM, CMI7000, DuPont, USA) with an effective area
of 11.7 cm2. In the anodic chamber, a titanium rod in a tree-like
structure was used as an agitator blade and a current collector.
The anode consisted of 50 g (dry weight) of carbon felt granules
with the diameter of about 5 mm. The cathode was a piece of
graphite felt (Beihai Carbon Co., Ltd. China) with a working
area of 50 cm2 (5 cm � 10 cm). The two electrodes were con-
nected by a slip ring (Senring Electronics Co., Ltd. China),
which provided a continuous electrical connection through
brushes on stationary contacts. The external resistance was
1000 U.
2.2 MFC inoculation

The granules of carbon felt were inoculated with activated sludge
from the bioreactor of a municipal wastewater treatment plant
Fig. 1 Schematic diagram of the suspended anode-typemicrobial fuel
cell.

This journal is © The Royal Society of Chemistry 2020
(Yangchen Co., Ltd. Shanghai, China). The nutrientmedium of the
anolyte contained (per liter) 1.64 g NaAc, 0.5 g NH4Cl, 0.1 gMgSO4,
0.08 g CaC12, 0.1 g KCl, 1.0 g NaCl, 12.54 g Na2HPO4$12H2O, 2.45 g
NaH2PO4$2H2O, and 1.0 mL trace elements (pH ¼ 7.0).22 The
activated sludge was added into the medium (1 : 4) and mixed at
200 rpm for 30min. The supernate was taken out and purged with
N2 for 10–15 min to achieve anaerobic conditions,23 and this
bacterial suspensionwas used to acclimate the anode. The cathode
solution contained 32.92 g K3[Fe(CN)6], 12.54 g Na2HPO4$12H2O,
and 2.45 g NaH2PO4$2H2O per liter (pH ¼ 7.0). All the MFCs were
operated at room temperature (28 � 1 �C).

2.3 MFC operation

Two reactors were constructed as specied above, and were
designated as MFC-1 and MFC-2 (as parallel experiments),
respectively. The voltage output was measured and recorded
using a data acquisition system (RBH8223, RBH, Beijing,
China). The current was calculated from the voltage and
external resistance. Electricity generation in the two reactors
showed similar effects, so the power density and internal
resistance data for the different contents of granules and the
rotating rate are reported as in MFC-1.

An on–off experiment was employed in this study to inves-
tigate whether the granules of carbon felt with biolm could
store electrons. Aer running steadily for 6 h, the agitator of the
anodic chamber in the MFCs was switched off for 2 h and then
switched on again, while the voltage output was recorded.

2.4 Analyzes and calculation

Aer start-up of the MFC, the anode granules covered by bio-
lms were imaged using scanning electron microscopy (SEM)
(JSM-6360LV, JEOL, Japan) aer achieving a steady perfor-
mance. The energy dispersive X-ray spectroscopy system (EDS)
(Falcon, EDAX, USA) equipped with the SEM was employed for
elemental analysis. The samples were pre-treated by glutaral-
dehyde and were dehydrated by ethanol prior to analysis.

Power density curves and polarization curves were obtained
by a steady state discharging method to determine the internal
resistance and power density,10 with the volume of the anolyte
used to calculate the power density. Briey, the external resis-
tance was changed stepwise from 10 000 U to 10 U and main-
tained at each resistance for 5 min to keep steady while the
voltage was recorded.24 The maximum power density was the
peak of the power density curves. The slope of the polarization
curves in the ohmic polarization region represented the internal
resistance.

The suspended anode was added into the anodic chamber
step by step and for each period it took 2 weeks to remain stable.
The microbes at different periods of the same reactor aer
stable operation was achieved were sampled to investigate the
community structure of the microbes by 16S rDNA sequences
(Sangon Biotech, Shanghai, China). Here, 5 pieces of the anode
were taken out from anodic chamber under sterile conditions
and immersed in a sterile medium. Then, they were magneti-
cally mixed at 200 rpm for 5 min, and 2 mL of the medium was
sampled. The sequencing platform was Miseq 2 � 300 bp and
RSC Adv., 2020, 10, 9868–9877 | 9869
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the amplied region was V3–V4. The taxonomic tree was drawn
up and the top 20 microbes with the highest relative abun-
dances were marked by an asterisk and different phylum were
indicated by different colors. The outer ring represents a ther-
modynamic chart in which the samples were marked by
different colors and the samples with higher relative abundance
are shown in a darker color.

