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Abstract: In this study, graphite, graphene, and hydrophilic-treated graphene electrodes were eval-
uated in a dual-chamber microbial fuel cell (DC-MFC). Free-oxygen conditions were promoted in
anodic and cathodic chambers. Hydrochloric acid at 0.1 M and pH 1.1 was used as a catholyte, in
addition to deionized water in the cathodic chamber. Domestic wastewater was used as a substrate,
and a DuPontTM Nafion 117 membrane was used as a proton exchange membrane. The maximum
power density of 32.07 mW·m−2 was obtained using hydrophilic-treated graphene electrodes and
hydrochloric acid as catholyte. This power density was 1.4-fold and 32-fold greater than that of
graphene (22.15 mW·m−2) and graphite (1.02 mW·m−2), respectively, under the same operational
conditions. In addition, the maximum organic matter removal efficiencies of 69.8% and 75.5% were
obtained using hydrophilic-treated graphene electrodes, for hydrochloric acid catholyte and deion-
ized water, respectively. Therefore, the results suggest that the use of hydrophilic-treated graphene
functioning as electrodes in DC-MFCs, and hydrochloric acid as a catholyte, favored power density
when domestic wastewater is degraded. This opens up new possibilities for improving DC-MFC
performance through the selection of suitable new electrode materials and catholytes.

Keywords: anode; cathode; graphite; graphene; hydrophilic-treated graphene; microbial fuel cell

1. Introduction

Domestic wastewater contains a high level of organic compounds that store chemical
energy, and with proper treatment, this energy can be harnessed [1]. Microbial fuel cells
(MFCs) constitute a technology that can be applied to treat wastewater and simultaneously
produce energy. The typical configuration is the DC-MFC, which consists of two chambers
(anodic and cathodic) separated by a proton exchange membrane, as shown in Figure 1 [2].
An anode and a cathode which are connected by an external electric circuit are placed
inside the chambers. A biofilm of exoelectrogenic microorganisms is formed on the surface
of the anode. They obtain their energy from the oxidation of a substrate such as wastewater.
This action releases protons, electrons, and carbon dioxide (CO2). Protons diffuse from
the anodic chamber to the cathodic chamber through the membrane. The electrons are
conducted from the anode (negative terminal) to the cathode (positive terminal) through
an external electric circuit connected to an electrical resistance [2]. In the cathodic chamber,
the electrons, protons, and oxygen (O2), present in conventional configurations, react to
form water [3]. Energy production in MFCs is measured through the current or voltage
generated, which are a function of the external resistance [2]. The efficiency of MFC
systems is measured by their ability to degrade a substrate (such as wastewater) and
generate energy.

Some strategies to maximize the benefits of DC-MFCs focus on user-controllable
parameters such as electrode materials, substrate, catholyte, and device scale [4–6]. The

Bioengineering 2023, 10, 378. https://doi.org/10.3390/bioengineering10030378 https://www.mdpi.com/journal/bioengineering

https://doi.org/10.3390/bioengineering10030378
https://doi.org/10.3390/bioengineering10030378
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0000-0002-1768-4299
https://orcid.org/0000-0002-5166-6983
https://doi.org/10.3390/bioengineering10030378
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com/article/10.3390/bioengineering10030378?type=check_update&version=1


Bioengineering 2023, 10, 378 2 of 16

materials used as electrodes have a direct effect on the performance of MFCs. Therefore,
the proper selection of materials translates into a higher efficiency of the MFCs. In MFCs,
the electrode can be made of carbon-based or metal-based materials. Even though metal-
based materials have shown better properties than carbon-based materials, such as rapid
oxidation-reduction reaction kinetics and high conductivity, they present some limitations
such as high cost and low resistance to corrosion, which makes them difficult to consider on
a large scale compared to laboratory devices. Therefore, carbon-based materials are most
commonly used as electrodes in MFCs. For example, graphite is a widely used material,
due to important advantages such as high biocompatibility, high availability, and low cost
(compared to metal-based materials) [7].
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Figure 1. Dual−chamber microbial fuel cell.

Graphene is a material that has recently been used as anode and cathode in MFCs.
Since its isolation in 2004, it has stood out for its unique properties. Graphene can be
produced from graphite as the raw material, and then it is considered a low-cost material
(compared to metal-based electrode materials). Its structure is a two-dimensional (2D)
cohesion of carbon atoms, with a crystalline arrangement similar to a honeycomb. It can
be found in nature in the form of powder or flakes [8]. This characteristic facilitates the
transfer of electrons, which results in a high electrical conductivity at around 7200 S/m
(compared to other materials, such as silicon), and high mechanical stability. Graphene has
a large surface area compared to graphite (theoretical specific surface area of 2630 m2·g−1

and 10 m2·g−1, respectively) [9–11], thus favoring the interaction between the material and
the electrolytes. Therefore, the selection, design, fabrication, and treatment of the electrode
materials are crucial to improving its function as an anode or cathode.

