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Abstract

Background: Microbial fuel cells (MFCs) are among the leading research topics in the field of alternative energy
sources due to their multifunctional potential. However, their low bio-energy production rate and unstable perfor-
mance limit their application in the real world. Therefore, optimization is needed to deploy MFCs beyond laboratory-
scale experiments. In this study, we investigated the combined influence of electrode material (EM), electrode spacing
(ES), and substrate feeding interval (SFI) on microbial community diversity and the electrochemical behavior of a soil
MFC (S-MFC) for sustainable bio-electricity generation.

Results: Two EMs (carbon felt (CF) and stainless steel/epoxy/carbon black composite (SEC)) were tested in an S-MFC
under three levels of ES (2,4, and 8 cm) and SFI (4, 6, and 8 days). After 30 days of operation, all MFCs achieved
open-circuit voltage in the range of 782 + 12.2 mV regardless of the treatment. However, the maximum power of the
SEC-MFC was 3.6 times higher than that of the CF-MFC under the same experimental conditions. The best solution,
based on the interactive influence of the two discrete variables, was obtained with SEC at an ES of 4.31 cm and an
SFl of 7.4 days during an operating period of 66 days. Analysis of the experimental treatment effects of the variables
revealed the order SFI < ES < EM, indicating that EM is the most influential factor affecting the performance of S-MFC.
The performance of S-MFC at a given ES value was found to be dependent on the levels of SFI with the SEC electrode,
but this interactive influence was found to be insignificant with the CF electrode. The microbial bioinformatic analy-
sis of the samples from the S-MFCs revealed that both electrodes (SEC and CF) supported the robust metabolism of
electroactive microbes with similar morphological and compositional characteristics, independent of ES and SFI. The
complex microbial community showed significant compositional changes at the anode and cathode over time.
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Conclusion: This study has demonstrated that the performance of S-MFC depends mainly on the electrode materi-
als and not on the diversity of the constituent microbial communities. The performance of S-MFCs can be improved
using electrode materials with pseudocapacitive properties and a larger surface area, instead of using unmodified CF

electrodes commonly used in S-MFC systems.

Keywords: Sustainable bio-electricity, Soil microbial fuel cell, Optimization, Electrode spacing, Material, Substrate

Background
Microbial fuel cells (MFCs) are bio-electrochemical
devices capable of using electroactive bacteria (EAB)
present in the environment to oxidize organic mate-
rial and transfer electrons to an electrode as part of
their metabolism to generate bio-electricity. It has been
shown that practical usable energy can be derived from
MECs [1] with the help of environmental consortia
[2, 3]. One such promising MFC is soil (S-MFC) with
high potential for real-world applications [4, 5]. How-
ever, their low energy production rate and performance
instability limit their application [6] in the real world.
Therefore, optimization (both architectural and bio-
logical) is required to achieve optimal S-MFC system
performance for direct practical applications. The indi-
vidual aspects of S-MFCs, that are the focus of research
are stack configuration, reactor design [7], electrode
materials, inoculum, and operating conditions [8].
Unlike most electrical and chemical energy systems,
which have a constant output power due to stable phys-
ical or chemical reactions, the output power of MFC
is determined by the dynamic microbial activity [8] in
the system. Therefore, the output power of a typical
MEC is constantly changing depending on microbial
activities and environmental conditions. The maximum
power point (MPP) commonly reported is only a point-
in-time estimate of the performance of MFCs. The
usefulness of a bioenergy source requires long-term
sustainability of its performance. The growth cycle of a
bacterial culture generally has four distinct phases: the
lag phase, in which bacteria are metabolically active but
not dividing; the exponential phase, in which growth
is exponential; the stationary phase, in which growth
reaches a plateau as the number of dying cells equals
the number of dividing cells; and the death phase, char-
acterized by an exponential decline in the number of
living cells [9, 10]. The electrical output of S-MFCs and
most other MFCs follows the bacterial growth cycle.
The stationary phase, during which maximum power
is also achieved, lasts only a few seconds, minutes, and
hours [11, 12] or at best a few days [13, 14], depending
on the system. Therefore, an effective way to maximize
the contribution of electrochemically active bacteria to
the electrical performance of a bio-electrochemical sys-
tem is to optimize the substrate, electrode material, and

electrode potential [15, 16] as well as other influencing
parameters [17].

The most important factors determining the avail-
ability of oxygen and substrate in a membrane-less sin-
gle chamber S-MFC are the spacing of the electrodes and
the frequency of treatment with a substrate. In addition,
the anode—cathode distance plays an important role in
ensuring efficient charge transfer between the electrodes
to maintain the charge balance of the system [4]. The
design of an optimization study of S-MFCs must, there-
fore, consider these factors and the treatment effects of
their interaction. In addition, the type of electrodes influ-
ences the performance stability of fuel cells [18].

