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Abstract: A microbial fuel cell (MFC) is a promising renewable energy option, which enables the
effective and sustainable harvesting of electrical power due to bacterial activity and, at the same time,
can also treat wastewater and utilise organic wastes or renewable biomass. However, the practical
implementation of MFCs is limited and, therefore, it is important to improve their performance
before they can be scaled up. The surface modification of anode material is one way to improve MFC
performance by enhancing bacterial cell adhesion, cell viability and extracellular electron transfer.
The modification of graphite felt (GF), used as an anode in MFCs, by electrochemical oxidation
followed by the treatment with ethylenediamine or p-phenylenediamine in one-step short duration
reactions with the aim of introducing amino groups on the surface of GF led to the enhancement of
the overall performance characteristics of MFCs. The MFC with the anode from GF modified with
p-phenylenediamine provided approx. 32% higher voltage than the control MFC with a bare GF
anode, when electric circuits of the investigated MFCs were loaded with resistors of 659 Ω. Its surface
power density was higher by approx. 1.75 times than that of the control. Decreasing temperature
down to 0 ◦C resulted in just an approx. 30% reduction in voltage generated by the MFC with the
anode from GF modified with p-phenylenediamine.

Keywords: microbial fuel cell; anode modification; Shewanella putrefaciens; graphite felt; surface
power density; diamines

1. Introduction

Expectations of contemporary society for sustainable energy production and wastewater
reclamation or effluent‘s return to the water cycle with minimal environmental issues have evolved
over time [1]. Thus, wastewater treatment is seen as a sustainable process if sustainable innovations
and technologies can be adopted. Among these technical innovations and progressive developments,
microbial fuel cells (MFCs) as an emerging technology that may serve customers in a variety of
industry sectors are bringing new opportunities. MFCs provide a new technology that can act as
pollutant removal devices by using microorganisms available in wastewater as catalysts to oxidize
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substrates and produce much needed electricity. MFC technologies have unique features and abilities
to solve energy and environmental issues [2]. Electricity generation, effective and efficient harvesting
of practically usable power for distributed power systems, still remains a critical milestone and
a key challenge for further MFCs development and their successful deployment [3]. The MFCs have
had—and still have—poor stability, high costs, and a low output of generated power for practical
application. Nevertheless, during the most recent couple of decades, they have been a target of
global-scale research. In general, the microbial fuel cell research is a highly new cross-discipline
involving [4]: power electronics (application of the charge pumps, off-the-shelf capacitors, rechargeable
batteries, etc.) [3], environmental engineering [3–5], biochemistry [4], circuitry [3], programing [3],
bioelectrochemistry [4,6], microbiology [4,7–9], robotics [3,10], molecular biology [4], and materials
science [4,11–15]. Despite the inherent simplicity of MFCs and their environmentally friendly nature,
the anode is a crucial component of the whole system, both functionally and structurally. An ideal
anodic material usually encompasses four major properties, the compatibility of which is affected by
a combination of several reasons: low price and high biocompatibility, conductivity, and chemical
stability. However, compatibility problems arise even when the anodic material selection and design is
supposedly proper. It is a major reason underlying the low efficiency in different microbial fuel cell
prototypes and is still a primary setback for its practical applications.

Recently, some active measures among the researchers worldwide have been taken to improve
the performance of electrodes, including their surface modifications and architecture design. Various
macroporous carbons of different pore sizes, containing one-dimensionally (contain channels that do
not interconnect with each other), two-dimensionally (interconnection of pores in only one direction)
and three-dimensionally (interconnection of pores in two crystallographic directions) connected voids
were developed for anodes in MFCs, such as reticulated vitreous carbon, graphite felt, electrospun
carbon fiber materials, carbon paper, carbon fiber cloth fabrics, carbon rods, carbon nanotubes, activated
carbon, carbon materials derived from natural biomasses, activated carbon fibers, carbon fiber mesh,
graphite fiber brush, and layered corrugated carbon [16]. Graphite felt (GF) or carbon felt is a fiber
fabric that is much thicker than materials such as carbon paper, graphite plates or sheets, and carbon
cloth [17]. Most MFC studies involving the materials like bare GF only focus on maximizing power
densities on a volume basis, resulting in difficulties in quantitative comparisons among different
materials [17]. The loose texture of bare GF confers more space for bacterial growth than other
carbon materials having plane structure, but the bacterial growth is restricted by the mass transfer of
substrate and products on its surface [17]. Surface modification of graphite-based anode materials
could enhance bacterial cell adhesion, cell viability and facilitate extracellular electron transfer [14].
C-, N-, O-, and S-containing functional groups have been frequently investigated in anode surface
modification with the purpose to enhance bacterial attachment [18]. The carbon-based material surface
containing nitrogen-functional groups is more prone to absorb negatively charged bacteria, such as
Gram-negative Shewanella putrefaciens, due to its increasing N/C ratio and positive charge on the surface
leading to more favourable electron transfer and improved anode biocompatibility [19]. Anode surface
modification with hydrophilic substances has been demonstrated to enhance bacterial affinity and
thus promote power output [12]. It has been shown that the combined effect of the usage of phosphate
buffer and the introduction of hydrophilic amino groups via the treatment of carbon cloth electrode
with ammonia increased MFC power generation by 48% [20].