The catholyte is another user-manipulable parameter, which influences the electron
transfer, the participation of different final electron acceptors, and the reduction potential.
Oxygen is the most widely used electron acceptor due to its unlimited availability and high
standard redox potential. However, it is also a limiting factor in the performance of MFCs
because it can have low oxygen reduction kinetics. To address this limitation, different
catholytes with a higher redox potential that facilitate the availability of other electron ac-
ceptors have been used. Examples of these catholytes are ferricyanide, sodium hypochlorite
(NaOCl), sodium bromate, and hydrochloric acid (HCl) [12–15]. López Zavala et al. [15]
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reported that using HCl as a catholyte in DC-MFC stimulated the hydrolysis of complex
particles into soluble organic molecules, thus favoring the degradation of organic matter
present in the substrate (wastewater). Recent studies of DC-MFCs reported the use of
catholytes with the presence of metals that act as a final electron acceptor, while simul-
taneously the process is used to remove or recover metals. For instance, Kim et al. [16]
evaluated a DC-MFC using wastewater containing chromium (Cr) VI as a catholyte that
acted as a final electron acceptor, which was then reduced and precipitated, facilitating its
removal. These strategies facilitate reduction kinetics by overcoming the activation energy
and reducing cathodic activation loss.

To date, significant progress has been made in MFCs, however, there are still gaps
to be addressed in order to improve energy efficiency and simultaneously the capacity to
treat wastewater. Therefore, the objective of this work is to evaluate different carbon-based
materials and the use of HCl acid as a catholyte to enhance the capacity of DC-MFCs to
generate electricity and treat domestic wastewater and highlight the importance of identi-
fying the optimal operating parameters, which directly influence MFC performance. For
this purpose, three different carbon-based materials, graphite, graphene, and hydrophilic-
treated graphene (HTG), were evaluated as electrodes in DC-MFCs. Additionally, HCl
was evaluated as a catholyte, aiming to elucidate its influence on the catalytic properties
of the cathodic chamber and to improve the degradation of organic matter in domestic
wastewater. Furthermore, anoxic conditions were promoted in the anodic and cathodic
chambers. Simultaneously, a control was run using the same electrode materials and under
typical MFC operating conditions (deionized water in the cathodic chamber).

2. Materials and Methods
2.1. Characterization of Materials

The carbon-based materials used as electrodes were characterized by scanning elec-
tron microscopy (SEM) and Zeiss Evo ma24 energy dispersive X-ray spectroscopy (EDS)
with a Bruker xflash6|10 detector, (Carl Zeiss, Microscopy Ltd., Cambridge, UK). The
specific surface area and pore structure of the electrode materials were obtained with a
Quantachrome Autosorb iQ tpx (Anton Paar, Monterrey, México) by measuring the ni-
trogen (N2) adsorption/desorption isotherms, analyzed by the Brunauer–Emmett–Teller
(BET) multipoint method, and the total pore volume by the density functional theory (DFT)
technique. Raman spectra of the materials were measured at room temperature using a
Renishaw inVia microspectrometer (Renishaw, Wotton-under-Edge, UK) with an excitation
argon laser wavelength of 514 nm.

2.2. Experimental Device

The DC-MFC used in this study is shown in Figure 2a,b. The chambers were made
with a 15.0 cm diameter and 6 mm thick acrylic tube (Figure 2c). The total volume of the
chambers was 3.90 L for the anodic and 2.3 L for the cathodic chamber; each chamber has
preparations for sampling the mixed liquor, electrolytes, and gases. The proton exchange
membrane (PEM) used was a perfluorinated Nafion® 117 (Sigma-Aldrich Quimica S de
RL de CV, Toluca, México). The membrane was activated before being used following the
procedure described by Lavorante et al. [17] and Hasani-Sadrabadi et al. [18]. Graphite,
graphene, and HTG (Figure 2d) were used as electrodes. The anode has dimensions of
21.0 ×13.4 cm and the cathode of 14.0 × 13.4 cm. The electrodes were connected through
an external electrical circuit with AWG-16-gauge wire. The anode surface was sanded
uniformly before each experiment, to facilitate the adherence of the anaerobic inoculum
(biomass). The resistor used in the external electrical circuit had 100 Ω. The anodic chamber
was filled with 2.40 L of domestic wastewater as a substrate and 1.0 L of conditioned
inoculum. A magnetic stirrer and a digital stirring hotplate (Cimarec™Thermo Scientific,
Monterrey, México ) were used to keep mixing conditions in the anodic chamber. The
cathodic chamber was filled with 2.15 L of 0.1 M HCl solution (pH 1.11) as a catholyte.
Nitrogen was bubbled to displace air and dissolve oxygen, followed by a vacuum (77.3 kPa),
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and then the chambers were closed to keep these conditions. In each experimental evalua-
tion, a control MFC was set. The anodic chamber was operated under mixing conditions ,
the cathodic chamber was filled with deionized water and operated under atmospheric
pressure conditions. A ProSense digital pressure sensor with a range of −100 kPa to 1 MPa
was installed in each chamber to measure and monitor its pressure.
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Figure 2. DC-MFC experimental device, (a) front view, (b) isometric view, (c) experimental system,
and (d) graphite, graphene, and HTG electrodes.