The effect of electrode spacing (ES) on the power out-
put of a S-MFC at a constant substrate feed rate was
recently studied [4]. While a smaller ES initially resulted
in better performance, a reversal of the performance
trend was observed with extended feeding. This obser-
vation was attributed to inappropriate intervals between
substrate feedings (SFI) that negatively affected the per-
formance of the S-MFC at lower ES, highlighting the
need to find an appropriate SFI to continue to maximize
performance at lower ES. Substrate depletion or limited
carbon source [19] during batch operation results in a
gradual decrease in S-MFC performance [20, 21]. Most
MECs designed for wastewater treatment operate at con-
tinuous flow to prevent substrate depletion [8]. How-
ever, continuous substrate feed is not possible in most
S-MFCs due to their particular configuration [4]. There-
fore, S-MFCs usually use a fed-batch mode, but the best
time to feed must be found to prevent the substrate from
becoming a limiting factor while reducing the effect of
oxygen cross-over to the anodic region.

Electrode material (EM) is one of the most impor-
tant material factors that influence the performance of a
MEC. In addition to conductivity and large surface area,
the biocompatibility of the electrode is very important
for biofilm attachment [22] and efficient electron trans-
fer. Carbon-felt (GF) electrodes are most commonly used
in S-MECs [4, 23, 24]. In addition to conductivity, cor-
rosion resistance and ease of handling also contribute to
the suitability of the CF electrode [25] for use in the soil—
water environment. So far, both the cathode and anode
of S-MFCs are mainly made of carbon-based materials,
such as carbon brush, carbon cloth, carbon felt, graphite
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rods, and granulated carbon. However, the high resist-
ance of the soil limits the performance of pure carbon
electrodes in S-MFCs. Li et al. reported that an electrode
made by rolling activated carbon and carbon black onto
a stainless steel current collector [26] performed bet-
ter than CF in a S-MFC. In a similar study, Simeon et al.
showed that improving electrode capacity using stainless
steel impregnated with carbon black resulted in three
times better performance in an S-MFC compared to a
CF electrode [27]. These important parameters affect-
ing S-MFC performance have more often been stud-
ied independently without considering the interactions
between two or more independent variables [28]. While
many studies have focused on the material and architec-
tural aspects of MFCs, the influence of the interaction of
important boundary conditions on power output or the
response of the diverse microbial community to a com-
bination of these boundary conditions is generally still
unclear in S-MFCs. Single-factor experiments usually
lead to inconclusive and non-reproducible solutions,
since MFCs are complex systems whose performance
is determined by the interaction of multiple parameters
[29]. Therefore, optimization of the S-MFC systems that
incorporate multiple input parameters is necessary for
improved performance [30, 31].

In this study, the interactive influence of three impor-
tant parameters (SFI, EM, and ES) on the magnitude and
stability of S-MFC power output was investigated to find
the combination of these parameters that would achieve
optimal performance of the S-MFC. The response of
microbial community diversity was also investigated to
determine the contribution of the microbial component
of the S-MFC to the performance of different EMs. While
the MFC consisted of complex microbial community
diversity in all treatments, the results showed that among
the factors studied, the electrode material was the most
influential factor determining the performance and sta-
bility of the S-MFC for long-term bio-electricity harvest-
ing for real-world applications.

Results and discussion

Individual treatment effects of electrode material, spacing,
and feeding frequency

Figure 1 compares the performance of the S-MFC at dif-
ferent combinations of treatment levels. Only selected
results around the optimal performance are shown to
avoid unnecessary duplication (The power profiles of the
S-MEC in terms of open circuit voltage (OCV) and power
at all treatment levels are provided in the supplementary
document). The MFCs built with SEC electrodes (SEC-
MECs) showed better performance than the CF—~MFCs
at all treatment levels (Fig. 1A, B, E). The better perfor-
mance of the SEC-MFCs can be explained by their lower
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resistance (Fig. 1E). Based on a single-point estimation
from the MPP, the overall best performance (834.5 uW or
251.5mW/m?) at a current of 1.77 mA and a resistance
of 265 Q for the SEC-MFC was obtained on day 33 at
2 cm ES due to its lower internal resistance, but this per-
formance could not be sustained over a long operating
period during substrate feeding probably due to oxygen
transfer to the anode and possible short-circuit effects
as the conductivity of the bulk electrolyte increased. For
the CF-MFC, the best performance based on a single-
point performance estimate was 234 pW (73.54 mW/m?)
and was obtained at ES of 4 cm and SFI of 6 days, after
66 days. The average treatment effects (ATE) of each of
the factors was calculated from Eq. 1, assuming complete
randomization:

1¢ highlevel lowlevel
ATE=22 0 yee M
where n is the number of observations and y is the
response or measured observation.

Considering one factor at a time and neglecting the
effects of other factors and their interactions, there
were six observations (7 =6) for each level of ES and SFI
(Table 1). The ATE of ES between 2 (low level) and 8 (high
level) was — 96.4 uW using only the maximum responses
at these levels. This means that the maximum power
decreased by an average of 96.4 uW when the ES was
increased from 2 to 8 cm. This indicates that a lower ES
produces higher power in S-MFC when other influenc-
ing factors are constant. The better performance at lower
ES is due to lower R, as can be established from Fig. 1E.
From the result shown in Fig. 1E, it can be deduced that
for the SEC electrode, the R, increased by 25.4% and the
power decreased by 42% when ES was increased from 2
to 4 cm. Similarly, when ES was increased from 4 to 8 cm,
R, increased by 11.8% and power decreased by 20%. In
contrast, for the CF electrode, increasing ES from 2 to
4 cm and from 4 to 8 cm resulted in a percentage increase
in R, of 18.6 and 43.5, respectively, and a percentage
decrease in the power of 39.1 and 133.3, respectively.
This shows that the performance of the S-MFC in this
study depended on the different variables and the result-
ing interactive effects. When the SFI was increased from
4 to 8 days, the ATE was 14.2 uW, indicating that feed-
ing too frequently had a negative effect on S-MFC perfor-
mance. To gain further insight into the treatment effects
of the variables, including their interactions, all observa-
tions between days 18 and 66 [when substrate feeding
occurred and most MFCs reached stability (Additional
file 1: Fig. S1)] were used to calculate the ATE (Fig. 1F). It
can be concluded that performance was best at an ES of
2 cm without the influence of SFI, but that with substrate
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feeding, higher ES resulted in a better and more stable

