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Abstract: The use of gas diffusion electrodes (GDEs) in microbial fuel cells (MFCs) can improve their
cell performance, but tends to cause fouling. In order to allow long-term stable operation, the search
for antifouling methods is necessary. Therefore, an antibacterial coating with ammonium compounds
is investigated. Within the first 30 days of operation, the maximum measured power density of a GDE
with antibacterial ionomer was 606 mW m~2. The GDE without an antifouling treatment could only
reach a maximum of 284 mW m~2. Furthermore, there was an optimum in the loading amount with
ionomer below 2.6 mg cm~2. Further investigations showed that additional aeration of the GDEs by
a fan had a negative effect on their performance. Despite the higher performance, the antibacterial
coating could not prevent biofilm growth at the surface of the GDE. The thickness of the biofilm
was only reduced by 14-16%. However, the weight of the biofilm on the treated GDEs was 62-80%
less than on a GDE without an antifouling treatment. Consequently, the coating cannot completely
prevent fouling, but possibly leads to a lower density of the biofilm or prevents clogging of the pores
inside the electrodes and improves their long-term stability.

Keywords: microbial fuel cell; antifouling; gas diffusion electrode; electrochemistry; quaternary

ammonium ionomer; wastewater treatment

1. Introduction

Energy-efficient and resource-conserving water management can make an important
contribution to energy transition in the future. Due to their ability to purify wastewater and
generate electricity at the same time, microbial fuel cells (MFCs) have increasingly become
the focus of research. However, there are still many challenges that must be overcome
to enable a technical and commercialized application of MFCs. In particular, increasing
performance while using low-cost materials is crucial for large-scale application [1]. In the
past, the oxygen reduction reaction (ORR) at the cathode has been found to be a limiting
factor with respect to energy production [2—4]. Due to the low oxygen solubility in water,
mass transport limits the ORR. One possibility to enhance mass transfer and power output
is the use of a single-chamber system with gas diffusion electrodes (GDEs) instead of the
two-chamber system [5].

However, long-term operation of MFCs using GDEs often shows a decrease in per-
formance over time [6,7]. This effect is caused by electrode aging due to the formation
of a biofilm on the GDEs and salt deposits [8,9]. The biofilm on the GDEs can influence
the performance of the MFCs in different ways. For example, it forms a diffusion barrier
for the transfer of protons to the cathode or hinders the transport of hydroxide ions. An
accumulation of hydroxide ions at the cathode reduces its potential, and thus the overall
performance of the cell. It is also possible that the aerobic bacteria from the biofilm consume
some of the available oxygen and consequently less is available for the ORR. Finally, extra-
cellular secretions such as proteins or polysaccharides that adhere to the microorganisms

Fermentation 2024, 10, 408. https:/ /doi.org/10.3390/fermentation10080408

https://www.mdpi.com/journal /fermentation


https://doi.org/10.3390/fermentation10080408
https://doi.org/10.3390/fermentation10080408
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0002-8542-6988
https://doi.org/10.3390/fermentation10080408
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation10080408?type=check_update&version=1

Fermentation 2024, 10, 408

20f11

can also limit the catalytic activity by blocking the functional groups, changing the pore
composition or the hydrophilicity [10].

For example, An et al. report an increase in charge transfer resistance by a factor of
11 within an operating time of six months. Here, the biofilm is responsible for 37% of the
charge transfer resistance and another 53% is due to salt deposits on the GDE. Both lead to
a reduction in performance of 36% [11].

Li et al. also document a decrease in performance of 38% within six months with an
increase in the charge transfer resistance by a factor of 2.4. In addition, reduced oxygen
permeability is observed as a result of biofilm growth. The mass transfer coefficient drops
by 84% over six months. By removing the biofilm from the surface, the coefficient can be
increased by 25% in relation to the initial value and the performance also increases by 12%.
Further cleaning of the GDE in an ultrasonic bath leads to a 2.3-fold increase in oxygen
diffusion and the power density also increases by 30%. Accordingly, biofouling within
the GDE pores in particular leads to increased charge transfer resistance and contributes
significantly to the reduction in cell performance [12].