2.3. Inoculum Preparation

Mixed liquor and wastewater were taken from the aerobic bioreactor and the raw
sewage collector, respectively, at the “Dulces Nombres” wastewater treatment plant of
Monterrey city, México. The mixed liquor was conditioned to obtain anaerobic biomass.
First, the anode was placed in a 3.50 L container. Then, the container was filled with mixed
liquor and fresh wastewater at a ratio of 1:2. Additionally, the pH of the wastewater was
adjusted to a pH of 4.5 with HCl in order to promote the population of the acidogenic
communities in the mixed liquor. After 24 h, the container was shaken vigorously; then
the biomass was allowed to settle for 30 min. The container was opened to release the
gases produced, and the supernatant was removed by decanting (avoiding biomass losses).
Finally, the container was refilled with fresh wastewater. The above steps were repeated
during 10 days at a temperature of 25 ◦C. After this time, the biomass was acclimated to
anaerobic conditions with the biofilm attached to the anode surface, and it was ready to be
used for testing in the DC-MFC [19]. The biomass amount was estimated by determining
the volatile suspended solids according to the Solids-2540 Protocol of the Standard Methods
for the Examination of Water and Wastewater [20].

2.4. Evaluation of MFC Performance

The evaluations of the carbon-based electrode materials were carried out in 6 scenarios,
all in batch tests at 25 ◦C, using an external resistance of 100 Ω, and domestic wastewater
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as substrate. Scenario 1 evaluated graphite electrodes, scenario 2 evaluated graphene
electrodes, and scenario 3 evaluated HTG electrodes. These scenarios were performed
using HCl as catholyte and anoxic conditions in the anodic and cathodic chambers. Simul-
taneously, as a control, the same materials were evaluated but using deionized water in the
cathodic chamber, designated as scenario 4 for graphite electrodes, scenario 5 for graphene
electrodes, and scenario 6 for HTG electrodes. Every 24 h, a 20 mL supernatant sample was
taken from the anodic chamber, using a syringe with a 15 cm 25-gauge needle. The organic
load of the sample was then determined using the Reflux-titration closed Chemical Oxygen
Demand (COD) 5520-C method and a Hach DRB200 Digital Reactor, described in Standard
Methods for the Examination of Water and Wastewater [20].

The pH and conductivity of the samples were measured with a Thermo Scientific
Orion Star A211 Benchtop pH Meter and a Thermo Scientific Orion 3 Star Conductivity
Benchtop Meter (CTR Scientific, Monterrey, México), respectively. Subsequently, with a
hermetic micro-syringe fitted with a push-pull valve, a 5 mL sample of gases was taken
from the chambers of the MFC. The gases generated (H2, CO2, and CH4) were analyzed
with a MicroGC Agilent 490 gas chromatographed (Agilent Technologies, México city,
México). The device was calibrated with a standard mixture of hydrogen (5%), oxygen
(5%), nitrogen (5%), methane (5%), carbon dioxide (5%), and helium (75%) gases. The MFC
potential was monitored with a Campbells Scientific A CR850 series datalogger. The current
and power generated by the MFC were calculated with Equations (1) and (2), respectively,
and the electrical energy generation with Equation (3).

I =
V

Rext
(1)

P = I × V (2)

E = P × t (3)

where I is the current intensity in amperes (A), V is the potential in volts (V), Rext is the
external resistance in ohms (Ω), P is the power in watts (W), E is the electrical energy in
joules (J), and t is the time in seconds (s), COD. In addition, power density (mW·m−2 and
mW·m−3) and Coulomb Efficiency (CE, %) were determined. CE is the ratio between the
electrons transferred and the maximum value obtainable if all the oxidation of the substrate
could produce a current. It was calculated as the ratio between the current flowing through
the MFC and the theoretical current based on the total oxidation of the organic matter of
the residual water in the anode chamber [2], with Equation (4).