performance of the SMFC. With an ES of 2

cm, perfor-

mance was more stable at the SFI of 6 days, but perfor-
mance stability decreased when SFI was increased to

8 days. The 2-cm ES also showed the fastest

response to

substrate feeding, while the 8-cm ES showed the slowest.
The SFI of 8 days resulted in a more stable performance
with 4 cm and 8 cm ES (see Additional file 1: Fig. S1 for
details). For the EMs, the ATE showed that the power of
the S-MFCs increased by 458.16 uW by switching from
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Table 1 Experimental treatments (ES, SFI, and EM) and response
in maximal power for each MFC. The responses are presented as
mean = standard deviation for each MFC

MFC  Factor 1 A: Factor2B: Factor3C:EM ResponseP (uW)
ES (cm) SFI (day)

1 8 6 SEC 471.6+68.1

2 2 6 CF 10334210

3 2 8 SEC 248+ 164.7°
4 4 6 SEC 43894623

5 8 8 CF 102.7+42.6

6 8 4 CF 20.1£18.1

7 4 8 CF 69.3+66.4
8 4 4 SEC 359.21£585

9 2 4 CF 834122
10 8 6 CF 33+£228
1 8 8 SEC 253.2+£304
12 4 8 SEC 516.7£544
13 4 4 CF 2434223
14 2 8 CF 77£129
15 2 6 SEC 397 +£264.2°
16 8 4 SEC 313.1£719
17 2 4 SEC 304.3+299.2°
18 4 6 CF 109.8£75.2

?The large standard deviations at 2 cm ES showed that the MFCs’ performance
was most unstable at this electrode spacing

CF to SEC electrodes during the operating period when
the average of the maximum observation at each level
was used to calculate the ATE. However, when the aver-
age of all observations within the stability window (days
18 and 66) was used, the ATE was 324.05 pW (Fig. 1F),
proving the superiority of the SEC electrode over the CF
electrode in the S-MFC in terms of both magnitude and
stability.

Using the ATEs, it can be concluded that the treat-
ment effects of the individual factors are in the order of
SFI<ES<EM. Irrespective of the treatment levels of ES
and SFI, the SEC-MFC exhibited better performance
than the CF-MFC. The higher resistance and occurrence
of power overshoot with the CF-MFC (Fig. 1B) testi-
fies to the poor performance of the unmodified CF elec-
trode in S-MFC. The performance trend shown in Fig. 1E
has shown that the total internal resistance of SMFCs
mainly depends on the type of electrodes used as anode
and cathode, as well as the electrode spacing. However,
by considering only the ATEs of the individual factors,
it is difficult to find a single solution to the optimization
problem, since the interactive effects have not been fully
considered. The sustainability of the power at each level
of ES and SFI was also not accounted for by considering
only the maximum performance. Therefore, to obtain a
single solution which is the point of convergence of all
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the levels of the factors including their interaction, the
average performance between days 18 and 66 when most
of the MFCs attained stable performance was used to
model the power as a function of the ES and SFI for each
electrode material.

Optimization responses and interactive effects

Table 1 shows the average responses obtained under
different combinations of the selected variables in the
experimental design. The response (power) used in the
model for each run was obtained from experimental
data averaged over 17 actual measurements of the MFCs
between days 18 and 66.

Figure 2 shows the response surface three-dimensional
(3D) plots generated by optimizing the parameters. The
influencing variables used are ES (A), SFI (B), and EM
(C). The responses are shown in two different graphs
(Fig. 2a, b), since factor C is categorical and there can be
no possible interaction between the two different EMs.
The quadratic model (Additional file 1: Table S1) created
from the optimization system using Design expert was
significant with an R? value of 0.9568 and an adjusted R?
value of 0.9135, which is a reasonable match to the pre-
dicted R* value with a difference of less than 0.2.

