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Abstract: Anode modification is a useful method to increase the performance of microbial fuel
cells (MFCs). By using the electrochemical deposition method, Fe3O4 and polypyrrole (PPy) were
polymerized on a carbon felt anode to prepare Fe3O4-PPy composite modified anodes. In order to
ascertain the effect of electrodeposition time on characteristics of the modified electrode, the prepa-
ration time of the modified electrode was adjusted. The modified anodes were used in MFCs,
and their performances were evaluated by analyzing the electricity generation performance and
sewage treatment capacity of MFCs. Experimental results indicated that the Fe3O4-PPy composite
modified anodes could enhance the power production capacity and sewage treatment efficiency
of MFC effectively. In particular, when the deposition time was 50 min, the modified anode could
significantly improve the MFC performance. In this case, the steady-state current density of MFC
increased by 59.5% in comparison with that of the MFC with an unmodified carbon felt anode,
and the chemical oxygen demand (COD) removal rate was 95.3% higher than that of the unmodified
anode. Therefore, the Fe3O4-PPy composite is an effective material for electrode modification, and a
good anode modification effect can be obtained by selecting the appropriate electrodeposition time.

Keywords: microbial fuel cell; anode modification; polypyrrole; Fe3O4

1. Introduction

Up to now, fossil fuels remain the main energy source for our daily life and industrial
and agricultural production. Excessive exploitation and use of fossil fuels not only causes
resource exhaustion, but also causes serious environmental pollution [1–3]. Nowadays,
the two problems of lack of energy source and pollution of environment have become
bottleneck problems that restrict the sustainable development of human society and even
threaten the survival of human beings and the fate of the Earth. Developing renewable en-
ergy systems that can replace fossil fuels has become a key issue to be solved urgently [4–6].

Due to the potential functionality in wastewater treatment and bioenergy produc-
tion, MFC is regarded as a promising green power generation technology and a new
sewage treatment process with many benefits such as cleanliness, effectiveness, recycla-
bility, and less toxic products [7–10]. However, MFC has low power output in the current
research, which restricts its practical application [11].

The performance of MFC is affected by many factors. For example, electrode, elec-
trode spacing, microbial population, proton exchange membrane, internal and external
resistance, etc. will have an impact on the performance of MFCs [12–14]. As an important
part of microbial growth and electron collection, the physical, chemical properties, and sur-
face characteristics of the anode directly affect the attachment growth and electron transfer
ability of exoelectrogens on its surface, thus greatly affecting the power production capacity
and sewage disposal effect of microbial fuel cell [15–18]. High performance anode materials
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for MFC should have the characteristics of high conductivity, large specific surface area,
biocompatibility, low cost, and corrosion resistance [19]. Carbon-based materials are the
most widely used anode materials in MFCs due to their low cost, strong biocompatibility,
high conductivity, and good chemical stability [20,21]. However, due to the finite specific
surface area, poor bacterial adhesion, low toughness, and little electrocatalytic activity of
carbon-based anode, it is difficult for MFC to achieve ideal performance [22,23].

The modification of anode materials can improve the performance of MFCs [24,25].
On the basis of traditional carbon-based materials, researchers had found that metal ox-
ides [26,27], carbon nanotubes [28,29], conductive polymers [30–32], and graphene [33,34]
can be used for anode modification. Metal materials are widely used in the electrochemical
field because of their high conductivity and high catalytic activity. However, the cost of
metals with better conductivity is relatively high, and it is difficult to promote large-scale
use. The catalytic activity of non-noble metals and their oxide nanoparticles are basically
equivalent to that of precious metals; in addition, they can greatly reduce the resistance
during operation and increase the adhesion of microorganisms on the electrode [35]; also,
they can save costs and thus are very promising anode modification materials. Fe3O4 is
widely used as an anode modifier as a conductive metal oxide among non-noble metals,
which is mainly to improve the kinetic activity of the anode reaction. The power gener-
ation of MFC with the Fe3O4 modified anode is higher than that without modification,
which indicates that the Fe3O4 modified anode can effectively increase the performance of
MFC [36].

Conductive polymers are used as common materials for MFC anode modification
due to their excellent biocompatibility [37]. Among them, polypyrrole (PPy) is widely
used in the modification of anodes and supercapacitors due to its high charge storage
capacity [38,39]. The results of the PPy modified graphite felt anode showed that biofilm
was formed on the modified anode, which improved the surface roughness of the anode
and provided favorable conditions for microorganisms to attach, thus greatly improving
the conductivity of the anode after and enhancing the power density [40].