CE =

∫ t
0 Idt

FVI
(b0)∆COD

M0

× 100 (4)

where I is the current intensity in amperes (A), t is the time in seconds (s), M0 is the
molecular weight of oxygen (32 g·mol−1), VI is the volume of liquor mixed in the anodic
chamber in Liters (L), b0 is the stoichiometric number of moles of electrons exchanged per
mole of oxygen (4 mol e−·mol−1), ∆COD is the change in COD (g·L−1) at the time (t), F is
the Faraday’s constant and represents the magnitude of electric charge per mole of electron
(96,485 Coulomb·mol−1e−).

3. Results and Discussion

The evaluation of electrode materials was made based on the DC-MFC performance,
taking into consideration energy production and COD removal.
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3.1. Characterization of the Electrode Materials

The electrode materials (graphite, graphene, and HTG) were analyzed to find out their
properties. The configuration of the materials was in solid plates as shown in Figure 2d.
Figure 3 shows the structure of the electrode materials analyzed by scanning electron
microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). Graphite mappings
(Figure 3a) show the characteristic signal for carbon 89.81%, oxygen 9.46%, and in lower
proportions, sulfur, phosphorus, silicon, and calcium, 0.12%, 0.22%, and 0.26%, respec-
tively. Graphene mappings (Figure 3b) show a composition of carbon 88.87% and oxygen
10.40%, followed by sulfur, and silicon, 0.53%, and 0.2%, respectively. In both graphite
and graphene, a distribution of carbon and oxygen typical of these materials was ob-
served [21,22], and the presence of the other elements is attributed to depositions from
wastewater to which the materials were exposed. Finally, Figure 3c shows the spectral
map of the HTG with a homogeneous surface composition of carbon (85.55%) and oxy-
gen (8.31%). In addition, visual evidence of the presence of titanium at 6.27% is given,
which stands out as the main difference compared to the other two materials and could be
attributed to possible doping applied to this material, as well as, in smaller proportions,
the presence of sulfur and phosphorus in 0.26 and 0.18%, respectively, which are also
depositions coming from the wastewater to which the material was exposed.
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Figure 3. Energy dispersive X-ray spectroscopy (EDS) of electrode materials; (a) Graphite, (1) distribu-
tion of elements, (2) SEM Image, (3) carbon 89.81%, (4) oxygen 9.46%, (5) sulfur 0.13%, (6) phosphorus
0.12%, (7) silicon 0.22%, (8) calcium 0.26%; (b) Graphene, (1) distribution of elements, (2) SEM Image,
(3) carbon 88.87%, (4) oxygen 10.40%, (5) sulfur 0.53%, (7) silicon 0.20%; (c) HTG, (1) distribution of
elements, (2) SEM Image, (3) carbon 85.95%, (4) oxygen 7.39%, (5) sulfur 0.26%, (6) phosphorus 0.18%,
(9) titanium 6.27%. The scale bar is 20 µm.

The specific surface area and pore structure of the electrode materials were obtained by
measuring the adsorption/desorption isotherms of N2. The Brunauer–Emmett–Teller (BET)
multipoint method was used to analyze specific surface areas, and the total pore volume
was analyzed using the density functional theory (DFT) technique. The surface area of
HTG, graphene, and graphite was 111.18, 39.66, and 20.15 (m2·g−1), respectively. These
results show that the surface area of HTG was 2.80 times greater than that of graphene,
and 5.50 times greater than graphite.

On the other hand, the pore volume of HTG, graphene, and graphite was 0.142, 0.030,
and 0.032 (cm3·g−1), respectively. Some studies on graphene have reported changes in its
surface area, pore size, or electrical conductivity when the material had been subjected
to some type of modification. Zhao et al. [23] reported an increase in the surface area of
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graphene (from 2.39 to 279.00 m2·g−1) when this material was modified with titanium
dioxide to obtain a new graphene nanostructure.