Therefore, the reported research involves modification of bare GF with ethylenediamine (EDA)
and p-phenylenediamine (pPDA) in order to introduce N-containing amino groups onto the surface
of GF and thus improve overall performance characteristics of the microbial fuel cell. The obtained
results could provide theoretical and practical support for improving the production capacity of
bio-electrochemical systems.
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2. Materials and Methods

2.1. General Conditions

All chemicals were of analytical or biochemical grade and were purchased from Sigma-Aldrich,
St. Louis, MO, USA; Eurochemicals, Vilnius, Lithuania; Carl Roth GmbH + Co. KG, Karlsruhe,
Germany; and TCI Europe N.V., Zwijndrecht, Belgium. All microbial experiments were performed
under strictly sterile conditions.

2.2. Electrodes

Investigation of MFC was carried out with the three types of anodes:

1. Bare graphite felt (GF) as a control;
2. GF modified with ethylenediamine (EDA);
3. GF modified with p-phenylenediamine (pPDA).

Polyacrylonitrile-based graphite felt AvCarb G200 (Fuel Cell Store, College Station, TX, USA)
with the dimensions of 7 × 7 × 0.65 cm (length ×width × thickness) was used for all MFC electrodes
(cathodes and anodes). Before any wet processing, GF samples were wetted with 10% (v/v) aqueous
propan-2-ol solution and washed well with distilled water. Thus, treated GF samples, while still wet,
were placed into MFCs as cathodes and a control anode (bare GF).

2.3. Anode Material Treatment

2.3.1. Electrochemical Oxidation of GF

First (before modification with diamines), GF was electrochemically oxidized for 2 h in
a flow-through reactor with the network of interdigitate channels, through which 10% aqueous
H2SO4 solution was circulated continuously at a 50 mL/min rate. The flow direction of the solution was
reversed every 10 min. The GF electrode being electrochemically oxidized was polarized positively
(as an anode), whereas another GF electrode was polarized negatively (as an auxiliary cathode).
Electrodes were separated by a proton-exchange membrane (PEM) Nafion®NRE-212 (Fuel Cell Store,
College Station, TX, USA). Potential difference between GF anode, which was being electrochemically
oxidized, and the auxiliary cathode was changed in square waves from 0 to 3.5 V. The impulse period
was 2 s with a duty cycle of 50%, i.e., t(on) = t(off) = 1 s. Electrochemically oxidized GF (GF-OX)
was thoroughly washed with distilled water until a neutral medium of rinsing water was obtained.
The GF-OX was then dried at 80 ◦C for 6 h. The hydrophilicity of dried GF-OX was tested by placing
a drop of distilled water on a surface of the sample.

2.3.2. Treatment with Ethylenediamine (Ethane-1,2-Diamine or EDA)

Method A. For direct treatment with EDA, a GF-OX sample was put into a mixture solution
containing 70 mL of EDA and 35 mL of N,N-dimethylformamide (DMF) and kept at 50 ◦C for 3 h.
The sample was washed with ethanol and water, and dried at 80 ◦C overnight.

Method B. A GF-OX sample was put into a mixture solution containing 100 mL of SOCl2 and 5 mL
of N,N-dimethylformamide (DMF) and was heated at 70 ◦C for 48 h. The sample was washed with
tetrahydrofuran (THF) and dried at 80 ◦C overnight. Afterwards, it was put into a mixture solution
containing 100 mL of EDA and 25 mL of DMF and heated at a reflux temperature of the mixture
(130 ◦C) for 48 h. The sample was washed with ethanol and water, and dried at 80 ◦C overnight [21].