The F value of the model also shows that the probabil-
ity of error due to noise is only 0.01%, indicating that the
model can be used to navigate the design space. EM and
the squared value of ES were the only model terms that
were found to be significant (significance level: « =0.05).
Details of the models and the analysis of variance for the
model terms are provided in the supplemental docu-
ment (Additional file 1: Table S1). Response surface plots
were created to examine the effects of each parameter
and to determine if there was a significant interaction
between any two of the parameters. The existence of a
second-degree polynomial relationship between power
and SFI and power and ES is evident for the SEC elec-
trode (Fig. 2a). The response surface for CF, on the other
hand, shows a nearly parallel relationship, revealing no
significant interaction between ES and SFI. The plots of
the interactive effects of ES and SFI shown in Fig. 2c pro-
duced non-parallel lines, indicating that the effect of ES
on maximum power depends on the level of SFI. There
was a point of convergence for the values of the two dis-
crete variables that gave the range of the best solution
for the combination of the two discrete variables for SEC
and CF (Additional file 1: Table S2). The overall best solu-
tion for 2 combinations of ES and SFI yielded 0.476 mW
(P) at 4.31 cm (ES) and 7.4 days (SFI) for the SEC elec-
trode; and 0.113 mW (P) at 6.4 cm (ES) and 7.2 days (SFI)
for CF. Better performance was obtained with larger ES
when SFI was between 5.5 and 6.5 days, while the optimal
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performance (0.476 mW) predicted by Design Expert was
obtained with SEC at an ES of 4.3 cm and SFI of 7.4 days.

Impedance spectroscopy, specific surface area,
and conductivity of electrodes
The impedance characteristics of the electrodes have
a great influence on the electrodes. Although the LSV

results (Fig. 1) showed that the S-MFCs operated with CF

had a higher R

int’

the distribution of this internal resist-

ance could not be determined. Therefore, EIS was per-
formed to determine how the two different electrodes
affected the impedance and capacitive characteristics
of the S-MFCs and which component of the imped-
ance parameters contributes most to the R; . The EIS
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was performed during the steady state of the best MFCs
based on the two EMs at SFI of 6 days and ES of 2, 4,
and 8 cm. The Bode plots of the EIS are shown in Fig. 3.
Table 2 shows the calculated EIS parameters by simulat-
ing the measured data from the Nyquist plot (Additional
file 1: Figs. S2 and S3) with an electrical equivalent circuit
(Fig. 9a).

The SEC-MFCs and CEF-MFCs electrodes produced
comparable Ohmic resistance (Ryy,,;.) values, as shown
in Table 2. In general, Ry comprises the resistance
caused by the conductivity of the bulk electrolyte (in this
case mud), the biofilm, the catholyte, and the electronic
resistance of the electrodes [32] due to current collectors.
One factor that could influence the low performance of
the CF electrode is the current collector used, in this
case, titanium wire. The SEC electrode was connected by
extending the base stainless steel mesh, which may have
created multiple contact points and thus a more efficient
electron transfer path. However, to avoid poor electrical
contact between the current collector and the fibers of
the CF, the wire was wrapped around the electrode. The
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Table 2 EIS parameters fitted with an equivalent circuit

EM-ES (cm) Rohmic (Q) C(F) R (Q) o (Q.s7"?)
CF-2 28 431E-21 13752 367

CF4 60.7 1.70E-12 1352 16.1

CF-8 1033 294E-14 986.6 19.5

SEC-2 212 1.14E-04 97.7 4

SEC-4 444 2.90E-05 987 6.6
SEC-8 702 3.86E-06 455 32

CE-MECs produced comparable Ry, i to the SEC-MFC
at all ES levels, suggesting that their poor performance
was not related to the poor contact between the current
collector and the electrode. The proportionality of Ropmic
to ES can be seen for both electrodes. This illustrates
why better performance was obtained at lower ES when
the influence of SFI was minimal. The CF-MFCs were
dominated by charge transfer resistance and slow diffu-
sion processes at low frequencies as indicated by the high
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Fig. 3 Bode impedance characteristics of the S-MFCs with different EM and ES: impedance as a function of frequency (left) and Phase shift as a
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diffusion coefficient (o) (although the Warburg imped-
ance component was used in the equivalent circuit, only
the coefficient can be estimated with the EC-Lab soft-
ware). The SEC-MFCs have comparable Rgyi. values
but are characterized by lower charge transfer resistance
and higher capacitance. The pseudocapacitive behavior
of the SEC-MFCs is well-illustrated by the peaks in the
phase shift of the Bode plot spectrum (Fig. 3). With the
SEC electrode, the capacitance value was higher at lower
ES, suggesting that the S-MFC built with SEC electrode
could function as a self-charging supercapacitor with
the electrodes as parallel plates and the mud as the die-
lectric. The pseudo-capacitance of the SEC electrodes
contributed to charge storage and resulted in better per-
formance of the SEC-MFC compared to the CF-MFC
which lacks the capacitive properties [27]. The larger
charge transfer resistance of CF may have resulted from
the large void spaces between the conductive fibers of the
CF electrodes as can be seen in the SEM images (Fig. 4)
and the low capacitive property (Table 2). The resistance
characteristics of the S-MFCs obtained From LSV and
EIS are very similar showing clearly that the performance
of the unmodified CF electrode in S-MFC is limited by
high R,,.. In addition, the EIS result showed that higher
resistance to charge transfer and mass transport were
the major resistive components of the CF—~MFC that
contributed to its poorer performance compared to the
SEC-MEC.

