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Featured Application: Facile production methods of ceramic supported activated carbon cathodic
electrodes in single chamber MFC, towards treatment of municipal landfill leachate with simul-
taneous energy production.

Abstract: The treatment of real waste extracts with simultaneous energy production is currently under
research. One method of addressing this dual task is using biochemical reactors named microbial
fuel cells (MFCs). MFCs consist of a bioanode and a cathode where the oxygen reduction reaction
(ORR) occurs. Cathodes are currently under optimization regarding the nature of their support, their
catalytic efficiency and their configurations. In this work, we present facile preparation methods
for the production of activated carbon ceramic-supported cathodic electrodes produced with three
different techniques (wash-coat, brush-coat, and ultrasound-assisted deposition/infiltration). The
produced cathodic electrodes were tested in a single-chamber MFC, filled with the concentrated
liquid residue, after the reverse osmosis (RO-CLR) treatment of leachate from a municipal waste
landfill, in order to exploit their electrochemical potential for simultaneous waste treatment and
energy production. The electrode produced utilizing 20 kHz ultrasounds proved to be more effective
in terms of energy harvesting (10.7 mW/g·L of leachate) and wastewater treatment (COD removal
85%). Internal resistances of the ultrasound-produced electrodes are lower, as compared to the other
two methods, opening new exploitation pathways in the use of ultrasound as a means in producing
electrodes for microbial fuel cells.

Keywords: municipal leachate treatment; microbial fuel cell; single chamber; waste treatment; ce-
ramic cathodes; ultrasound-assisted deposition/infiltration; wash coat; brush coat; energy production;
facile preparation

1. Introduction

Municipal landfill leachate has been a major problem in the municipal waste economy
for many years. The accumulation of rainwater along with the humidity of the environment
in the waste collection tanks contributes significantly to the problem of waste manage-
ment [1]. In its unprocessed form, the leachate is reported to be a turbid and hazardous
material. The municipal landfill leachate requires treatment so it can be processed in subse-
quent stages of urban wastewater treatment or discharged immediately with low pollutant
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values [2]. The management of leachates needs to be seriously addressed before choosing
the treatments for lowering its contaminant (inorganic and organic) concentrations. A first
step is always established with biological processes mainly for nitrogen removal. Moving
bed biofilm reactors (MBBR) and activated sludge loop reactors are the types of reactors
commonly employed [3–5]. In order to further remove the biological content, filtration
with activated carbon or/and ozonization is used [2,6]. Moreover, due to the large holding
time in control tanks the organic content of the leachate is increased. To address this issue,
reverse osmosis is commonly used in order to eliminate as many pollutants as possible [7,8].
The reverse osmosis product, in most cases, is returned to the landfill, leading to a stronger
leachate. Additionally, the reverse osmosis technology is more expensive than biological
processes.

Regarding the electrochemically active bacteria, a time period of acclimation is re-
quired to form the biofilm [1,9]. In order for the microorganisms to deposit on the anodic
electrode high specific surface is required [10]. Additionally, the anodic electrode should
have high conductivity [11] and biocompatibility [12]. Common electrodes used in the MFC
anode are plain or coated graphite/carbon-based materials such as graphite granules [13],
felt [14], paper [15] and brush [16]. On the other hand, for the cathode electrode depending
on the electron acceptor, a presence of catalyst may be necessary. An example of a cathodic
reaction requiring catalysis is the oxygen reduction; although spontaneous, it is a slow reac-
tion, so in order to maximize the rate, a catalyst such as platinum is coated on the cathodic
surface [17]. Furthermore, instead of expensive catalysts such as platinum, microbia have
been used to catalyze the oxygen reduction in MFC [18]. Other electron acceptors such as
silver or copper do not require a catalyst and plain carbon or graphite-based materials are
suitable.