Our research attempts to raise the generating capacity and sewage disposal effect of
MFCs by finding some simple, low-cost, and efficient anode modification methods. In this
article, the effects of a polypyrrole-Fe3O4 composite modified anode and its electrodeposi-
tion time on the performance of MFCs were investigated experimentally. The synergistic
effect of conductive polymers and metal oxides was introduced to ameliorate the proper-
ties of the anode. The Fe3O4-PPy10/CF (carbon felt), Fe3O4-PPy30/CF, Fe3O4-PPy50/CF,
and Fe3O4-PPy70/CF composite modified electrodes were prepared by controlling the
deposition time, the effect of carbon felt anodes polymerized with PPy at different times on
the power generating capacity, and the sewage disposal effect of MFC was tested and ana-
lyzed, and thus the best electrodeposition time for anodic modification with the Fe3O4-PPy
composite material was determined.

2. Materials and Methods
2.1. Structure of the Experimental System

The experimental system was made up of the following instruments and equipment:
a dual-chamber MFC, an external load, and a data acquisition system (Figure 1). The dual-
chamber MFC was composed of an anode chamber and a cathode chamber separated by
a proton exchange membrane in the middle, and electrodes were placed in the chamber.
The anode chamber and the cathode chamber were made of two organic glass cham-
bers with a volume of 500 mL. The electrode materials were carbon felt with the size of
4 cm × 5 cm × 0.5 cm. The real-time output voltage produced by MFC was gathered by a
data acquisition card (MPS-010602; Beijing Morpheus Electronic Technology Co. Ltd., Bei-
jing, China) and transferred to a computer through a USB interface for storage, processing,
and display.
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Figure 1. Schematic diagram of MFC experimental system.

2.2. Experimental Materials and Pretreatment

Molasses wastewater was used as the anolyte of MFC in the experiment [41]. The mo-
lasses wastewater was made from the following chemicals: 3 g/L brown sugar, 3.13 g/L
NaHCO3, 0.31 g/L NH4Cl, 6.338 g/L NaH2PO4·H2O, 0.13 g/L KCl, 0.2 g/L MgSO4·7H2O,
0.015 g/L CaCl2, 0.01 g/L MnSO4·H2O, and 6.8556 g/L Na2HPO4·12H2O. All reagents
used in the experiment were purchased from Tianjin Damao Company, Tianjin, China.

The catholyte was prepared by mixing potassium ferricyanide (K3[Fe(CN)6]) and
sodium chloride (NaCl) at a ratio of 1:1 [42]. First, 32.9 g K3[Fe(CN)6] was dissolved with
a concentration of 0.2 mol/L in phosphate buffer solution (PBS) in a 500 mL volumetric
flask; then 11.7 g NaCl with the concentration of 0.4 mol/L was put into the other 500 mL
volumetric flask; finally, the above-mentioned K3[Fe(CN)6] solution and NaCl solution
were mixed and the prepared catholyte was obtained.

Studies have shown that the soil contains a large number of microorganisms [43].
Therefore, soil under tree roots on the campus was collected and domesticated to obtain
the required electricity-producing bacteria. The acclimation process was as follows: un-
der anaerobic conditions, the prepared molasses wastewater and the collected soil were
put into a culture bottle, some microelements such as carbon, nitrogen, and phosphorus
required for the growth of microorganisms were added to it, and then the culture flask
was put into a biochemical incubator and acclimated at 30 ◦C for three days. When the
sludge in the culture bottle was suspended as a flocculate, it was considered that the sludge
domestication was successful and could be used as a microbial species.

2.3. Preparation of Anode

First, the carbon felt was pretreated. The carbon felt was soaked in acetone for 2 h,
then the soaked carbon felt was rinsed repeatedly with deionized water until neutral,
then it was placed in a constant temperature drying oven at 65–85 ◦C to dry for standby.