Electrochemically oxidized graphite felt, treated with EDA, is hereinafter referred to
as GF-OX-EDA.



Processes 2020, 8, 939 4 of 15

2.3.3. Treatment with p-Phenylenediamine (Benzene-1,4-Diamine or pPDA)

Method A. For direct treatment with pPDA, a GF-OX sample was put into a solution of 100 mL of
DMF and 20 g of pPDA and was kept at 50 ◦C for 3 h. The sample was washed with ethanol and water,
and dried at 80 ◦C overnight.

Method B. A GF-OX sample was put into a mixture solution containing 100 mL of SOCl2 and
5 mL of DMF and was heated at 70 ◦C for 48 h. The sample was washed with THF and dried at 80 ◦C
overnight. Afterwards, it was put into a solution containing 100 mL of DMF and 20 g of pPDA and
heated at reflux temperature of the mixture (130 ◦C) for 48 h. The sample was washed with ethanol
and water, and dried at 80 ◦C overnight.

Electrochemically oxidized graphite felt, treated with pPDA, is hereinafter referred to
as GF-OX-pPDA.

2.4. Characterization of Electrode Materials

Qualitative and quantitative chemical composition of the surface of bare and modified GF electrode
filaments were investigated by Fourier-Transform Infrared (FT-IR) spectroscopy, Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analysis. The FT-IR spectra (ν, cm−1) of the
samples were recorded on a Spectrum GX FT-IR spectrometer (Perkin-Elmer, Waltham, MA, USA)
with additional equipment for the measurement in horizontal attenuated total reflection (HATR) mode.
The FT-IR spectra were recorded at room temperature in the wavenumber range of 4000–800 cm−1 with
a resolution of 1 cm−1. Each spectrum was averaged from 16 scans at a scan rate of 0.2 cm·s−1. Surface
morphology and elemental composition of the samples were investigated with a high-resolution
scanning electron microscope Hitachi S-3400N (Hitachi, Ltd., Tokyo, Japan) equipped with EDX
detector Bruker X Flash Quad 5040 (Bruker AXS GmbH, Karlsruhe, Germany).

2.5. Cell Cultures and Media

Shewanella putrefaciens wild-type NCTC (The National Collection of Type Cultures) 10695 [22] (DSM
No.: 1818, DSMZ—German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig,
Germany) were used as exoelectrogens in the MFCs. Sterilized LB broth [23] and minimal medium [24]
(18 mmol/L sodium DL-lactate, PIPES buffer 15.1 g·L−1, NaOH 3.0 g·L−1, NH4Cl 1.5 g·L−1, KCl 0.1
g·L−1, NaCl 5.8 g·L−1, NaH2PO4·H2O 0.6 g·L−1, Wolfe’s mineral solution 10 mL·L−1 (ATTC, Manassas,
VA, USA), Wolfe’s vitamin solution 10 mL × L−1 (ATTC, Manassas, VA, USA), L-glutamic acid 2 g·L−1,
L-arginine g·L−1, serine g·L−1) were used for liquid culture preparation and LB Agar (Sigma-Aldrich,
St. Louis, MO, USA) plates were used for culture maintenance. Single colonies on LB Agar plates freshly
streaked from a frozen glycerol stock culture of S. putrefaciens were transferred to 15 mL of LB broth and
incubated aerobically at room temperature while shaking at 100 rpm (ES-20 Compact Shaker-Incubator,
Grant Instruments, Cambridge, UK) for 48 h. Afterwards, 15 mL of culture were spun down at
3000 rpm during 10 min (Hettich Universal 320R, Andreas Hettich GmbH & Co, Tuttlingen, Germany).
The pellet was resuspended in 15 mL of minimal media and transferred to a sterile Erlenmeyer flask
with 185 mL of minimal media for 72 h of cultivation using the same conditions. Finally, 200 mL of
media were centrifuged at 3000 rpm during 10 min; the pellet was resuspended in 15 mL of minimal
media and injected in the microbial fuel cell.