Between the anode and the cathode, a separator is present in the MFCs. Two basic
configurations have been developed, one requiring two chambers and a separator (dual
chamber MFC) and a second one requiring one chamber and a separator with the cathode
electrode exposed to air (single chamber MFCs). In the case of single chamber MFCs, the
electron acceptor is the oxygen, and its abundance in the air is utilized. The separators
used in dual chamber (H–type) MFCs are usually membranes (such as proton-exchange
membrane), which are expensive materials [19,20]. The advantage of single chamber
MFCs is that the expensive separator can be switched with a cheaper one, acting at the
same time as the structural material for the cathode electrode [21]. In recent years, the
research has focused on the use of ceramic materials as separators and cathode electrodes
in MFCs [22,23]. The use of these materials lowers the internal resistance of the MFC and
allows improved reduction in the oxygen, as they are resistant to fouling [24] and offer
mechanical, thermal and chemical stability [25]. In order for the ceramic materials to be used
as a structural component of the electrode, a catalyst needs to be deposited on the surface
exposed to air. Various techniques have been employed to accomplish this. Assuming the
oxygen reduction catalyst is activated carbon, the following ways of deposition are the most
notable. A two-step process was employed to create the activated carbon catalyst, with a
phytic acid-doped polyaniline coating and subsequent high-temperature pyrolysis, by [26].
The catalyst was then placed on a stainless steel mesh with polyfluortetraethylene (PTFE)
using a rolling method technique [26]. Another approach of utilizing activated carbon was
presented by [27], placing an activated carbon layer on a gravel bed with a copper plate for
the electrical connection. This set-up was used as the air-exposed cathode electrode of a
single chamber MFC [27]. Activated carbon mixed with carbon black placed on a stainless
steel mesh was used by [28]. The activated carbon mix was prepared by adding carbon
black, activated carbon, PTFE and DI water using ultrasonication and afterwards spreading
the paste on stainless steel mesh [28].

The aim of this work is to propose a facile way to manufacture tubular ceramic
electrodes, coated with the oxygen reduction catalyst, which are then to be used in a single
chamber MFC. The various manufacturing processes employed presented promising results
and are facile to reproduce. The selected catalyst (activated carbon) is deposited on the
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inner surface of the tubes by wash-coat technique, brush-coat technique and ultrasound-
assisted deposition/infiltration (sono-coat). The cathode electrodes are tested in a single
chamber MFC, operating in batch mode and having as feedstock a leachate originating from
a landfill unit in Athens, Greece. The performance of the different electrodes is compared
and the ability of the MFC to treat the leachate is examined, in all three cases.

2. Materials and Methods
2.1. MFC Set up and Operation

A custom-made single-chamber MFC was constructed for this work, made of Ertalon®

with an effective volume of 250 cm3 (Figure 1). As the anodic electrode, a commercially
available stainless steel sponge (Nimax, Greece, item code 0857) was used, offering a high
surface area for the development of the electrochemically active biofilm. The preparation
of the cathode electrodes is presented separately. The MFC operated in batch mode and
was acclimated with a synthetic glucose feed with anaerobic sludge inoculums (described
in detail elsewhere [28,29]. The anaerobic sludge addition in the feed was carried out for
the first three operation cycles; after that point, no more sludge was added in the feed. The
anaerobic sludge was obtained from the Likovrisi (Athens, Greece) sewage treatment plant.
The acclimation period of the MFC was completed once repeatable current output and
COD removal were observed.
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Figure 1. (a) Single chamber MFC with stainless steel sponge as anode and mullite tube as cathode
(b) MFC configuration for testing of constructed electrodes.

After the acclimation period of the MFC, the synthetic glucose feed was switched with
the landfill leachate. To produce the leachate used as the MFC feedstock, the following
process occurred. The liquid generated from a waste decomposition in a major Greek
landfill unit in Athens, Greece was collected and treated with reverse osmosis (RO-CLR),
resulting in a concentrated liquid residue. The characteristics of the liquid residue and the
anaerobic sludge are presented in Table 1.

Table 1. Characteristics of processed leachate and anaerobic sludge used in the MFC.