The coulombic efficiency (CE) was calculated of the different
contents of granules in 200 rpm according to the following
equation:

CE ¼ MIt

nFV � DCOD
;

Fig. 2 Temporal profiles of the voltage output during the
acclimatization.

Fig. 3 Images obtained by SEM of the anodic granules after acclimatiza
ganisms (i.e., the control, (C) at 10000�).

9870 | RSC Adv., 2020, 10, 9868–9877
where M is the molecular weight of oxygen (M ¼ 32), I is the
average current (A), t is the reaction time (h), n is the number of
electrons per mole of oxygen (n ¼ 4), F is the Faraday constant
(96 485 Cmol�1), and V is the volume of the anodic chamber (L).
The chemical oxygen demand (COD) of the samples was
measured by the potassium dichromate titration method and
the concentration of NaAc was calculated.
3. Results and discussion
3.1 MFC start-up

The voltage output during the acclimatization is shown in
Fig. 2. The initial voltage was around 0.10 V and uctuated in
the rst 30 h, then steadily increased to 0.25 V within 20 h and
maintained this level for 100 h. Aer 150 h, the voltage output
was increased rapidly, which means the exoelectrogens were in
a logarithmic growth phase. This was accompanied by a rapid
increase in the voltage to around 0.63 V aer 200 h. Simulta-
neously, the open-circuit voltage reached 0.83 V. The start-up
time was longer than that of the traditional two-chamber
MFCs because of the scouring from stirring by the current
collector, which meant it was hard for the biolm to attach to
the anode.
3.2 Biocapacitor characterization of the electrodes

The anodic granules of the MFCs were characterized by SEM-
EDS, and the results are shown in Fig. 3 and Table 1. As
shown in Fig. 3a and b, the biolm was attached to the carbon
felt. From the morphology, it was indicated that
tion ((A) at 3000�, (B) at 10000�) and the granules without microor-

This journal is © The Royal Society of Chemistry 2020
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Table 1 Relative abundance of the elements of the anodic granules
after acclimatization and the control without microorganisms (atomic
percent)

Element Anodic granules (%) Control group (%)

C 69.88 91.33
N 8.83 03.84
O 15.66 04.82
Na 0.29 —
Mg 0.32 —
P 2.22 —
S 0.33 —
K 0.16 —
Ca 0.75 —
Fe 1.57 —
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microorganisms, like bacillus and coccus, were attached to the
granules. The EDS results show the element ratio difference
from the carbon felt before and aer acclimatization. The
percentages of N, O, and other trace element in the microbes
were signicantly higher than in the control, which indicated
that the biolm was attached.
3.3 Voltage output from the on–off experiment

The voltage output from the on–off experiment is shown in
Fig. 4. When the agitator was off, the voltage output immedi-
ately decreased from 0.45 V to about 0.15 V. This could be
because without mixing only a few bioanodes were contacted
with the current collector and the internal resistance increased.
As a consequence, electrons generated by the biolms could not
transfer to the current collector, and were stored in the granules
of the carbon felt. Borsje et al. found that the charge could be
Fig. 4 Temporal profiles of the voltage output from the on–off experime
enlarged (top).

This journal is © The Royal Society of Chemistry 2020
stored in the electric double layer of single carbon granules.19

When the agitator was restarted, a peak value with around
50 mV variations appeared in the voltage output curve, which
veried the capacitance characteristic of the carbon felt gran-
ules and that the current was not only produced at the moment
of contact. A similar nding was reported by Liang et al., who
reported that the power density of MFCs instantly increased by
applying transient-state regulation (i.e., alternating open-circuit
and closed-circuit) because of the anode capacitance.24 Carbon-
based capacitive anodes were used in the MFCs in some
pervious studies to enhance the performance of the MFCs, as
the capacitance of carbon-based granules mainly consists of
electrode double-layer capacitance.18
3.4 Electricity generation of the microbial fuel cells