2.6. MFC Design and Operation

Three two-chamber MFCs (approx. 32 mL volume of anode and cathode chambers with the
network of interdigitate channels, separated by a 10× 10 cm size PEM Nafion®NRE-212 (Fuel Cell Store,
College Station, TX, USA) were constructed and used to investigate operation performance of the MFCs
by using bare GF and surface modified anodes. All MFCs were operated in batch mode using minimal
medium as an anolyte with aqueous 60% (v/v) sodium DL-lactate added to maintain its concentration
in the medium at 18 mmol/L. Anolyte, supplied from the anolyte reservoir, was circulated by means of
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a peristaltic pump (BS100-1AQ, Fluid Technology Co., Ltd., Baoding, China) at 6.25 mL·min−1 rate
under anaerobic conditions provided by constant flow of nitrogen in the anode part of the system.
In all MFCs, cathodes were made of bare GF and phosphate-buffered saline (PBS, pH 7.2), supplied
from catholyte reservoir and aerated with air, was used as a catholyte, which was circulated by means
of a peristaltic pump at 18.18 mL·min−1 rate. The short-term operation of MFCs under different loads
of the electric circuit was investigated by using the potentiostat-galvanostat SP-150 (BioLogic Sciences
Instruments, Seyssinet-Pariset, France) connected directly to each MFC. The resistance of electric circuit
was changed from 15 Ω to 2000 Ω programmatically by controlling the current such that the ratio
voltage/current kept constant.

Open circuit potential (OCP) and chronoamperometric (CA) measurements of bare GF
cathode in aerated and deaerated PBS (aeration with air or passing of N2 gas, respectively,
at the rate of ~0.5 dm3/min for 2 h before and throughout the experiment) were performed in
a standard three-electrode electrochemical cell using potentiostat/galvanostat SP-150 (BioLogic
Sciences Instruments, Seyssinet-Pariset, France) interfaced with the EC-Lab v10.39 software.
In an electrochemical cell, a bare GF cylinder with the dimensions of 6 × 6.5 mm (diameter × thickness)
mounted in a special Plexiglas holder was used as a working electrode, which investigated surface area
of 12.5 mm2 was obtained by the 4 mm diameter hole in the clamping plate of the holder. A rectangular
Pt plate with a surface area of approx. 10 cm2 and an Ag/AgCl electrode filled with saturated aqueous
KCl solution (E vs. SHE = 0.197 V) were used as counter and reference electrodes, respectively.

The long-term performance of MFCs was investigated by connecting a passive electric load to
each of them, i.e., a voltage divider consisting of 620 and 39 Ω resistors connected in series. The total
electric load was 659 Ω. The voltage variation over time was measured across the 39 Ω resistor by
using data logger USB TC-08 (Pico Technology Ltd., St Neots, UK) connected to the personal computer
for data collection. The actual values of voltage and current generated by each MFC were calculated
by applying Ohm’s law for a part of the circuit.

In order to study the operation of MFCs at lower than room temperatures, all MFCs were
placed in a refrigerator, in which temperature was controlled by the electronic thermostat PCR-110
(Honeywell, Charlotte, NC, USA). In the refrigerator, the temperature of all MFCs was lowered from
room temperature (20 ± 1 ◦C) down to 0 ◦C in approx. 5 ◦C increments.

3. Results and Discussion

3.1. Anode Material Treatment

Initially, as a preparation for electrochemical oxidation, bare GF samples were wetted with 10%
(v/v) aqueous propan-2-ol solution, which has a lower surface tension than pure water to wet the
surface of GF filaments. Propan-2-ol displaced absorbed air gas from the surface of GF filaments
and interfilamental cavities, molecules of propan-2-ol and water absorbed instead and thus made GF
wettable, i.e., temporarily hydrophilic. Washed well with distilled water and still wet bare GF was
oxidized electrochemically in H2SO4 solution under flow-through mode with the aim of introducing
oxygen-containing functional groups (mainly, carboxylic and epoxy groups), which later would
participate in the reaction with organic diamines and form amide -CO-NH- and ≡C-NH- bonds on the
surface of GF. Schematic representation of electrochemical oxidation of bare GF is provided in Figure 1.
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Figure 1. Schematic representation of electrochemical oxidation of graphite felt (GF) in 10%
H2SO4 solution.

As seen from the EDX analysis results (Table 1), long-term (2 h) electrochemical oxidation resulted,
as expected, in a significant increase in oxygen atomic concentration (from 1.0% to 18.8%) on the
filament surface of GF-OX, whereas the concentration of carbon and nitrogen decreased by 14.9% and
2.9%, respectively. These changes have proven the formation of the oxygen-containing functional
groups on the GF-OX surface.