The electrode materials were also analyzed by Raman spectroscopy (Figure 4) with
the same excitation laser to provide their probable number of graphene layers, structural
defects, and doping of the material [24]. Figure 4a shows the structure of graphite, and, ac-
cording to the literature, it matches the typical structural characteristics of graphite. The
Raman spectra include two bands, the G-1581 cm−1 band, assigned to carbon atoms, and the
D-1350 cm−1 band, assigned to structural disorder. Therefore, the ordered or high crys-
tallinity structure confirms that the material evaluated is graphite [25,26]. Figure 4b shows
the spectra of graphene. It is observed that the D-band associated with disorder increases in
width and intensity, and the G-band increases and shifts slightly at high frequencies. This
increase in the intensity of the D-band indicates the introduction of defects in its structure.
Figure 4c shows the HTG spectra, and it is evident that the material presents a difference in
its structure compared to graphene. The Raman of HTG shows a less intense D-band than
that of graphene, which means that graphene has more disorder in its structure. Likewise,
more structural disorder is observed in graphene compared to graphite, which is a typical
characteristic of these materials. Further, HTG shows a structure with higher crystallinity
than graphene, which can be attributed to the titanium depositions on the surface of HTG
(Figure 3c). The 2D-band is mainly used to identify if graphene has a single-layer, bi-layer,
or multi-layer of carbon atoms. HTG shows higher and slightly broader intensity in the
2D-band than graphene, indicating that graphene contains sheets with a single or two
mono-layers of carbon atoms, whereas HTG contains few layers [27–30].
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Figure 4. Comparison of Raman spectra of graphite (a), graphene (b), and HTG (c) electrode materials.

3.2. Wastewater Biodegradation

The ability of the DC-MFCs systems to degrade organic matter in wastewater using
graphite, graphene, and HTG is shown in Figure 5. Figure 5a shows the maximum COD
removal efficiencies of 68.19%, 57.09%, and 69.78% for graphite, graphene, and HTG, respec-
tively, when the HCl was used as a catholyte; meanwhile, Figure 5b shows the maximum
COD removal efficiencies of 64.81%, 55.85%, and 75.51% for graphite, graphene, and HTG,
respectively, when deionized water as used in the cathodic chamber. The highest COD
removal (75.51%) was obtained when HTG electrodes and deionized water were used,
followed by scenario 3 where HTG and HCl as a catholyte were used. These results can
be attributed to the specific properties obtained in HTG, such as titanium depositions,
higher surface area, and pore volume, compared to the results obtained with graphite
and graphene, shown in the previous Section 3.1, which promote a higher availability
of the active site for microorganisms interaction in HTG material. As has been reported,
graphene electrodes can favor anode–microorganisms interaction and instantaneously
promote biomass growth and enhance direct electron transfer [9,31]. In addition, it has
been reported that titanium or titanium dioxide can promote the surface roughness, hy-
drophilicity, and conductive properties of the anode, as well as promoting the interaction
between and performance level of the electrochemically active biofilm and the anode
surface [10,32,33].
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Figure 5. COD removal in the DC-MFC for different electrode materials. (a) HCl as a catholyte;
(b) deionized water in the cathodic chamber.

Another parameter that influences the COD removal and the overall DC-MFC per-
formance is the pH in both the anodic and the cathodic chambers. Figure 6 shows the
evolution of pH over time in the evaluations of the electrode materials. In scenarios 1, 2,
and 3 operated with HCl as the catholyte (Figure 6a), it was observed that in the first 48 h,
the pH values of the anodic chamber decreased from initial values between 7 and 8 to pH
values close to 3. The decrease in pH occurred due to the diffusion of HCl from the cathodic
chamber to the anodic chamber through the semipermeable membrane Nafion 117. The
pH gradually changes until it converges in both chambers [34]. This pH behavior occurs
when the pH values are different in the anode and cathode chambers. On the other hand,
in scenarios 4, 5, and 6 operated with deionized water (Figure 6b), the pH was maintained
with minimal changes in both chambers. These results can be linked to the performance of
organic matter degradation in each scenario.
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Figure 6. Evolution of the pH over time. (a) pH of the anodic and cathodic chamber using graphite,
graphene, and HTG electrodes under HCl as a catholyte; (b) pH of the anodic and cathodic chamber
using graphite, graphene, and HTG electrodes under deionized water in the cathodic chamber.

In the first instance, scenarios 1 and 2 using graphite and graphene electrodes, and op-
erated with HCl as a catholyte show higher COD removal (68.19% and 57.09%, respectively)
than scenarios 4 and 5 using deionized water. This performance can be attributed to the
acidification of the anodic chamber, which can favor the hydrolysis of organic matter
whereby organic polymers can be biologically decomposed into smaller molecules (such as
carbohydrates, lipids, and proteins) that are able to cross the cell membrane. These smaller
molecules can then be transformed into sugars, long-chain fatty acids, and amino acids [35].
Furthermore, this low pH can decrease or even inhibit the growth of other microorganisms,
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such as methanogens, and promote the development of microorganisms resistant to the
low pH. These latter microorganisms include acidophilic microorganisms, e.g., of the aci-
dogenic and acetogenic type, that prefer environments with a pH below 5.5 [36–38]. This
improvement in COD removal capacity in DC-MFC using HCl as a catholyte has also been
observed in the previous study by López Zavala et al. [15]. In this study, scenarios 1 and 2
reported similar behavior that suggests an advantage of using HCl as a catholyte.