Interestingly, the investigation of the conductivity
of the electrodes revealed that the CF electrode has a
higher conductivity due to its lower resistivity than the
SEC electrode (Table 3). The lower conductivity of the
SEC is attributed to the non-conductive polymer binder
used to bind the conductive CB to the stainless steel
mesh. Higher conductivity alone did not lead to better
performance of the CF electrode. Specific surface area
is another important factor that determines the perfor-
mance of electrodes in a bioelectrochemical system. The
specific surface area of the SEC electrode was more than
four times that of CF (Table 3). Consequently, the SEC
electrode provided a larger reaction surface for micro-
bial metabolism, resulting in better performance. This
result is in agreement with the report of Bataillou et al.
who noted that the surface area of electrodes and other
surface properties play a vital role in bacteria adhesion to
the electrode surface and consequently affect the electron
transfer kinetic between microbes and electrodes [33].

Electrode-microbes morphological characteristics

Since the electrode type showed the greatest effect in this
study, SEM was conducted on the electrode before and
after use to understand the morphological characteristics
of the electrode and the microbes—electrode interactions.
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Figure 4 shows the structure of the unused electrode and
the used electrodes showing the physical interaction of
the biofilms with the electrode’s surfaces.

The SEM analysis revealed that the SEC electrode con-
sisted of mainly mesoporous materials and the CB par-
ticles were systematically arranged and bonded. The
average diameter of the carbon particles on the electrode
surface ranges from 20 and 90 nm. The CF electrode, on
the other hand, consists of much larger carbon-felt fib-
ers loosely interconnected with much larger void spaces
(>50 um) between the felts. Figure 4 shows that bacteria
with similar morphological characteristics are detectable
on both EMs. This implies that both EMs are biocom-
patible and support the formation of a robust biofilm,
which is necessary for the generation of bioelectricity.
This assertion is also supported by the fact that both
SEC-MFCs and CF-MFCs achieved similar values of
open-circuit potential (Additional file 1: Fig. S1A, B).
Therefore, the power losses are mainly due to electron
transfer within the electrodes, as can be explained by
Eq. 2. The better performance of the SEC electrode com-
pared to the CF electrode in all treatments can be attrib-
uted to accelerated electron transfer due to the lower
resistance and larger surface area of the SEC electrode.
The large gap between the fibers of the CF electrode may
have contributed to inefficient electrode transfer, as dif-
ferent microbial communities mainly use direct electron
transfer between the cells and the electrodes. Physical
examination of the electrodes after use revealed that the
large voids in the CF electrode were mainly occupied by
sand particles, which could have caused the large resist-
ance to charge transfer. As seen from the SEM images,
the strong physical interaction (attachment) between the
electroactive biofilm and the nanoparticles of CB could
result from the use of CB and epoxy paste as a carbon
source by the microorganisms. Moreover, the close asso-
ciation of the carbon atoms of the conductive CB pro-
vides an efficient electrode transfer pathway between the
microbes and the electrodes. The result of the present
study is consistent with the findings of Yang et al. who
reported that the performance of MFCs can be improved
twofold due to accelerated electron consumption when
the electrode is modified with interposed mesoporous
carbon particles [34].

Microbial community compositional abundance

and diversity

The microbial community input in this study was con-
sidered an uncontrolled variable, since the natural mixed
microbial community of the soil was used. For a better
understanding of how the treatments influenced the
microbial community and the power generation, 16S
rDNA gene amplicon sequencing was performed on
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Table 3 Physicochemical properties of the electrodes

parameters SEC CF

Resistivity (Q.cm) 0.21+0.01 0.13£0.001
Conductivity Qcm™" 4874023 7.9640.04
Specific surface area (mz/g) 13.3+0.05 3.054+0.19
Weight of sample (g) 0.6840.01 0.134+0.003

@ measurement was made in triplicate and values were reported as
mean + standard deviation

purified DNA samples from the anode, cathode, and
MPP. Figure 5 presents the relative abundance of the
most abundant phyla that were found to be at least 1%
of the total bacterial taxa counts. The taxa bar plot for all
the identified phyla is given in the supplementary docu-
ment (Additional file 1: Fig. S4).

No significant difference was found in the abun-
dance of the phyla across treatments (SFI and EM) but
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a significant difference was found between anode and
cathode. Apart from Acidobacteriota and Chloroflexi, all
other Phyla show a significant difference in relative abun-
dance between anode and cathode and between the time
of sampling but not between CF and SEC at the same
sampling time as shown in the PERMANOVA analysis
given in Additional file 1: Table S3.

Some phyla that showed no statistically significant dif-
ference in relative abundance between anode and cath-
ode during the MPP showed significant differences in
abundance at the end of the study. Planctomycetota, for
example, which were relatively more abundant at the
cathode during the MPP, were more abundant at the
anode at the end of the study. This is not surprising, how-
ever, as members of this phylum are known to adapt to
both aerobic and anaerobic conditions [35].