Kiely et al. also report an increase in performance of up to 26% after the biofilm that
had grown on the cathode for one year was removed. A performance increase of 118% was
achieved when the GDEs were completely replaced [13].

In addition to the long-term observations, there are also studies that demonstrate a loss
of performance of the MFCs within a very short time. For example, performance losses of
up to 69% were measured within five weeks due to biofilm formation on the cathodes [14].
Oliot et al. report biofilm growth after just ten days, whereby a renewal of the GDE leads
to a 4.3-fold increase in cell performance [15].

In order to improve the long-term stability of the GDEs, antifouling strategies become
increasingly important. There is a distinction between in situ and non in situ methods.
In the case of non in situ methods, for example, the GDE is removed from the MFC and
subjected to heat and ultrasonic concussion [12]. It is also reported that the removal of the
GDE and washing with a weak acid solution can restore the performance of AC cathodes
to >85% of the initial maximum power densities [16]. Washing with NaOH could lead to a
short-term improvement of the performance by approx. 320 mW m~2 [9].

Successful in situ methods include, for example, increasing the hydrophilicity and
lowering the surface potential of GDEs by using the amphiphilic binder LA132 which leads
to a 47.5% reduction in the protein content of the cathodic biofilm [17]. In addition, the
use of biocidal agents is a way to influence biofilm growth in situ. It has already been
shown that a polymer /nanosilver composite coating enhances antibacterial activity and
can be used in many applications like medical devices or food package [18]. In the field of
MECs, the use of silver as biocidal agent is also already known. For example, it has been
reported that coating with an Ag-Pt alloy can prevent the formation of biofilm over an
operation time of 40 days [19]. The use of silver/ferrous sulfide/partly-graphitizes carbon
catalysts results in maximum measured power densities of 1361 4+ 20 mW m~2, which is
higher than those without additional coating (483 + 14 mW m~2) [20]. Using enrofloxacin,
a reduction of biomass content of 60.2% was observed [10]. In addition, silver nanoparticles
in the GDEs lead to 5.7-fold higher power density compared to an untreated GDE [21].
Quaternary ammonium salts are also capable of killing bacteria through simple electrostatic
adsorption and insertion into cell membranes [22]. The introduction of quaternary ammo-
nium into membranes for water treatment is therefore a well-known method of preventing
biofouling [23,24]. As previously shown, the use of a membrane based on those antibacterial
functional groups could improve the performance of an MFC by 180 mW m~2 compared to
an MFC without an antifouling strategy [25]. Li et al. showed that quaternary ammonium
compounds can also be introduced directly into the catalyst layer of the GDE by forced
evaporation, thereby reduce its fouling. Within two months, the maximum power density
of the GDE with quaternary ammonium decreased by 21% compared to the performance
decrease of 31% in the control group without biocidal agents. In this context, an average
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biofilm thickness of 0.2 mm was observed on the GDE with antibacterial components, while
the biofilm of the untreated GDE was approximately 1 mm [26].

In this work, the antifouling effect of an ionomer consisting of a polyaromatic polymer
with quaternary ammonium functional groups is investigated. This ionomer can easily be
applied to the GDE as an additional layer and allows a simple manufacturing process. Dif-
ferent loadings as well as two different application methods of the ionomer are considered.
In addition, the extent to which additional aeration promotes biofilm growth and whether
the biofilm contributes to the electrical resistance of the system is examined.