3.4.1 Power density curves. The effects of the rotational
rate and the content of carbon granules on the power density
were investigated, as shown in Fig. 5. For a typical power density
curve at a given rotational rate (e.g., Fig. 5a), the power density
initially increased with the growth of the current. Aer reaching
a maximum value, the power density gradually decreased with
higher current. The maximum power densities obtained at
different rotational rates were compared (Fig. 5g) and the
results showed that the maximum power density increased with
the increase in the rotational rate and the current at maximum
power density also increased. This was consistent with the
results in the tests with 20, 30, 40, and 50 g of suspended anodes
(Fig. 5b–e). On the one hand, when the rotational rate
increased, the anolyte was mixed more homogeneously. On the
other hand, the higher rotational rate allowed for a better
contact between the carbon granules and the current collector,
and thus electrons could transfer more quickly. However, the
nt, and the changing portions of 0.2 min intervals after switching on are

RSC Adv., 2020, 10, 9868–9877 | 9871
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Fig. 5 Power density curves obtained at different rotational rates with 10 g (a), 20 g (b), 30 g (c), 40 g (d), and 50 g (e) of suspended anode and at
a high rotational rate with 50 g of suspended anode (f). The maximum power density of each condition is shown (g).
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further increases in the mixing rate to 350 and 400 rpm did not
result in an obvious increase in the maximum power density
(Fig. 5f). This could be because the higher rotational rate was
9872 | RSC Adv., 2020, 10, 9868–9877
accompanied by higher hydraulic shear force, which made it
difficult for the biolms to attach to the anode. This was also
supported by a previous study that reported that the
This journal is © The Royal Society of Chemistry 2020
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Table 2 Performance overview of various fluidized capacitive anode MFCs

Reactor type Vtotal (mL) Imax (A m�3 at Pmax) Reference

Suspended carbon felt granules anode MFC with stirring 1000 2.18 This work
MFC-uidized bed membrane bioelectrochemical reactor with liquid
pump

1700 (700 in MFC) 20 (13 in MFC) 26

Membrane-free uidized-bed MFC with pump 1000 0.8 27
Fluidized capacitive bioanode (GAC) MFC with gas li 2102 0.7 14
Fluidized GAC anode with stirring 7 260 20
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performance of rotating disk MFCs became poor when the
rotational rate was higher than 400 rpm.25

There was a positive correlation between the power density
and the amount of carbon granules. The power density reached
951 � 14 mW m�3 with 50 g of the suspended anode and
300 rpm, while the current density was 2.18 A m�3. The current
density of 0 rpm with 50 g of anode was 0.58A m�3. When the
rotating rate was 0 rpm, the anode granules were deposited at
the bottom of anodic chamber and were in continuous contact
with the current collector. It could be found that the suspension
plays an important role in the performance. The Imax values
from similar studies are compared in Table 2, but it is to be
noted that these researchers used different methods to make
the capacitive anode contact with current collector intermittent.
It was found that the gas li, liquid pump, and stirring rate all
increased the performance of MFCs. A larger amount of carbon
granules could provide more sites for biolm attachment and
hence could increase the exoelectrogen concentration, which is
benecial for electron transfer. In addition, having more carbon
granules provides a larger capacitance, which allows the elec-
trons generated by exoelectrogens to be stored more effectively.
However, when higher than 50 g, agitation in the MFCs became
hard and some granules could not have continuous contact
with the current.

To make a comparison between power generation and stir-
ring, the stirring power was calculated in theory by the following
equation:28

P ¼ Nprn
3d5

where Np is the power number, r is the density of solution, n is
the rotating rate, and d is the diameter of the agitator.

Aer calculating, the power was 4.19 W with 50 g of the
suspended anode and 300 rpm when the power density reached
the maximum. In fact, the power generated by the MFC could
not offset the power of stirring, while the maximum total power
of this reactor was 0.93 W. This study focused on the effect of
stirring on the performance of this anode. Furthermore, in
further applications, low-grade energy, like wind energy, could
be used to offset the power consumption.