Proteobacteria were the most abundant phylum in
all treatments—30.7-36.69% (MPP) and 25.31-40%
(90 days). Their relative dominance at the anode, cath-
ode, and the point of maximum output suggests that
members of this phylum were functionally stable, able to
adapt to the treatments, and likely contributed most to
the overall electroactivity. Proteobacteria generally repre-
sent the largest strain of EAB that dominate the micro-
bial communities of MFCs and are capable of directly
transferring electrons to the electrodes [36, 37]. The Pro-
teobacteria found in this study belonged predominantly
to the class of Alphaproteobacteria and Gammaproteo-
bacteria, whose electroactivity in MFC systems is well-
documented [36]. At the family level, Nitrosomonadacea,
Xanthobacteriaceae, Xanthomonodaceae, and Sphin-
gomonadaceae were the 20% most abundant members
of the Proteobacteria and were the same at the anode,
cathode, and MPP. The family Rhodocyclaceae, which
also belongs to the phylum Proteobacteria, was not iden-
tified in the original soil used to inoculate the MFCs.
It was among the lowest 5% of the group with the low-
est abundance at MPP but became one of the 10% most
abundant families after 90 days. Members of this family
have the special ability to “degrade a wide range of car-
bon sources, including many aromatic compounds, using
oxygen, nitrate, chlorate, perchlorate, selenate, and other
electron acceptors, as well as sulfur-oxidizing chemoau-
totrophs, methylotrophs, and anaerobes that perform
propionic acid fermentation” [38]. Some of the members
of this family that degrade aromatic compounds have
the potential to biodegrade organic wastes and thereby
remediate polluted environments [38]. The appearance
of strains not originally found in the soil may be related
to the particular ability of MFCs operated with different
heterogeneous microbial consortia to self-optimize their
overall performance in terms of power generation and
pollutant degradation.
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In addition to Proteobacteria, phyla Acidobacteriota
and Chloroflexi also showed similar characteristics
in terms of stability of relative abundance in the con-
trol, anode, and cathode. One phylum that exhibited a
unique characteristic in this study was the Firmicutes.
The relative abundance of this strain in the MFCs was
significantly increased compared to the original soil. It
was more abundant at the anode compared to the cath-
ode, and its abundance also correlated positively with
the performance of the MFCs at the time of sampling.
Members of this phylum found at the anode are closely
related to the Christensenellaceae, Gracilibacteraceae,
and Anaerovoracaceae families, all of which belong to
the Clostridia class. Firmicutes have a thick cell wall
that allows them to adapt to harsh environmental
conditions. Clostridium butyricum and Methylomusa
anaerophila are strains belonging to Firmicutes that
have been successfully isolated and used in MFCs with
high potential for bioelectricity generation [36].

At the family level Desulfocapsaceae, Desulfuromona-
daceae, and Geobacteraceae belonging to the phylum
Desulfobacterota were among the 20% most abundant
population with Geobacteraceae being most abundant
at the anode. The family Geobacteraceae was initially
located in the order Desulfuromonadales in the Del-
taproteobacteria subclass of the phylum Proteobacteria
[39] but is now named in the recently enacted phylum
Desulfobacterota which encompasses sulfate-reduc-
ing and related fermentative and syntrophic lineages
[40]. Some members of the family Geobacteraceae can
directly transfer electrons to electrodes using electro-
chemically active redox enzymes, such as cytochromes,
on their outer membrane [41]. Geobacter species that
belong to this family are among the most widely studied
group of bacteria within microbial fuel cell studies due
to their ability to make electrical contacts with extra-
cellular electron acceptors and other organisms [42,
43]. Although the difference in the performance of the
electrodes in this study cannot be directly associated
with the difference in the microbial populations of the
different EMs, the 16S rDNA gene amplicon sequenc-
ing revealed complex microbial diversity, including
members of the well-known EAB, that showed signifi-
cant compositional changes at the anode, cathode, and
MPPD, as illustrated with the Robust Aitchison principal
component analysis (RPCA) plot (Fig. 6a).

The observed variations in composition and relative
abundance between 40 days (MPP) and 90 days occurred
mainly along the first principal component, which
explained 61.75% of the variations, while the variations
between the anode and the cathode occurred along the
second principal component. Figure 6a shows that eight
families belonging to four different phyla contributed
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most to the observed variations. Figure 6b compares the
relative abundance and composition of these bacteria
between the anode and cathode and the time of sampling.

Comamonadaceae was the most abundant family in
this group in the control sample and the MPP account-
ing for between 47.73% (SEC-8a) to 72.89% (control) in
abundance relative to other families. This family was
the most contributor to the observed variation in rela-
tive abundance between MPP and day 90. After 90 days,
the relative frequency of this family decreased to 10.25—
30.6%. It should be noted that the percent abundance
stated here is only relative to the group here and not to
the whole Taxa counts. Most of the denitrifiers reported
in solid-phase denitrification specifically belong to the
family Comamonadaceae in the phylum Proteobacte-
ria [44]. Members of this family may have been actively
involved in nitrate removal from the S-MFC because
of their reported activeness in the solid-phase denitri-
fication process. Comamonadaceae belonging to the
order Burkholderiales is a large family of bacteria that
include aerobic organotrophs, anaerobic denitrifiers and
Fe**-reducing bacteria, hydrogen oxidizers, photoauto-
trophic and photoheterotrophic bacteria, and fermen-
tative bacteria. Most are environmental bacteria from
water and soil habitats [45].