Substance Organic Load
(g COD/L) pH Conductivity

(mS/cm)

Leachate 28 7.8 70
Anaerobic sludge 22 7.3 5.2

2.2. Cathodic Electrode Preparation

For the preparation of the ceramic cathodes, mullite tubes (Bonis S.A., Athens, Greece)
(Figure 2a,b) with an outer diameter of 25 mm, a wall thickness of 2.5 mm and a length of



Appl. Sci. 2022, 12, 2991 4 of 11

50 mm were used. Mullite tubes were used as the separators and as a structural support for
the catalysts’ deposition. An acrylic-based binder (HSF54 paint, YSHIELD GmbH&Co. KG,
Ruhstorf, Germany) and powdered activated carbon (Sigma-Aldrich, CAS 7440-44-0) were
used as precursors for the production of the cathodic electrode catalyst. A stainless-steel
grid was placed along the inner surface of the ceramic tube as the current collector before
the application of the above techniques (Figure 2c).
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Figure 2. (a) Horizontal image and (b) vertical image of mullite tubes prior to the electrode prepara-
tion, (c) mullite tubes internally coated with catalytic paste and stainless steel mesh.

To prepare the catalytic paste, 10 g of HSF54 and 5 g of Activated Carbon (AC) were
mixed with 45 mL of a solvent consisting of 50% ethanol and 50% isopropanol. The
same amounts were maintained across all the electrodes. The produced slurry was placed
for 10 min in an EMMI 30 HC (EMMAG, Germany) sonication bath for homogenization.
Sedimentation experiments were carried out in order to estimate the stability of the slurry. It
was found that the slurry remained stable for at least 30 min, meaning that the subsequent
procedures have to be carried out within this time frame. Afterwards, three different
techniques were applied in order to produce ceramic-supported cathode electrodes. More
specifically:

Wash-coat technique (WC): during this technique, the slurry was poured into the inner
surface of the tube and left to dry physically (up to 24 h). Four repetitions at 2 min intervals
were performed for the deposition of the slurry.

Brush-coat technique (BC): The slurry was brushed onto the inner surface of the tube
with a paintbrush (size 4, Germany).

Sono-coat technique (SC): The slurry was poured up to the surface into the inner
volume of the ceramic tube with a rubber cap at its bottom to prevent spilling (Figure 3a).
A tip, producing ultrasound at the frequency of 20 kHz (Vibra cell 750, SONICS, USA), was
placed 1 cm inside the tube. It was operated at 19% amplitude for 10 min (Figure 3b,c). After
that time an ultrasound-assisted ceramic supported electrode was obtained, as depicted in
Figure 3d.
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2.3. Analytical Methods and Calculations

Chemical oxygen demand (COD), pH and conductivity characteristics of the leachate
were measured prior and after each batch operation cycle for each produced cathode
electrode. The measurements of COD were carried out according to standard methods [30].
The pH and the conductivity values were measured using a digital pH-meter (WinLab Data
Line pH-meter, No: 210224Windaus Labortechnik, Germany) and a conductivity meter
(CMD83, Radiometer Copenhagen, Analytical instruments Division, Hach, USA).

Electrochemical characterization of the whole cell with the three different cathode
electrodes has been performed through a Potentiostat/Galvanostat (BIOLOGIC SP150,
France) with a three-electrode setup, using a saturated Ag/AgCl reference electrode. Open-
current voltage (OCV) was monitored, polarization curves from OCV to zero potential
were obtained at a rate of 0.3 mV/s and electrochemical impedance spectroscopy (EIS)
spectra were obtained from 200 kHz to 10 mHz with a sinusoidal amplitude of 10 mV. The
power output of the cell was expressed in mW considering a leachate volume of 250 cm3.
The mathematical model of the fitting analysis that was used was the same as reported in
our previous references [31–33].