2. Materials and Methods
2.1. Preparation of the Gas Diffusion Electrodes

All GDEs used were self-made by applying a catalytic coating to a stainless steel mesh
with a mesh size of 100 um x 100 um and a wire diameter of 65 um (DIN 1.4301/AISI 304,
Sporl KG Prazisionsdrahtweberei, Sigmaringendorf, Germany). The coating contained
catalysts and PTFE (TF 5135GZ, Dyneon GmbH, Neuss, Germany) in a ratio of 6:4. For
catalysts, a mixture of Printex 6L carbon (Orion Engineered Carbons S.A., Houston, TX,
USA), MnO, and MoS, (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in a ratio of
30:2:1 was used. Various studies have already shown manganese oxide to be a promising
alternative to the cost-intensive platinum catalyst [27-29]. It has also been shown that
the long-term stability of the catalyst can be increased by combining it with MoS, [30].
All components were dispersed with a 1 wt.% methylcellulose solution (Walocel MKX
70,000 PP01, Dow Deutschland Anlagengesellschaft mbH, Bomlitz, Germany), isopropanol
and deionized water using an ultrasonic sonotrode (Hielscher Ultrasonics GmbH, Teltow,
Germany). Once the suspension was prepared, it was applied to the mesh with a dimension
of 20 cm X 23 cm. An automatic spraying machine spread the coating evenly to both sides
of the mesh using an ultrasonic nozzle (Hielscher Ultrasonics GmbH, Teltow, Germany).
After the spraying process, the electrode was initially pressed at a pressure of 28.5 kg cm 2
for one minute. In a next step, the closing force was increased to 127 kg cm~2 for five
minutes. During the entire process, the temperature was 130 °C. In the end, the electrode
was sintered in stages up to a temperature of 330 °C. The heating rate used was 3 °C per
minute, whereby the temperatures 200 °C, 250 °C, 300 °C and 330 °C were kept constant
for 15 min. For sample preparation, the manufactured GDE was cut into five parts, each
with a size of 25 cm?. As the spraying process has been proven to ensure a uniform coating,
all samples had a loading of 9.0 mg cm 2 and consistent physical and electrochemical
properties. One of the GDE samples remained untreated, while the other four electrodes
were additionally treated with the ionomer Fumion® FAA-3 (Fumatech BWT GmbH,
Bietigheim-Bissingen, Germany). The ionomer consists of a poly(p-phenylene ether) with
quaternary ammonium functional groups. It is not soluble in water, does not decompose to
or emit toxic products, and therefore fulfills the demands for use in MFCs. Kenawy et al.
give a comprehensive overview of the requirements for antimicrobial polymers and factors
affecting the antimicrobial activity [31].

The ionomer was previously dissolved at 5% in propanol and butanol in a ratio of
1:1 and then applied to the GDEs at different loadings (0.9 mg cm~2, 1.6 mg cm~2 and
2.6 mg cm™~2) using a brush. To compare different application methods, a GDE was also
sprayed with the ionomer solution (0.8 mg cm =2 (*S)).

2.2. Reactor Design and Components

The inner dimensions of the reactor were 12 cm (height), 43 cm (width) and 10 cm
(depth). On each of the two long sides were four slots of 5 cm x 5 cm for the insertion of
the GDEs. Inside the reactor, opposite the GDEs, there were two anode plates made of a
compound material with 86% graphite and 14% polypropylene as binder, called PPG86
(Eisenhuth GmbH & Co. KG, Osterode am Harz, Germany). All GDEs were connected to
the respective anodes via a 10 k() resistor. Between each GDE and the opposite anode was a
thread in the top of the reactor for placement of the hydrogen reference electrode (Gaskatel,
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Kassel, Germany). The reactor was filled with a displacement body to reduce the dead
volume and with approx. 1.8 1 wastewater from the wastewater treatment plant in Goslar.
As feed, 10 mL of a solution containing 1% sodium acetate and 1% glucose was added each
day. The medium was circulated using a peristaltic squeeze pump to ensure good mixing.
For additional ventilation, some of the GDEs were equipped with fans (Eluteng, Wuhan,
China). Figure 1 shows a photo of the reactor with all major components marked.

inlet/outlet reference electrode
medium

Figure 1. Reactor set-up side view (left) and top view (right).