Many MEFCs studies have demonstrated that mem-
bers of the Comamonadaceae family are electroactive
and dominated the microbial communities found in the
MECs. Comamonadaceae family can generate electric-
ity in MFCs in the absence of oxygen and nitrate [46,
47]. Timmers et al. (2012) reported that members of this
family dominated a high-current plant microbial fuel cell
[47]. Being facultative anaerobic denitrifiers, their dom-
inance at the anode and cathode at the MPP show that
they were active at both electrodes. After 90 days, the
relative abundance of this family decreased to between
10.25% and 30.6% across the groups. The current genera-
tion from the MFCs also dropped at this point suggesting
that Comamonadaceae may have played an active role in
the electricity generation.

At 90 days, more anaerobic families were found at
a higher relative frequency at the anode, while more
aerobic families were more relatively abundant at the
cathode. For instance, Anaerolineaceae, which com-
prise obligate anaerobes were more abundant at the
anode, while members of Trueperaceae and Burkholde-
riaceae that are either obliquely aerobic or faculta-
tively anaerobic were relatively more abundant at the
cathode. This difference in abundance and composi-
tion of microbial communities at the anode and cath-
ode was necessary to maintain a potential difference for
electron flow, as the microbial communities of these
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electrodes must be able to perform complementary
reactions—electron donation and uptake [3]. The fami-
lies Bacteroidetes_vadinHA17 and SB-5 constituted the
compositional diversity observed in the microbial com-
munities, because they were not present in the control
sample and at the cathode in the MPP sample but were
found at both the cathode and anode after 90 days. This
compositional diversity consisting of both aerobic and
anaerobic microbes showed that the complex microbial
communities in S-MFCS synergistically benefitted the
overall electroactivity. Although this analysis revealed
complex microbial diversity that showed significant
compositional changes at the anode, cathode, and MPP,
no significant change in the microbial community could
be associated with the two EMs.

Reproducibility and applicability of the power of soil
microbes

Stability and reproducibility are serious issues related
to MFC performance that are rarely considered in
most studies. However, biofuel cells must produce a
stable level of sufficient power to be useful for driving
electronic loads. To check the reproducibility of the
obtained results, a new experiment was set up and per-
formed by eliminating the factors that did not signifi-
cantly affect the performance of the MFCs based on the
optimization study. Here, only the SEC electrode was
used at the 2 cm, 4 cm, and 8 cm ES, but no fixed SFI
was applied. Feeding was only performed when a drop
in performance was observed rather than a regular
feeding operation. Figure 7 shows the reproducibility
and applicability of the optimized S-MFCs.

The MFCs in this repeated experiment were operated
in the open circuit but occasionally polarized with LSV
at 1 mv/s and 0.1 mv/s to provide a means of electron
transfer and charge balance between the anode and
cathode. Feeding was performed only when a decrease
in performance was observed. After about 30 days of
operation, evidence of matured biofilm could be estab-
lished as the MFCs irrespective of ES produced stable
OCYV in the range of 840.2 +8.4. It can be seen (Fig. 7)
that comparable voltages can be obtained with different
ES. However, the effect of oxygen transfer on the anode
was more noticeable at 2 cm ES, which makes it difficult
to maintain the performance of S-MFC at this ES when
feeding is performed with wastewater. Stacking small
units of MFCs is one of the most efficient strategies for
obtaining useful bioelectricity [7]. The synergistic per-
formance of the SEC-MFCs in series connection at dif-
ferent ES to drive light-emitting diodes (Fig. 7) makes
the S-MFC an effective biofuel candidate for developing
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Fig. 7 Reproducibility and practical implementation of the power of soil microbes

environmental biosensors powered by indigenous envi-
ronmental microbes [2, 4].

Conclusions

The study aimed to optimize a soil microbial fuel cell
for sustainable bioelectricity production. The optimi-
zation result shows that between two tested electrode
materials (EMs)—carbon felt (CF) and modified stain-
less steel (SEC), the SEC produced the best sustain-
able and practical usable performance at an electrode
spacing of 4 cm and a feeding frequency of 8 days. The
reproducibility test showed that feeding is best when
performance deterioration is observed, rather than at a
fixed feeding frequency. Sequencing of 16S rDNA gene
amplicons from DNA samples from the anode, cath-
ode, and point of maximum power revealed complex
microbial diversity consisting of members of the known
electroactive microbial communities and many others.
Proteobacteria was the most abundant Phylum in all
treatments, but the Firmicutes Phylum showed micro-
bial abundance with a positive correlation to the power
of the MFCs. There was no statistically significant dif-
ference in composition and abundance of the microbial
communities between the two EMs but significance
was found between anode and cathode and the time of
sampling. It can, therefore, be reaffirmed that the soil
contains a good mixture of EAB capable of direct elec-
tron transfer and can be harnessed for the production
of useful bioelectricity. The difference in the perfor-
mance at the studied level of treatments was not due

to the difference in microbial community diversity but
mainly due to the impedance and capacitive properties
of the EMs. The better performance of the SEC elec-
trode is attributed to more efficient electron transfer
between the EAB and the electrodes due to the larger
specific surface area providing a better reaction site for
the microbe—electrode interaction. Although electrode
spacing and substrate feeding influenced the perfor-
mance of the S-MFCs in this study, electrode material
was the most influential factor that needs to be further
improved for sustainable and practical bioelectricity
generation from the soil microbial fuel cell.