Table 1. Data of Energy Dispersive X-ray (EDX) analysis of bare GF, GF-OX, GF-OX-EDA,
and GF-OX-pPDA samples.

Sample
Concentration of Element, at. %

C O N

Bare GF 92.9 1.0 6.1
GF-OX 78.0 18.8 3.2

GF-OX-EDA 77.8 9.0 13.2
GF-OX-pPDA 77.9 9.8 12.3

The formation of carboxylic and epoxy groups during electrochemical oxidation has been
confirmed by the FT-IR analysis data. As the comparison of FT-IR spectra of bare GF and GF-OX has
revealed (Figure 2), in the spectrum of the latter, new absorption bands at 1742 and 1262 cm−1 are
present and the increase in intensity of the absorption band, the maximum of which is at 1092 cm−1,
is observed. An absorption band at 1742 cm−1 has been attributed to stretching frequencies of C=O in
the –COOH groups, and the peaks at 1262 and 1092 cm−1 correspond to the stretching of phenolic
C-O and epoxy C-O-C groups, respectively. A very intensive peak with the maximum at 1626 cm−1 is
present in the FT-IR spectra of all samples (both unmodified GF and modified GF-OX, GF-OX-EDA,
and GF-OX-pPDA samples). It is characteristic of the aromatic C=C bond bending in graphite structure.
Similarly, the peak characteristic of all sample spectra at 1384 cm−1 has been assigned to the C-H rock
in methyl groups at the edges of graphite structure [25].
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Figure 2. Fourier-Transform Infrared (FT-IR) spectra of bare GF, electrochemically oxidized (GF-OX)
and modified with ethylenediamine (EDA) (GF-OX-EDA) and pPDA (GF-OX-pPDA).

The presence of O-containing functional groups on the surface of GF makes it hydrophilic. A drop
of distilled water, placed on the surface of dried GF-OX, seeped into GF-OX, confirming that GF-OX
had become permanently hydrophilic and could be used in further experiments without wetting with
low surface tension aqueous alcohol solutions.

The N-(2-aminoethyl)carbamoyl and 2-aminoethylamino or N-(4-aminophenyl)carbamoyl and
2-aminophenylamino moieties were introduced onto the GF-OX filament surface via one-step reaction
in DMF at 50 ◦C in a relatively short period of time (3 h) (Method A) (Figure 3), contrasting to the
two-step procedure reported by Zhu et al. for modification of carbon felt [21].

For comparison reasons, the N-(2-aminoethyl)carbamoyl and 2-aminoethylamino or
N-(4-aminophenyl)carbamoyl and 2-aminophenylamino moieties were introduced onto the GF-OX
surface by this two-step procedure as well (Method B).

GF-OX was treated with SOCl2 at 70 ◦C for 48 h to form acyl chloride -COCl groups. Subsequently,
it was treated with EDA or pPDA at 130 ◦C for another 48 h in order to enable diamine reaction with acyl
chloride -COCl groups (Figure 4) [22]. The results of EDX analysis of thus obtained GF-OX modified
with EDA or pPDA were identical to the ones of GF-OX modified with these diamines via one-step
reaction. As the results of the EDX analysis have shown (Table 1), nitrogen atomic concentration
increased up to ~13% (at.) (when treated with EDA) and ~12% (at.) (when treated with pPDA). Oxygen
atomic concentration decreased to ~9% (at.) and ~10% (at.), respectively.
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Figure 4. Reaction scheme of two step modification (Method B) of electrochemically oxidized graphite
felt (GF-OX) with ethylenediamine and p-phenylenediamine.

The formation of an amide bond during modification reactions with EDA and pPDA has been
confirmed by the FT-IR analysis data (Figure 2). In the FT-IR spectra of GF-OX-EDA and GF-OX-pPDA
samples, a new shoulder of absorption bands at 1576 cm−1 is present and has been attributed to the
N-H bending of the amide group [25]. Amides are the most stable carboxylic acid derivatives; therefore,
it has been assumed that they should not hydrolize under mild conditions of minimal media used as
an anolyte in MFCs.