3. Results and Discussion
3.1. Characterization of Ceramic Supports (Mullite Tubes)

The SEM image (cross-section) of the mullite tube is depicted in Figure 4. The open
porosity of the tubes was found to be at 20% according to the Archimedes method [34,35].
The tubes were washed and dried with deionized water prior to any use and then weighted
in order to calculate the deposition mass of the catalyst (HSF54 + AC).
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3.2. Ceramic-Supported Electrodes Production

All three preparation methods provided stable catalyst loadings (in the form of coat-
ings) into the inner surface of the mullite tubes. The produced electrodes are depicted in
Figure 5. In both pictures in Figure 5 the blank tube is shown at the left with the electrodes
prepared with the three facile methods (WC, BC, SC) at the right side. The production of all
coatings was uniform, and the physical properties of the produced electrodes are presented
in Table 2. The values of Table 2 are the mean values of three samples.
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Table 2. Physical properties of the three different produced cathode electrodes.

Electrode Coat Thickness
(mm)

Catalyst Mass
(g) Conditions

WC 1.5 1.5 4 wash coats
BC 1.1 0.9 3 brush coats
SC 0.8 0.7 10 min under ultrasound

3.3. Batch Mode Operation Using Leachate as Substrate

The MFC operated in batch mode using the ceramic electrodes for the three different
preparation techniques (WC, BC and SC). Polarization experiments determined the maxi-
mum power output values for the three different cases. Figure 6 presents the dependence
of the MFC voltage, V, and the produced power, P, on the current passing through the MFC,
when the MFC was set up with the different electrodes.
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As can be seen from Figure 6, the maximum power output (2.67 mW) was obtained
with the ceramic electrode produced with the SC technique. Additionally, the maximum
power output for the MFC operation with the WC and BC electrodes was in the same range
(WC: 1.12 and BC: 0.96 mW). Moreover, the slope of the V–I curves (Figure 6, continuous
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lines) indicated that ohmic losses dominated in the MFC, across the three electrode cases.
Table 3 presents the open circuit values (OCV) and the maximum power output per catalysts
mass and per volume of leachate, for the cycles’ operation with the different electrodes.

Table 3. OCV and maximum power output values obtained from the leachate-fed MFC with the
three different electrode cases examined.

Electrode OCV
(V)

Power Output
(mW)

Power Output
(mW·g−1)

Power Output
(mW·g−1·L−1)

WC 0.66 1.12 1.5 6.00
BC 0.31 0.96 0.9 3.84
SC 0.48 2.67 0.7 10.68

Figure 7 depicts the variations in the conductivity and the COD removal efficiency
values at the end of each operation cycle in comparison with the initial values of the leachate:
As can be seen from Figure 7, high COD removal efficiencies were achieved in all cases
(COD removal > 70%), while the leachate conductivity decreased after its treatment. It is
worth mentioning that the conductivity decreased by almost 50% when the wastewater was
treated using the electrodes prepared with the SC technique. The conductivity decrease may
be attributed to the decomposition of the substances present in the landfill leachate. The
electrochemically active biofilm oxidizes the available substrate (leachate), decomposing
the substances that contribute to the high conductivity, thus resulting in the decrease
in the conductivity. A similar decrease in the anolyte’s conductivity has been observed
elsewhere [36], although comparison between the two cases is difficult, due to the different
acclimation, MFC set-up and feedstock conditions.
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3.4. Electrochemical Impendance Spectroscopy Experiments (EIS)

In order to perform a detailed electrochemical characterization of the cell with the
different electrodes, EIS experiments were carried out. From the electrochemical point
of view, as reported elsewhere [37–39], the internal resistances of the cells with different
electrodes can be calculated. In Figure 8, the Nyquist diagrams show significant information
for the electrochemical processes that occur during the simultaneous wastewater treatment
and electricity production.
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All three setups depict two distinguished arcs followed by a Warburg element, as
seen in other microbial fuel cells [40]. The fitted parameters are explained and reported in
earlier publications, and the measurements here held through three electrode setups, as in
most cases of fuel cells [32,33,41]. Table 4 presents the values of the solution resistance (Rs),
the biofilm resistance (RBF), the charge transfer resistance (RCT), biofilm capacitance (CBF)
and the charge transfer capacitance (CCT), which were calculated from the fitting model.
Moreover, the internal resistance (Rin) of each case is presented.