Then, the pyrrole was polymerized on several pieces of carbon felt separately by
potentiostatic deposition. A total of 0.05 mol pyrrole was dissolved in 500 mL distilled
water as the electrolyte, and anodic electropolymerization was performed at a constant
potential of 0.8 V with carbon felt as the working electrode, a platinum electrode as the
counter electrode, and a saturated calomel electrode (SCE) as the reference electrode.
PPy10/CF, PPy30/CF, PPy50/CF, and PPy70/CF composite anodes were prepared under
the conditions of 10 min, 30 min, 50 min, and 70 min. The composite anodes were rinsed
with deionized water, then air-dried at room temperature and stored for later use.

Finally, on the basis of the above treatment, Fe3O4 particles were electrodeposited on
PPy10/CF, PPy30/CF, PPy50/CF, and PPy70/CF composite anodes by cyclic voltammetry.
A total of 0.96 g Fe3O4 powder was added to the electrolyte of 500 mL PBS solution
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with a concentration of 0.05 mol/L. The above four anodes were used as the working
electrode separately, the platinum electrode and the saturated calomel electrode were used
as the counter electrode and the reference electrode, respectively. Under the conditions
of a scanning rate of 20 mV/s and potential range of −0.7 V to 0.7 V, the pre-deposition
was carried out for 10 min. Then Fe3O4-PPy10/CF, Fe3O4-PPy30/CF, Fe3O4-PPy50/CF,
and Fe3O4-PPy70/CF composite anodes were obtained by electrodeposition for 20 min at
−1.4 V constant potential. The modified anodes were then rinsed with deionized water,
dried in vacuum at 60 ◦C, and then stored for later use.

2.4. Analytical Method

The current density IA of the MFC was used to represent the power generation capacity.
On the basis of the measured voltage, the effective anode surface area, and the value of the
load resistance, the current density can be obtained through the following formula:

IA =
U

RA
(1)

where U is the output voltage of MFC measured by the data acquisition card; R is the load
resistance; and A is the anode surface area. In the experiment, the load resistance was set
to 1000 Ω.

In order to observe the surface characterization of the anodes in more depth, a scan-
ning electron microscope (SEM) was used to characterize and analyze the carbon felt
before and after modification. In addition, the cyclic voltammetry (CV) characteristics of
the modified carbon felt were measured at room temperature using the three electrode
system of the electrochemical workstation (CHI660E, CH Instrument Co., Shanghai, China),
with the potential range of −0.6 V to 1.2 V, and a scanning speed of 5 mV/s. Additionally,
electrochemical impedance spectroscopy (EIS) analysis of the MFC was carried out.

The sewage disposal effect is also an important indicator to characterize the perfor-
mance of MFC. The chemical oxygen demand (COD) value of the inlet and outlet of the
anode chamber was measured by a COD rapid detector (LH-NP2, Dalian Luohand Biotech
Co. Ltd., China), and then the COD removal rate CODrr can be calculated by:

CODrr =
CODin − CODout

CODin
× 100% (2)

where CODin and CODout represent the influent and effluent COD, respectively.

3. Results and Discussion
3.1. Power Generation Performance

To obtain a good contrast effect, five groups of MFC experimental systems with the
same structure and configuration were operated at the same time to ensure that other
conditions except comparison items were the same.

The current density curves of MFC with the five different anodes are shown in Figure 2,
where the horizontal axis time denotes the testing time of MFC, while the subscript number
of “PPy” in the text description in the figure represents the electrodeposition time during
electrode modification. The maximum output current density values of MFC with the
Fe3O4-PPy10, Fe3O4-PPy30, Fe3O4-PPy50, and Fe3O4-PPy70 modified carbon felt anodes
were 0.161 A/m2, 0.162 A/m2, 0.170 A/m2, and 0.161 A/m2, respectively. The times
required for the system to basically stabilize were about 86 h, 110 h, 80 h, and 115 h, respec-
tively, and the corresponding steady-state current densities were 0.151 A/m2, 0.157 A/m2,
0.166 A/m2, and 0.151 A/m2, respectively. It can also be seen from Figure 2 that the
maximum current density, steady value, and the stabilization time of MFC with the general
carbon felt anode were 0.104 A/m2, 0.099 A/m2, and 125 h, respectively. The experimental
results suggest that the current density of MFC with thee Fe3O4-PPy composite modified
carbon felt anode was significantly improved, indicating that Fe3O4-PPy composite had
a better effect as an anode modified material of MFC. The current densities of MFC with