3.2. MFC Performance

The efficiency of all three MFCs, the only difference of which was in the anode material used,
was investigated while maintaining all other parameters and conditions (temperature, electric
load, aeration intensity, etc.) identical. The scheme of operating MFC and the measurement of
its electrochemical characteristics are shown in Figure 5.
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Figure 5. Schematic view of an operating microbial fuel cell (MFC) and measurement of its
electrochemical characteristics. Here: 1—flow-through MFC, 2—PEM, 3—bare or modified GF anode,
4—bare GF cathode, 5—anolyte reservoir, 6—catholyte reservoir, 7—peristaltic pump, 8—diaphragm
air pump, 9—airlock.

The overall electrochemical processes, which take place on the surface of the anode and cathode
during MFC operation, could be described by the following equations:

Anodic process:

H3CCH(OH)COO−(aq) + 6H2O(l)→ 3HCO3
−(aq) + 14H+(aq) + 12e−

Cathodic process:
O2(g) + 4H+(aq) + 4e−→ 2H2O(l)

The OCP and CA measurements in aerated and deaerated PBS have revealed that PBS aeration
significantly influenced the electrochemical activity of the bare GF cathode (Figure 6). The OCP value
of the bare GF electrode in the aerated PBS, which stabilized after 1 h, was higher by approx. 20 mV
than the one in deaerated PBS. Furthermore, the cathodic polarization of the bare GF electrode in
25 mV steps from the OCP resulted in an evident increase in cathodic current in aerated PBS in contrast
to the deaerated one. Although the recorded current density values were quite small (in the order of
tens and hundreds of µA/cm2), which is typical for electrodes possessing no catalytic properties in
oxygen electrochemical reduction, the cathodic current density was approx. 65 µA/cm2 even at the
lowest cathodic polarization of 25 mV. This current density value was more than 10 times higher than
the current density values (maximum values were 4–5.5 µA/cm2) generated by the investigated MFCs.
The current density generated by the MFC was calculated according to Ohm’s law by dividing the
measured MFC voltage values by 659 Ω electric load and the cathode and anode working surface area,
which was equal to 49 cm2). Therefore, it can be stated that the electrochemical oxygen reduction on
the bare GF cathode was not a limiting process in all MFC electrochemical performance experiments.
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Figure 6. Curves of open circuit potential change over time (a) and chronoamperograms (b) of bare GF
cathode in aerated and deaerated PBS. Each step in chronoamperograms corresponds to an increase of
cathodic polarisation by 25 mV starting from open circuit potential (OCP).

After filling all MFCs with minimal medium as an anolyte and PBS as a catholyte, anolytes and
catholytes were first circulated at a constant rate for 12 h in order to allow full absorption of the solutions
by the porous GF electrodes, hydration of PEM, and temperature stabilization of all parts ensuring MFC
operation. All three MFCs generated 0 V voltage prior introduction of S. putrefaciens into the systems.
Thereafter, an equal volume (15 mL) of bacterial culture was added to the anolyte of each MFC. Voltage
generation and its steady growth was already observed during the first hours (Figure 7). Over the
first 3 h after the introduction of bacteria into anolytes, the fastest increase of voltage and current
was observed for the MFC with the anode from GF modified with p-phenylenediamine. After 3 h,
the voltage generated by this MFC was 76.8 mV (approx. 7.2 times higher than that of the control),
the MFC with the anode from GF modified with ethylenediamine generated 36.1 mV (approx. 3.4 times
higher than that of the control), while the control MFC with bare GF as an anode generated just 10.7 mV.
It can be assumed that the inoculation and vital activity of S. putrefaciens bacteria were more favoured
on the surface of modified GF filaments.
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temperature at an electric load of 659 Ω. Surface power density values for MFCs with different anodes
calculated over a 48–72 h period (presented above a corresponding curve).
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The voltage of all MFCs reached maximum values and stabilized after 24 h. This can be attributed
to the complete inoculation of bacteria on the anodes. A particularly sudden voltage rise and the
maximum stable average voltage value (approx. 177 mV) over the period of 24–72 h were observed in
the case of the MFC with the GF-OX-pPDA anode. Meanwhile, MFCs with bare GF and GF-OX-EDA
anodes generated voltage with significantly lower average values over the same period of time but
very close, approx. 134 and 142 mV, respectively. Values of voltage generated by all MFCs remained
stable at the same level for 3 and more days (one month). The average voltage value generated by the
MFC with the anode from GF-OX-pPDA was 1.32 times (32%) higher than that of the control MFC,
whereas the MFC with the anode from GF-OX-EDA generated an average voltage 6% higher than the
MFC with a bare GF anode.