In contrast, scenarios 3 and 6 using HTG showed different behavior, as the highest (of
all scenarios) COD removal of 75.51% was obtained in scenario 6 operated with deionized
water in the cathodic chamber, followed by scenario 3 operated with HCl as a catholyte.
In this case, the combination of HTG electrodes under acid conditions can cause a slight
increase in overpotentials due to activation losses in DC-MFC. These activation losses
in acidophilic microorganism communities are higher because of the amount of energy
required to maintain their internal cytoplasmic pH [39]. Likewise, the energy required
to initiate oxidation and reduction reactions, and to transfer electrons to the anode sur-
face, is greater in acidophilic microorganisms than in mixed microorganism communities
developed under neutral conditions such as those promoted in scenario 6.

Mass transfer losses are another factor that can influence the COD removal in scenario 3
(HTG electrodes and acid conditions) since the decrease in pH can generate an accumulation
of protons which can have an adverse effect on bacterial kinetics [40], as well as a possible
antibacterial effect of HTG through the physical damage to the microorganisms produced
by possible sharp edges of the material and therefore a decrease in the digestive activity of
the biofilm [41].

Regarding gas production, Figure 7 shows gas detection over time in the graphene
and HTG evaluations. Figure 7a shows the methane (CH4) production of scenarios 2 and 3
evaluated with HCl as catholyte, which did not exceed 2%. This low detection of CH4 gas is
attributed to the growth inhibition of methanogenic consortia, since these microorganisms
are neutrophilic and grow better at pH values between 5.5 and 8, and environments with
pH outside this range are unfavorable for their development [42]. In the scenarios where
HCl was used as a catholyte, a diffusion of HCl through the membrane was observed. This
results in a decrease in the pH of the anodic chamber, to values around pH 2 (Figure 6),
which generated an acidic environment adverse for methanogenic microorganisms.

Furthermore, in Figure 7c the detection of carbon dioxide (CO2) over time is shown.
The maximum CO2 detection, close to 12%, is obtained in scenario 3 (using HTG electrodes
and HCl). The behavior of CO2 gas in both anodic and cathodic chambers is upward
with a tendency to converge, which is attributed to gas diffusion through the membrane.
These results also suggest that COD degradation happens mainly through acidophilic
microorganisms (from environments with pH < 5.5). This is confirmed because simple
compounds, including CO2, are produced in the acidophilic phase of anaerobic degradation.
Therefore, a higher detection of CO2 and lower or no detection of CH4 is observed in
scenarios 2 and 3, which operated with HCl as catholyte.

The opposite behavior, higher CH4 detection and lower CO2 detection was observed in
scenarios 5 and 6, which operated with deionized water in the cathodic chamber. Figure 7b
shows that the maximum CH4 detection was close to 12% using HTG electrodes. Therefore,
it was observed that since there was no significant pH shift in DC-MFC (scenarios 5 and
6 with pH between 6.5 and 8.0, Figure 6), the growth of the methanogenic population
and consequently the CH4 gas was favored. In this methanogenic stage of degradation, it
is possible to obtain the growth of these microorganisms by different routes, such as the
hydrogenotrophic phase [37]. In this route, the microorganisms use CO2 and hydrogen as
a substrate and degrade it to finally produce CH4. This may explain the results observed in
scenarios 5 and 6 (Figure 7b,d), where a higher detection of CH4 was observed compared
to a low detection of CO2.
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Figure 7. Production of gases in DC-MFC. (a) Methane (CH4) gas of the anodic and cathodic chamber
using graphene and HTG electrodes under HCl as a catholyte; (b) methane (CH4) gas of the anodic
and cathodic chamber using graphene and HTG electrodes under deionized water in the cathodic
chamber; (c) methane (CO2) gas of the anodic and cathodic chamber using graphene and HTG
electrodes under HCl as a catholyte; (d) methane (CO2) gas of the anodic and cathodic chamber using
graphene and HTG electrodes under deionized water in the cathodic chamber.

Hence, these results show that the highest percentage of COD removal was obtained in
scenario 6 (with HTG electrodes and deionized water in the cathodic chamber), indicating
that degradation was mainly carried out by methanogenic consortia. In second place,
with a slightly lower COD removal percentage, scenario 3 (with HTG electrodes and HCl
as catholyte) stands out, indicating that degradation was mainly carried out by acidogenic
consortia. Consequently, although HCl as a catholyte or deionized water in the cathodic
chamber was used in the DC-MFC evaluations, HTG electrodes are the ones that most
favor COD degradation compared to the other electrode materials, graphene, and graphite.
In order to identify the operating conditions that most favor the overall performance of
the DC-MFC, the electrical results of each scenario were analyzed and linked with those
mentioned above.