3.4.2 Internal resistance. The effect of the rotational rate
and the amount of carbon granules on the polarization curves
are investigated in this chapter, as shown in Fig. 6. The cathode
potentials in this reactor did not signicantly change when the
condition of the anode changed (Fig. 6f). The polarization was
mainly inuenced by the anode since the polarization was
This journal is © The Royal Society of Chemistry 2020
affected by activation polarization, ohmic polarization, and
concentration polarization at low, middle, and high levels of
current density, respectively.

In the low current density range, the activation polarization
affected the polarization predominantly. We can nd that it had
no discernible effects on the polarization in this experiment.
That was attributed to the high temperature of 28 �C and high
roughness and specic surface of the electrodes, which were
proven to decrease the activation polarization in a previous
study.7

In the middle current density range, the ohmic polarization
played a dominant role. The internal resistance between the
suspended anode and cathode was used to describe the resis-
tance between the suspended anode and current collector since
the resistance between the current collector and cathode was
stable. The internal resistance decreased when the rotational
rate and the content of carbon granules increased (Fig. 6f). In
the MFCs (Fig. 6a–e), the polarization was intense when the
rotational rate was zero, which could be related to the high
internal resistance. Without mixing, the current collector could
not contact with the suspended anode efficiently, and thus the
internal resistance was large. The minimum internal resistance
was 162.9� 3.5 U, which was achieved with 300 rpm and 50 g of
suspended anode. The decrease in internal resistance was
because the higher rotational rate enabled a better contact
between the carbon granules and the current collector, and thus
quicker electron transfer. The higher the content of carbon
granules was, the higher the electrical conductivity. However,
the current became higher not only because of the low internal
resistance, but also because of the greater contact and higher
electron ow. It is more accurate to describe this parameter as
the apparent internal resistance. There is little discussion of the
internal resistance in uidized anode-type MFCs because the
actual internal resistance is hard to identify due to the complex
contact. The minimum apparent internal resistance of
a membrane-free uidized-bed MFC that used a pump to
maintain intermittent contact was 902 U, which had a similar
volume to our reactor.27

In the high current density range, some batches, e.g., 0 rpm
in both batches and 50 rpm in the 30 g (c), 40 g (d), and 50 g (e)
batches of carbon granule, were affected by concentration
polarization, especially at a low rotational rate and high content
of carbon granules. When the rotational rate was low, the
diffusion rate in the anolyte was lower. High shear forces led to
faster diffusion in biolms, and thus no pronounced
RSC Adv., 2020, 10, 9868–9877 | 9873
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Fig. 6 Polarization curves obtained at different rotational rates and contents of suspended anode ((a) 10 g, (b): 20 g, (c) 30 g, (d) 40 g, (e) 50 g). (f)
The cathode potential (solid line) and anode potential (dotted line) (vs. Ag/AgCl) in a 50 g batch. (g) The internal resistance of each condition is
shown.

9874 | RSC Adv., 2020, 10, 9868–9877 This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Coulombic efficiency tests with different amounts of sus-
pended anode. The coulombic efficiency was determined in a full
batch experiment with a rotational rate of 200 rpm.
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concentration polarization occurred.29 A high content of carbon
granules caused concentration polarization because faster
agitation was needed to achieve a homogeneous distribution of
the granules.

3.4.3 Effect of the suspended bacteria on the electricity
generation. To investigate the contribution of the suspended
bacteria (not attached to the anode) on the electricity genera-
tion, the suspended granules were taken out from the MFC
under a nitrogen environment. The maximum power density in
the batch tests without the suspended granules at 200 rpm was
43.24 � 11.94 mW m�3, which was far below the maximum
power density in the batch tests with the suspended anode and
when the internal resistance was 15 725 � 10 943 U. This
indicated that the suspended bacteria had a negligible effect on
the electricity generation. The following reasons can account for
this phenomenon: (1) the bacteria in suspension had no place
to attach and were scoured by agitation, making it difficult to
form stable biolms; (2) the carbon granules acted as capacitors
in the MFCs. Electrons generated by microbes had no place to
be stored without the suspended granules and thus the elec-
trons were hard to be transferred to the current collector.