The values of the surface power density for each MFC (Figure 7) were calculated over the period
of 48–72 h according to the following equation:

SPD =
U2
·R

S

Here: SPD—surface power density of MFC; U—voltage of MFC, V; R—electric load (resistance of
electric circuit) equal to 659 Ω; S—surface area of face-to-face anode and cathode, m2.

It can be concluded that introduction of benzene rings along with amino groups in the form of
N-(4-aminophenyl)carbamoyl and 2-aminophenylamino moieties onto the surface of GF filaments
favoured the biofilm formation of S. putrefaciens bacteria and the electron transfer processes to the anode.

When the stable MFC operation had been achieved, short-term MFC performance efficiency tests
were performed by varying the amount of electrical load. It had been observed that the most stable
surface power density was provided by all MFCs at electrical circuit loads greater than 500 Ω (Figure 8).
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Meanwhile, at electrical circuit loads of 500 Ω and lower, a power jump (peak) was observed
after each 15 min open circuit period, after which the power of all MFCs decreased steadily, but did
not reach stable values during the 10 min closed circuit period. It should be noted that, already at
this stage of the investigation, it was obvious that the MFC with the GF-OX-pPDA anode generated
the highest power. After calculating the surface energy density generated by all MFCs over a 10 min
period over the entire range of applied electrical loads, it had been proven that the MFC with the
GF-OX-pPDA anode generated the most energy, and values of generated energy by MFCs with bare
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GF and GF-OX-EDA anodes were lower yet similar to each other (Figure 9). The amount of energy
generated by the MFC with the GF-OX-pPDA anode over a 10 min period was significantly higher than
the amount of energy generated by other MFCs at lower (250–15 Ω) electrical circuit loads. A sharp
drop in surface power density occurs when the circuit is again loaded with 500 Ω or lower electric load
after the open circuit period is supposedly related to the polarisation of bioanode.
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As another stage of the investigation of the performance of three MFCs with different anodes,
the influence of temperature on MFC performance was evaluated.

After placing all MFCs with their anolyte and catholyte reservoirs and peristaltic pumps ensuring
their circulation in a refrigerator and reducing the temperature from room (average 20.9 ◦C) to 0 ◦C,
a synchronous decrease in the voltage of all MFCs was observed (Figure 10). S. putrefaciens is a specific
spoilage organism of refrigerated marine fish, some vacuum-packed meats, and chicken [26]. It is
well known that lowering the temperature lowers the metabolic rate of prokaryotes [27]. The chilling
process reduces the growth rate of S. putrefaciens as well. The critical aspect of S. putrefaciens is its
ability to grow at 0 ◦C [28]. Cold-adapting mechanism includes increased fluidity of lipid membranes
by the ability to finely adjust lipids composition [29]. Therefore, S. putrefaciens should be active in
an MFC at low temperatures as well.

The most significant drop in voltage of all MFCs was observed by cooling them from approx. 6.2
to 0.0 ◦C. At 0.0 ◦C, the highest voltage drop was observed in the MFC with the GF-OX-EDA anode
(down to ~127 mV) and the lowest one was obtained in the MFC with the GF-OX-pPDA anode (down
to ~42 mV). After the cooling was terminated and MFCs were allowed to naturally warm up to room
temperature, the voltage values of all of them returned to the same levels that were recorded before the
cooling experiment. Therefore, it can be assumed that when temperature decreased down to values
close to 0 ◦C, the slowing down of bacteria metabolism resulted in a decrease in voltage generation
by MFCs. It can be envisaged that more time might be needed for a low-temperature adaptation
mechanism of S. putrefaciens at a temperature close to 0 ◦C.
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4. Conclusions

In summary, graphite felt was electrochemically oxidized and treated with ethylenediamine or
p-phenylenediamine in one-step short procedure resulting in introduction of amino groups on its
surface. A microbial fuel cell with the anode treated with ethylenediamine generated just slightly
higher voltage than the MFC with the anode from bare GF, whereas the MFC with the anode from
GF modified with p-phenylenediamine provided approx. 32% higher voltage than the control MFC,
when electric circuits of investigated MFCs were loaded with resistors of 659 Ω. Surface power density
of the latter MFC was approx. 1.75 times higher than that of the control. Decreasing temperature down
to 0 ◦C resulted in just an approx. 30% reduction in voltage generated by the MFC with the anode
from GF modified with p-phenylenediamine.
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