3.3. Energy Production in DC-MFCs

In each scenario described in Section 2.4, energy production was monitored and an-
alyzed according to the corresponding Equations (1)–(4). The comparison of the power
density produced by graphite, graphene, and HTG electrodes using an external resistance of
100 Ω in HCl and deionized water is shown in Figure 8. The power densities were normal-
ized to the surface area of the electrode and to the total volume of the anodic chamber. The
maximum power densities obtained from the evaluations of graphite, graphene, and HTG
electrodes using HCl as a catholyte were 1.002, 22.147, and 32.07 mW·m−2, respectively (see
Figure 8a); and 1.002, 375.56, and 543.82 mW·m−3, respectively (Figure 8c). On the other
hand, the maximum power densities from graphite, graphene, and HTG electrodes using
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deionized water in the cathodic chamber were 0.102, 2.448 and 0.973 mW·m−2, respectively
(Figure 8b); and 1.78, 41.75, and 17.21 mW·m−3, respectively (Figure 8d).
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Figure 8. Power density of the DC-MFC using different conditions. (a) Power density per area using
HCl catholyte; (b) power density per area using deionized water; (c) power density per volume using
HCl catholyte; (d) power density per volume using deionized water.

According to these results, scenario 3 with HTG as anode and cathode and HCl as
catholyte (Table 1) stood out, with a maximum power density of 32.07 mW·m−2. This
power density is 1.4-fold higher than the second-highest power density obtained with
graphene electrodes and HCl catholyte (22.147 mW·m−2, scenario 2). It was also observed
that these results (32.07, and 22.147 mW·m−2) were considerably higher, on the order of 11-
fold, than the power densities obtained in the other evaluations using graphite, graphene,
and HTG from scenarios 1, 4, 5, and 6 shown in Table 1, which did not exceed 3 mW·m−2.
This higher power density in scenario 3 (Table 1) can be attributed to the reduction in
ohmic losses, that is, a reduction in resistance to electron flow through the anolyte and
catholyte, electrodes, and electrical connections [2,43], while the other operating conditions
in scenarios 1, 4, 5, and 6 are more susceptible to the adverse effects of losses.

In Figure 9a,b, the potential of all the electrode evaluations is shown. The highest
potential (430 mV) was obtained in the assessment of HTG using a HCl catholyte. Further,
the current is shown in Figure 9c,d exhibiting a maximum of 4.30 mA in the same scenario
of HTG using a HCl catholyte.

Additionally, the energy production (Figure 10) showed the highest value of
2.40 J·mg−1COD reduced. Therefore, it is highlighted that HTG electrodes with HCl
as catholyte are the conditions that most favor electrical production, followed by graphene
electrodes, also with a HCl catholyte. This may be associated whit the fact that HCl dis-
sociates almost completely in aqueous solutions, which makes it an excellent conductor
of electricity and a good electrolyte [44]. Moreover, the low pH (Figure 6) in the anodic
chamber as a result of the diffusion of the catholyte through the membrane could contribute
to generation of electricity, since pH in MFCs is a parameter that can affect the energy
production and the growth of electrogenic microorganisms (microorganisms that oxidize
a substrate and release electrons that can be transferred to an external medium [7]) [45].
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Jang et al. [46] also reported an improvement in the current when they used HCl in the
cathodic chamber compared to the use of sodium chloride (NaCl), and they attributed this
to the increase in the protons availability to the cathode.
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Figure 9. Electricity generation with graphite, graphene, and HTG electrode materials: (a) potential
production using HCl catholyte; (b) potential production using deionized water in the cathodic
chamber; (c) intensity production using HCl catholyte; (d) intensity production using deionized
water in the cathodic chamber.
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Figure 10. Correlation between energy production and organic matter removed with graphite,
graphene, and HTG electrode materials: (a) using HCl catholyte; (b) using deionized water in the
cathodic chamber. CODR = chemical oxygen demand reduced.

In addition, the HTG electrodes exhibited the maximum power output in DC-MFC,
compared to the untreated graphene, and graphite electrodes. This can be attributed to
the fact that the Ti depositions on the HTG participate as optimizers of graphene features
including electrical conductivity and the surface area of the material, as confirmed in the
previous Section 3.1. These properties could improve the effective biofilm attachment and
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power density. Similar results were also reported by Zhao et al. [23]. They evaluated the
use of a titanium dioxide-graphene anode used in MFCs and obtained an improvement in
bacterial adhesion and power density.