2.3. Measurement and Calculation

Using an Interface 1010E potentiostat (Gamry, Warminster, PA, USA), current-voltage
characteristics were recorded between the GDE and a reference electrode over a period of
one to three months. Therefore, the current was increased in 0.01 mA steps up to a current
of 0.1 mA, then the step size was raised up to 0.1 mA and from 0.5 mA it was measured
in 0.45 mA steps. Afterwards the power curve was calculated from the measurement
data and the maximum power density was determined and plotted over time. In addition,
electrochemical impedance spectroscopy (EIS) was made in a frequency range from 150 kHz
to 0.2 Hz to identify the ohmic resistance. EIS tests were performed at an AC signal of
5 mV of amplitude. Additionally, the conductivity of the electrolyte was measured. The
addition of feed solution increased the conductivity of the electrolyte over time. This
inevitably led to a decrease in the electrical resistance of the system. In order to detect the
possible influence of biofilm growth on the electrical resistance of the system, the influence
of electrolyte conductivity had to be eliminated. For this purpose, the base resistance of the
system at different conductivities was determined at the beginning of the experiment and a
regression function was created. For an untreated GDE, the regression function is shown in
Equation (1).

Rpase = 148,786.0337 x k11272 (1)

This allows calculation of the base resistance of the system for each conductivity.
The difference between the calculated value and the measured value corresponds to the
electrical resistance of the biofilm, as seen in the following Equation (2).

Rbiofilm = Rmeasured - Rbase (2)

For the evaluation of the biofilm, the removed GDEs were cut in the middle and the
cross sections were viewed under a microscope (VHX-7000, Keyence Corporation, Osaka,
Japan). The thickness of the sample was measured over a length of 5 cm at 40 different
measurement points according to Figure 2. To determine the thickness of the biofilm,
the thickness of the GDE was subtracted. All GDEs considered were 275 4+ 7 um thick.
In addition, the weight increase of the GDE caused by the biofilm was determined. For
this purpose, the weight of the samples (dry state) was measured before and after the
experiment. All approaches described were carried out once to examine their feasibility
and effectiveness.
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Figure 2. Microscope image of the gas diffusion electrode (GDE) with biofilm for thickness determi-
nation of the biofilm.

3. Results
3.1. Influence of Different Ionomer Loadings

Figure 3 shows the maximum power densities determined for an untreated GDE and
the three electrodes brushed with ionomer. The power densities of all electrodes showed an
increasing trend over the period of one month. This increase in performance is mainly due
to the increasing conductivity of the electrolyte as a result of the added nutrient solution.
In this context, the two GDEs with the lowest ionomer loadings displayed the highest
power densities with values ranging from 397 mW m~2 to 606 mW m~2 (1.6 mg cm~2) and
324 mW m 2 to 575 mW m~2 (0.9 mg cm~2). Meanwhile, the maximum power densities
of the GDE with the highest loading of ionomer (2.6 mg cm~2) were significantly lower,
with values ranging from 315 mW m~2 to 411 mW m~2. The lowest power densities were
found for the untreated GDE. Here, the maximum value measured was 284 mW m 2. The
ionomer treatment therefore positively influences the performance of the GDEs, with an
optimum in the loading amount.
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Figure 3. Development of maximum power densities over time measured against reference electrode
within 30 days for an untreated GDE and for the three electrodes with different loads of ionomer
(0.9 mg cm~2, 1.6 mg cm 2, 2.6 mg cm ~2).

3.2. Influence of the Application Method and Additional Aeration

For the comparison of the two application methods, Figure 4 shows the power density
curves of the sprayed as well as the brushed GDEs. In addition, the development of the per-
formance of the GDE without an antifouling method is shown. Two vertical lines indicate
special occurrences. One shows day 42 on which the reactor ran empty inadvertently due to
a pump defect and was refilled. The second occurrence was on day 56 when the fans were
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switched on. It should be noted that only the untreated GDE and the brushed GDEs were
additionally ventilated. The sprayed GDE was not equipped with a fan for comparison.
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Figure 4. Development of maximum power densities over time measured against reference electrode
within 90 days for an untreated GDE and for the two electrodes sprayed and brushed with ionomer
(0.8 mg cm~2 (*S), 0,9 mg cm—2). Start of additional ventilation on day 56.