Energies 2021, 14, 2461 5 of 10

Fe3O4-PPy10, Fe3O4-PPy30, Fe3O4-PPy50, and Fe3O4-PPy70 modified carbon felt anodes
increased by 50.1%, 52.5%, 59.5%, and 54.6%, respectively, compared with that of MFC
with the unmodified anode. Among them, when the PPy deposition time was increased
from 10 min to 30 min and 50 min, the output current density of MFC increased sequen-
tially, and the output current density reached the maximum when the PPy deposition time
extended to 50 min. However, when the deposition time continued to extend to 70 min,
the output current density no longer increased but decreased. This indicates that the effect
of anode modification is not proportional to the deposition time. Excessive deposition of
PPy on the carbon felt will inhibit the power generation performance of MFC. Under the
experimental conditions in this paper, the most appropriate electrodeposition time was
50 min.
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On the other hand, it was observed that the current density of CF decreased obviously
with time in the long run, whereas that for the modified composite anode did not. This may
be because the carbon felt that has run for a long time absorbs too much sludge and other
non-conductive impurities, which leads to the pore blockage and the reduction of the
specific surface area, thus leading to the reduction in electricity generation performance.
However, for the modified anode, the surface is rich in conductive particles, so it is not
easy to absorb sludge, and the conductive composite material attached to the surface also
increases the specific surface area of the anode, thus improving the stability of conductivity.

In order to distinguish the synergistic effect of PPy and Fe3O4, the current den-
sity of MFC with PPy and Fe3O4 modified anode was also measured and is shown in
Figure 2. It can be seen that the current density of MFC with the PPy or Fe3O4 modified
anode was much smaller than that of MFC with the Fe3O4-PPy composite modified anode.
This indicates that the Fe3O4-PPy composite material significantly improved the electrode
modification effect.

3.2. SEM Analysis

The SEM images of the Fe3O4-PPy10, Fe3O4-PPy30, Fe3O4-PPy50, and Fe3O4-PPy70
modified carbon felt anodes are given in Figure 3. It can be seen that, within 50 min, with the
increase in electrodeposition time, the content of particles deposited on the electrode
surface increased gradually; especially when the deposition time reached 50 min, a large
number of conductive particles was deposited on the electrode surface, which enlarged
the specific surface area of the electrode significantly. However, when the deposition time
reached 70 min, there was no obvious particle deposition on the electrode surface, and the
specific surface had no obvious improvement compared with the unmodified electrode.
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This further proves that the electrodeposition time of 50 min is the most suitable for anode
modification using the Fe3O4-PPy composite material, while a longer electrodeposition
time is not conducive to the deposition of conductive particles on the electrode surface.
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3.3. CV Characteristics

The cyclic voltammetry (CV) curves of the four different anodes are shown in Figure 4.
It can be seen that the anodes modified with Fe3O4-PPy had obvious oxidation peaks
and reduction peaks. This is because Fe3O4 and PPy change the specific surface area and
roughness of the anode, which provides better conditions for microorganisms to attach in,
and thus the peak value of redox current increases accordingly. This indicates that Fe3O4-
PPy modified anodes can significantly improve the activity of electrochemical reaction.
In particular, when the electrochemical deposition time was 50 min, the modified anode
provided the highest redox current, which indicates that the Fe3O4-PPy50/CF anode had
greater redox activity and a larger electrochemically active surface area, and the anode
modification effect was the best in this case.
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3.4. EIS Analysis

The internal resistance is also an important factor affecting the MFC’s performance.
Electrochemical impedance spectroscopy (EIS) can reflect the impedance information of the
whole MFC system. The electrochemical impedance spectra of MFC with different modified
anodes are shown in Figure 5. The value of the left intersection of the semicircle and the
horizontal axis denotes the solution internal resistance; the diameter of the semicircle
denotes the charge transfer resistance caused by the oxidation-reduction reaction on the
electrode surface; and the inclined straight line in the high frequency region represents the
diffusion impedance [44].
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The EIS spectra showed that the solution’s internal resistances of MFC with Fe3O4-
PPy10, Fe3O4-PPy30, and Fe3O4-PPy50 modified anodes were about 6.518 Ω, 4.658 Ω,
and 3.539 Ω, respectively, and the corresponding charge transfer impedances were 41.58 Ω,
34.53 Ω, and 19.73 Ω, respectively. It can be seen that when the electrodeposition time
was 50 min, the solution internal resistance and charge transfer resistance of MFC were
less than those when the anode electrodeposition time was 10 min and 30 min, indicating
that the resistance of the MFC reactor decreased with the appropriate increase in pyrrole
polymerization time.