3.5 Coulombic efficiency

The coulombic efficiency was calculated to investigate the
performance of the suspended anode-type MFCs. As shown in
Fig. 7, the CE of the MFCs was 20.6 � 2.2% in the test with 10 g
of suspended carbon granules and decreased gradually with the
increase in the amount of carbon granules. The CE was rela-
tively low in this experiment and could be affected by many
operational parameters.30 The intermittent contact between the
anode and the current collector could be one of the key reasons
for the low CE given the higher biodegradation rate of non-
exoelectrogens.31 The electron transfer could only happen when
the anode is in contact with the current collector, otherwise the
electrons generated by the MFCs are temporarily stored in the
carbon granule anode, but there are some energy losses too
during the charge period and storage. Volume also plays an
important role in CE since a large volume involves a complex
microbial community. Considering the large concentration of
microbes, especially non-exoelectrogens, in these experiments,
the electron-transfer resistance was low under the suspended
set-up for the anode. Suspending the anode causes another
This journal is © The Royal Society of Chemistry 2020
issue in MFCs: the direct contact between the suspended anode
and the current collector is reduced, which could affect the
community structure of the microbes in MFCs. In general, the
CE of MFCs with mixed strains was lower than that with pure
cultures because the energy was partially consumed by bacteria
that could not generate electrons.32,33
3.6 Microbial communities

In order to investigate the decrease of CE, the community
structure of the microbes was determined by 16S rDNA analysis.
The taxonomic tree of 100 kinds of microbes with the highest
relative abundance in MFCs is shown in Fig. 8, where A1 is the
sample of inoculated sludge, B1 is from sampling when the
granules content was 20 g L�1 in MFC-1, while C1 was 40 g L�1.

The abundances of the microbiological species or strains are
shown in the outer ring of the taxonomic tree. There were more
species in the inoculated sludge (i.e., A1) than in the granules of
the MFCs (i.e., B1 and C1). This indicated that the microbes in
samples B1 and C1 were screened by acclimatization and hence
had lower diversity. There were many species of electrogenesis
bacteria, such as Ottowia, Malikia, Tistrella, Pseudomonas, and
Fontibacter, which was similar to in previous studies.34–37 Tis-
trella in Rhodospirillales was widely found in the anodic
chambers of the MFCs and was in high abundance. In addition,
the abundance of Tistrella increased when the content of
granules increased. As the distribution bar plot shows, the
kinds of microbial species decreased substantially when the
content of granules increased. The dominant strains were
screened by the reaction. However, there was an increase in
many non-electricity-production species with the increase in
granules, e.g., Proteiniphilum, Longilinea, Acholeplasma, and so
on. An entire circuit contributed to the accumulation of exoe-
lectrogens in MFCs. The total number of granules contacted
with the current collector, which is equal to an entire circuit,
increased with increasing the number of granules, and thus the
performance and exoelectrogens increased. The intermittent
contact between the anode and the current collector was unfa-
vorable for the growth of the electrogenesis bacteria and hence
its relative abundance. Thus, the exoelectrogens in the biolms
attached to the anode found it difficult to be the dominant
bacteria. This also caused the lower CE with the higher content
of carbon granules.
4. Conclusions

A novel conguration of microbial fuel cell was constructed for
enhanced electricity generation from wastewater. The main
conclusions are:

� A suspended carbon felt granule anode in MFCs was used
to overcome the diffusion limitations of the substrates and
increased the effective area of the biolms.

� The performance of theMFCs with the carbon granules was
better than that of the control without carbon granules. The
suspended bacteria had a negligible effect on the electricity
generation.
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Fig. 8 Taxonomic tree of 100 kinds of microbes with the highest relative abundances and distribution bar plot of the inoculated sludge (A1), 20 g
L�1 granules in MFC-1 (B1) and 40 g L�1 granules in MFC-1 (C1). Top 20microbes with the highest relative abundances aremarked by asterisk and
different phyla are indicated by different colors. The outer ring is a thermodynamic chart in which the samples are marked by different colors and
the samples with a higher relative abundance are shown in a darker color.
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� The maximum power density reached 951 � 14 mW m�3

with a corresponding minimum internal resistance of 162.9 �
3.5 U when the mass of carbon granules was 50 g and the
rotational rate was 300 rpm.

� The CE of MFC was lower with the higher content of carbon
granules because the relative abundance of exoelectrogenic
bacteria decreased and contact between the anode and current
collector occurred less frequently.
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