As can be seen from Table 4, the Rin of SC electrodes is approximately 40% lower when
compared with the Rin of the WC electrodes, and 28% lower from the Rin of the cell which
operated with the BC electrodes. However, from the Nyquist diagrams, it is observed
that this difference is attributed to the lower values of biofilm and charge resistances and
capacitances of SC electrodes when compared with the respective values of WC and BC
electrodes (Table 4). The solution resistance (RS~9.3 Ω) is practically the same for all three
operation batch modes. This practically denotes that the nature of the electrolyte/leachate
does not affect by any means the three setups. On the other hand, the values of RBF, RCT,
CBF and the CCT, in the case of SC electrodes, are significantly lower when compared with
the respective values of the BC and WC electrodes. This result indicates that the rate of
the leachate oxidation is faster in the case of SC electrodes and also that a better biofilm
has been developed in the case of SC electrodes [42,43]. On the contrary, no significant
differences on the internal resistances are observed between WC and BC techniques. The
above results are in accordance with the polarization experiments, which indicated that the
maximum power output was produced with the SC electrodes where the maximum COD
removal efficiency also occurred.
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Table 4. Fitting parameters from EIS measurements for the leachate-fed MFC with the three different
electrode cases examined.

Fitted Parameters WC BC SC

RS (Ω) 9.3 9.2 9.4
RBF (Ω) 8.8 8.6 1.6
RCT (Ω) 21.5 15.1 1.03

CBF (F) 2.6 × 10−7 2.5 × 10−7 0.15 × 10−7

CCT (F) 9.1 × 10−3 5.0 × 10−3 0.7 × 10−3

RINT (Ω) * 39.6 32.91 23.71
* calculated.

4. Conclusions

Three different preparation methods of producing tubular ceramic-supported elec-
trodes capable of the oxygen reduction reaction (ORR) were evaluated under the view of
maximizing the wastewater treatment and the power production of the MFC technology.
High COD-removal efficiencies were achieved in wash-coat (WC), brush-coat (BC) and
ultrasound-assisted (SC) deposition techniques, although the higher value was obtained
using the electrodes produced from the SC technique (COD removal of 72%, 82% and 85%
for the WC, BC and SC, respectively). Moreover, amongst WC, BC and SC deposition
technique, the latter boosted the MFC performance in terms of the energy production (Pmax:
1.12 mW (WC), 0.96 mW (BC), 2.67 mW (SC). The electrochemical experiments verified that
the operation of the cell with the ultrasound-assisted deposition technique operated with
lower internal resistance (Rin 23.71 Ω) and specifically lower charge transfer and biofilm
resistance when compared with the two other techniques (Rin: 39.6 Ω (WC), 32.91 Ω (BC)).
These results indicated that the deposition technique of the cathodic catalyst has a major
effect on the overall cell performance affecting not only the oxygen reduction reaction rate
but also the biofilm development and the rate of the substrate oxidation. Further study is
needed in order to determine the mechanisms that contribute to this performance boost
when using the ultrasound-assisted deposition technique.

Author Contributions: Conceptualization, P.K.P. and A.T.; methodology, P.K.P., K.B., I.V. and A.T.;
writing—original draft preparation, P.K.P.; writing—review and editing, A.T. and T.K.; supervision,
P.K.P., C.A., V.N.S., A.T. and G.L.; resources, V.N.S., C.A. and G.L.; project administration, G.L. and
A.T.; All authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from the Hellenic Foundation for Research and Innovation
(HFRI) and the General Secretariat for Research and Technology (GSRT), under grant agreement No.
862.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: This project has received funding from the Hellenic Foundation for Research
and Innovation (HFRI) and the General Secretariat for Research and Technology (GSRT) under grant
agreement No. 862.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Renou, S.; Givaudan, J.G.; Poulain, S.; Dirassouyan, F.; Moulin, P. Landfill leachate treatment: Review and opportunity. J. Hazard.

Mater. 2008, 150, 468–493. [CrossRef] [PubMed]
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