Table 1 summarizes the maximum values of potential, current, power density, and COD
obtained in each scenario. In the overall analysis in Table 1, the maximum power density
obtained (32.07 mW·m−2) in scenario 3 with HTG achieved a COD removal of 69.78%.
On the other hand, when deionized water with HTG electrodes was used (scenario 6),
a lower power density (0.973 mW·m−2), but slightly higher degradation (75.51%) was
obtained compared to scenario 3. These results in scenario 6 suggest that the degradation of
organic matter was carried out by other non-electrogenic microorganisms. On the contrary,
in scenario 3 it is evident how the use of HCl as a catholyte significantly favors energy
production. However, as mentioned in the previous Section 3.2 “Wastewater degradation”,
it can also generate a slight antibacterial effect which in turn produces a decrease in the
activity of the biofilm.

Table 1. Energy production in the DC-MFC for graphite, graphene, and HTG, under different
catholytes.

Sc Material Catholyte Voltage Current Density Power COD
Anode Cathode mV (mA) mW·m−2 Removal (%)

1 Graphite Graphite HCl 77.00 0.770 1.002 68.19
2 Graphene Graphene HCl 357.34 3.573 22.147 57.09
3 HTG HTG HCl 430.00 4.300 32.070 69.78
4 Graphite Graphite DW 24.30 0.243 0.102 64.81
5 Graphene Graphene DW 118.79 1.188 2.448 55.85
6 HTG HTG DW 74.90 0.749 0.973 75.51

Sc = scenario; HTG = hydrophilic-treated graphene; DW = deionized water.

Few studies have reported the use of a low-pH environment in MFCs: Jannelli et al. [47]
evaluated MFCs of 50 mL operated at pH 3.0 ± 0.5 using NaCl as catholyte and reported a
power density around 20 to 55 mW·m−2 and COD removal of only 45% at 28 operation
days. However, they indicated that the use of this acidic condition limited the MFCs’
performance. Ni et al. [38] evaluated the feasibility of MFCs to degrade wastewater from
an industrial sulfide mineral flotation and produce energy through the use of acidophilic
microorganisms (under pH 2 using sulfuric acid). They reported that is possible to generate
a maximum voltage of 105 ± 42 mV and a power density of 4.8 mW·m−2. In low-pH
environments, there is a greater availability of protons and thus the current can be higher
compared to the energy obtained in MFCs at neutral pH [48–50]. This makes it evident that
the biofilms of MFCs can adapt to low pH and produce electrical energy, making it possible
to use them for the bioremediation of acid wastewater such as acidic mining streams.

Hence, the use of HTG or graphene as electrodes, both operated under acidic con-
ditions (HCl as catholyte), stand out as the scenarios that best favor energy production
in DC-MFCs. Regarding the efficiencies obtained in scenarios 2 and 3 to degrade the
organic matter in the wastewater, it is suggested to analyze new scenarios with a lower
concentration of HCl as the catholyte. The aim is to take advantage of the benefits to
produce electrical energy, and at the same time decrease the possible adverse effects on the
electrogenic microorganisms and increase the capacity to oxidize the substrate.

4. Conclusions

This study evaluated three electrode materials (graphite, graphene, and hydrophili-
cally treated graphene (HTG)) in DC-MFC in the capacity of treating 3.40 L of domestic
wastewater and using HCl (0.1 M HCl, pH 1.1) as a catholyte, and deionized water in the
cathodic chamber. A comparison of electrode materials, taking into account both their
ability to produce energy and to treat wastewater, ranked them from highest to lowest
performance in the following order: HTG, graphene, and graphite using HCl as catholyte.
According to the characterization of the HTG material, a larger surface area, large pore
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volume, and higher electrical conductivity were observed, which can be attributed to the
Ti deposition found on its surface. These properties in the HTG promoted the availability
of active sites and, in turn, the availability of improved adhesion of the electrogenic mi-
croorganisms, resulting in the better overall performance of the DC-MFCs. In the scenario
with HTG electrodes, HCl as catholyte, and an external resistance of 100, the maximum
power density of 32.07 mW·m−2 was obtained, which was 1.4-fold and 32-fold times higher
than that of graphene and graphite, respectively. Regarding wastewater treatment, 69.8%
and 75.5% were obtained using HTG electrodes, for HCl catholyte and deionized water
in the cathodic chamber, respectively. Hence, although the highest COD removal was not
obtained in the scenario where the highest power density was obtained, the best overall
balance of the DC-MFC considering both parameters was achieved in the scenario using
HTG electrodes and HCl as catholyte. Further studies of DC-MFC with HTG electrodes
are recommended to evaluate different scenarios in order to identify the optimal operating
conditions to increase the ability to remove COD.
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