The EIS spectra also showed that the solution internal resistance of MFC with the
Fe3O4-Ppy70 modified anode was 5.35 Ω, which means that when the electrodeposition
time exceeded 50 min, the solution resistance of MFC increased rather than decreased with
the further increase in the electrodeposition time. In a word, when the electrodeposition
time was 50 min, the solution internal resistance of MFC was the minimum, so 50 min was
the most suitable electrodeposition time for the preparation of the Fe3O4-PPy modified
anode. The equivalent circuit is shown in Figure 6, where RS denotes the solution internal
resistance of MFC; RCT is the charge transfer impedance; ZW is the Warburg impedance that
reflects the resistance encountered by the reactants in the process of diffusion in solution,
and CPE is a constant phase element represented by a double-layer impedance.
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3.5. Water Quality Analysis

Sewage treatment efficiency is also a crucial indicator reflecting the performance of
MFC. In this experiment, molasses wastewater was the main raw material for MFC power
generation, and the COD removal rate was used to evaluate the sewage treatment efficiency
of MFCs. Table 1 shows the COD values of the inlet and outlet water of MFCs with different
modified anodes. It can be seen that the COD removal rates of MFC with the unmodified
carbon felt anode and the Fe3O4-PPy10/CF, Fe3O4-PPy30/CF, Fe3O4-PPy50/CF, and Fe3O4-
PPy70/CF anodes were 27.8%, 42.8%, 48.8%, 55.1%, and 46.5%, respectively. The water
purification effect of MFC with the Fe3O4-PPy modified anode was significantly improved.
It can be seen from the results that, in a certain period of time, the water purification
effect increased with the increase in electrodeposition time, and reached the best when the
deposition time was 50 min. The COD removal rate of MFC with Fe3O4-PPy50/CF anode
was 95.3% higher than that of MFC with the unmodified anode. However, with the further
increase in electrodeposition time, the water purification effect showed a downward trend.
This further proves that the electrode modification effect is not completely proportional
to the electrodeposition time. The electrodeposition time is an important factor affecting
the performance of the electrode. Proper electrodeposition time is the key to improving
the conductive property of the anode and enhancing the power production capacity and
sewage treatment efficiency of MFC.

Table 1. COD removal rate of MFC under different deposition time modified anode.

Blank Fe3O4-PPy10/CF Fe3O4-PPy30/CF Fe3O4-PPy50/CF Fe3O4-PPy70/CF

CODin (mg/L) 7545 7545 7545 7545 7545
CODout (mg/L) 5445 4315 3895 3390 4035

CODrr (%) 27.8% 42.8% 48.4% 55.1% 46.5%

Molasses wastewater belongs to high-concentration organic wastewater with high
COD content. The COD removal rate of molasses wastewater treated by MFC with the
Fe3O4-PPy composite modified anode could reach more than 55%, indicating that MFC is
useful for degrading molasses wastewater and generating electricity at the same time.

4. Conclusions

Fe3O4 has strong conductivity and the conductive polymer PPy has excellent biocom-
patibility. By depositing Fe3O4 and PPy on the carbon felt anode, the synergistic effect of the
two can significantly improve the power generation capacity of MFC. Therefore, Fe3O4-PPy
composites are a very effective anode modification material that can significantly improve
the electricity generation performance and water purification effect of MFC.

In addition, the electrodeposition time is an important factor affecting the effect of
anode modification. The conductivity of the anode does not always increase with the
increase in electrodeposition time, but there is a peak point. This study showed that when
Fe3O4-PPy composites were used to modify the carbon felt electrode, the generation current
density and COD removal rate of MFC were the best when the electrodeposition time was
50 min. In this case, the steady state current density was 0.166 A/m2, which was 59.5%
higher than that of the unmodified anode; the COD removal rate was 55.1%, which was
95.3% higher than that of the unmodified anode; in particular, the MFC with the Fe3O4-
PPy50 modified anode could reach the steady state faster, and the time to reach the steady
state was 36% less than that of the MFC with the common carbon felt anode. Therefore,
when the electrodeposition time is suitable, modifying the anode with the Fe3O4-PPy
composites is an available method to raise the MFC performance.
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