Within the first 40 days, all three curves displayed an increasing trend in performance.
The brushed electrode showed an increase of 370 mW m~2 while the power density of
the sprayed electrode increased by 325 mW m~2. Meanwhile, the performance increase
of the GDE without ionomer was 273 mW m~2. Thereby, the power densities of the
GDEs with ionomer ran about 166 mW m~2 to 330 mW m~2 above the GDE without
an antifouling method. On day 42, a power drop of 395 mW m~2 (0.8 mg cm~2 (*S)),
317 mW m~2 (0.9 mg cm™?) and 201 mW m~2 (untreated) was noted. As a result of the
reactor running empty, the GDEs probably dried out for a short period of time, negatively
affecting their performance. However, a few days after refilling the reactor, all GDEs were
able to regenerate and the values of power density before the pump failure were reached
again. During the first 55 days without additional aeration, the power densities of the
sprayed as well as the brushed GDEs ran almost congruently. Only after switching on
the fans did the curves begin to diverge. The power density of the aerated GDE with the
antifouling method was approx. 200 mW m~2 below the power density of the electrode
without additional aeration and the antifouling method. It is possible that the additional
oxygen influx favors the colonization of aerobic microorganisms, which leads to a lower
power output. This was also confirmed by the behavior of the GDE without an antifouling
method. Here, a decrease in performance was observed after the fans were started.

3.3. Influence of the Biofilm on the Electrical Resistance of the System

It has already been confirmed that fouling of the GDE affects the performance of the
MFC [25]. In order to check to what extent the decrease in performance can be explained by
an increase in electrical resistance due to biofilm growth, the development of the resistance
over time was measured. Figure 5 shows the development of the individual resistances for
the untreated GDE and the conductivity of the electrolyte.

The conductivity of the electrolyte increased continuously over time due to the addi-
tion of sodium acetate as a feed medium. The system resistance calculated by the regression
function consequently decreased. The EIS measurements show that the resistances mea-
sured over a period of 90 days are congruent with the calculated values. Consequently,
there is no contribution of biofilm to the total resistance. Thus, the power decreases of
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the GDEs caused by the biofilm are primarily due to limiting transport processes and/or
parallel reactions and not by the resistance of the biofilm.
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Figure 5. Development of the base resistance of the system calculated by regression function, the
measured resistance by electrochemical impedance spectroscopy (EIS) and the resulting resistance of
the biofilm, as well as the measured conductivity of electrolyte within 90 days.

3.4. Evaluation of the Biofilm

Visual assessment of the electrodes shows that a biofilm has grown on all GDEs
regardless of ionomer loading, application method or additional aeration (Figure 6a—f).

qntreated

Figure 6. Photos of the removed GDEs with biofilms after 90 days of operation: (a) GDE brush-coated
with 0.9 mg cm 2 of ionomer; (b) GDE brush-coated with 1.6 mg cm~2 of ionomer; (c) GDE brush-
coated with 2.6 mg cm ™2 of ionomer; (d) GDE spray-coated with 0.8 mg cm™~2 of ionomer; (e) GDE
without ionomer; (f) GDE before use.

Regarding the different GDEs, it seems that the biofilms differ in colors. The electrodes
treated with ionomer shows a more brownish coating while the untreated GDE is mostly
covered with a black layer. This observation is also confirmed by the microscope images
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shown in Figure 7. Therefore, it is possible that different types of biofilms have formed
depending on the antibacterial coating.

Figure 7. Microscope images of the removed GDEs with biofilm after 90 days of operation: (a) GDE
without ionomer; (b) GDE brush-coated with 0.9 mg cm 2 of ionomer.

Based on the microscope images the biofilm thicknesses of the untreated GDE and the
GDEs with the lowest and highest ionomer loadings were measured. The untreated GDE
and the two brushed GDEs were additionally aerated from day 56. For a better overview,
the measured values have been sorted by size in Figure 8.
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Figure 8. Biofilm thickness measured over the cross section of the electrode (sorted by size).

The biofilm thicknesses for the GDEs without an antifouling strategy were between
658 pm and 1458 pm (average 1076 um), and therefore on average approx. 170 pm higher
than the thicknesses of the GDEs with the antibacterial coating. There were no significant
differences between the GDEs with different ionomer loadings. The thicknesses of the
GDEs with 0.9 mg cm~2 ionomer were on average 923 um and those of the GDEs with a
loading of 2.6 mg cm~2 ionomer were on average 901 um. Furthermore, no influence of the
additional aeration on the thickness of the biofilm was detected. The GDE without aeration
(0.8 mg cm 2 (*S)) showed an average thickness of 903 pm. Although the biofilm of the
untreated GDE was only slightly thicker than that of the GDEs with ionomer, significant
differences in electrode performance were observed (Figures 3 and 4). Therefore, the
weight of the biofilm formed was also considered. The untreated electrode weighed 353 mg
more after 90 days of operation. Meanwhile, the weight increase of the GDEs with the
antibacterial coating was only 71 mg (2.6 mg cm~2), 78 mg (0.9 mg cm~2) and 133 mg
(0.8 mg cm ™2 (*S)).
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4. Discussion

Despite the higher power densities of GDEs with ionomer solution, biofilm formation
cannot be completely avoided. The measured average thickness of the biofilm was reduced
by antibacterial treatment by only 154-176 pm (14-16%) while its weight was 220-282 mg
(62-80%) less. This suggests that the fouling of the GDE does not only take place superfi-
cially but possibly also in the pores. Accordingly, the application of ionomer solution could
avoid the blocking of the active sites inside the GDE, and thus lead to better performance.
Another assumption is that the density of biofilm without an antifouling method is higher
than that of the treated GDEs. A higher biofilm density could negatively affect the transport
processes, and thus the performance of the electrode. Biofilm that collects inside the pores
of the GDE can not only impede mass transport but also could lead to a passivation of the
catalyst and consequently to a loss of performance. Scaling and corrosion effects can also
influence the weight change of the GDE. Since all electrodes examined in this study were
in the same medium and were exposed to the same conditions, these phenomena should
affect all samples equally.

Additional aeration of the GDEs leads to lower power densities, which suggests the
colonization of aerobic microorganisms in the biofilm causes parallel reactions. Future
DNA analyses have to show what type of organisms are present in the biofilm.

In addition, it should be mentioned that the results presented in this work are based
on an observation time of 90 days. This period was sufficient to investigate the general
suitability of the ionomer as an antifouling agent. In a technical application of GDEs
in MFCs, the lifetime of the electrodes should be maximized. Therefore, the long-term
antibacterial effectiveness of the ionomer coating should be investigated in future studies.

5. Conclusions

The treatment of GDEs with a polyaromatic polymer containing quaternary ammo-
nium functional groups leads to improved performance of the electrode. Within the first
30 days of operation, the maximum measured power density of a GDE with antibacterial
coating was 606 mW m 2. In the same period, the GDE without an antifouling treatment
could only reach a maximum of 284 mW m~2. Furthermore, there was an optimum in the
loading amount with ionomer, which was below 2.6 mg cm~2. The investigations show
that it does not matter whether the coating is applied by brush or by spraying.

Additional consideration of electrical resistance shows that the formation of biofilm
does not affect the overall resistance of the system. Consequently, the decrease in perfor-
mance due to fouling is exclusively caused by transport limitation and/or passivation of
the catalyst and/or non electrochemical parallel reactions inside the biofilm on the GDE.
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