Materials and methods

Experimental design for multiple factor optimization

An optimal custom experimental design (Design Expert
10.10) was used to include all variables of interest in a
single design and to examine the effects and interac-
tions of treatment between variables. The input vari-
ables of interest in this study included two numerical
factors and one categorical factor. The numerical fac-
tors were substrate feeding interval (SFI) and electrode
spacing (ES), both at three treatment levels. The ES lev-
els were 2, 4, and 8 cm, while the SFI levels were 4, 6,
and 8 days. The whole experimental design comprised
a total of 18 runs, which were randomly divided into
two blocks of 9 runs each, forming 9 replicates for each
electrode material and 3 replicates for the ES before
feeding was started. The categorical factor is electrode
material (EM) with two treatment levels: Carbon Felt
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(CF) and Stainless Steel/Epoxy/Carbon Black Compos-
ite (SEC). The measured response for all levels of treat-
ment was power (P).

Construction of the electrodes; assembly and operation

of the S-MFCs

CF electrodes (AvCarb C100 soft CF) were purchased
from the fuel cell store (https://www.fuelcellstore.com).
After heat treatment at 400 °C, each CF electrode was con-
nected to a titanium wire current collector (0.5 mm diam-
eter, Mateck, Germany). SEC electrodes were made by
integrating a stainless-steel wire mesh, carbon-black (CB)
(Vulcan-72), and a binder (two-component epoxy) into
one unit as previously described [48], each electrode was
prepared into circular slices of radius 3.25 cm. The thick-
ness (t) of the CF electrode was 3.2 mm, while that of the
SEC was 1.7 mm. The MFCs were assembled as previously
described [4, 27] and demonstrated in Fig. 8b. The soil
slurry used was biologically active soil with a good mixture
of sand, silt, and clay that was systematically prepared by
saturating with water. The composition of the sand in the
mixture was above 50% to allow the substrate to flow eas-
ily into the anode region [21]. A layer of soil slurry about
1 cm thick was applied to the bottom of the MFC, on top
of which additional layers (2 ¢cm, 4 cm, and 8 cm) were
applied according to the ES. Synthetic substrate [4, 49] was
fed to the MFCs according to the designed SFI when the
natural substrate of the soil was exhausted. Before each
feeding, excess moisture or substrate from the previous
feeding was either removed through the sampling port at
the base of the MFCs or carefully drained from the top. The
first substrate addition (feeding) was done when a drop in
performance was observed in most MFCs after a period
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of exponential voltage growth monitored by a data logger
(ADC-24). Thus, the first feeding was done after 18 days of
operation. Before this point, the MFCs were only occasion-
ally fed tap water to compensate for moisture loss through
evaporation.

Determination of electrochemical and physicochemical
properties of the electrodes

Linear sweep voltammetry (LSV) with a scan rate of 1 mV/s
was used to extract the electrochemical power indices, by
tracking the maximum power point (MPP) from the MFCs
and monitoring the performance of the system over time.
The LSV was repeated at least every three (3) days from no-
load potential to zero potential [4]. This was necessary to
monitor how the different experimental treatments affect
the maximum performance of the MFCs based on a single
estimate, and to observe the long-term effects of the com-
bined experimental treatments on the overall performance
and stability of the MFCs. Using Electrochemical Lab’s fuel
cell analysis tool (EC-lab V11.32), the MPP parameters
(current (I), voltage (V), and power (P)) were determined
from the power and polarisation curves. The external
resistance (Rgy) at maximum power was calculated from
Ohm’s law (R=V/I). The measured cell voltage (V) of the
MECs was considered as a linear function of the current
according to the following equation:

OCV =V + Irjnt (2)

OCV is the open-circuit voltage and Irjy; is the sum of all
the overpotentials of the MFC. By rearranging Eq. 2, the
total internal resistance (R;,;) was computed according to
the following equation:
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Electrochemical impedance spectroscopy (EIS) was
performed at an amplitude of 10 mV and a frequency
range of 100 kHz to 10 MHz on the best performing
MEFCs during steady-state operation to study the effects
of electrodes on the overall impedance kinetics of the
S-MEC. For the modeling of the physical systems with
an electrical equivalent circuit, a full cell model with
two identical electrodes [50] in a semi-solid electro-
lyte (mud) was assumed (since the anode and cathode
were identical), considering the kinetics of the porous
electrodes in the presence of redox species [27]. Only
circuit elements that represent physical components
of the SMFC configuration used in the study were
selected. Therefore, the circuit (C,/R,+Ropmic + C./
R+ W) circuit was chosen, so that the diffuse double
layer capacitance of the anode (C,) and cathode (C.)
were connected parallel (/) to their respective charge
transfer resistance, R, and R_. The uncompensated
electrolyte (mud) resistance (Ropmic) Was connected
in series (4), in addition to the equivalent Warburg
impedance (W), which was added to model the dif-
fusion processes taking place in the whole cell at low
frequencies. The electrical equivalent circuit is shown
schematically in Fig. 9 a. As the electrodes are not ideal
capacitance, constant phase elements (CPE or Q) were
used in place of the capacitance. The capacitance values
were obtained through the “PseudoC” tool of EC-lab
or calculated from Eq. 4. Both EIS and LSV were per-
formed using a Potentiostat (Biologic VMP3, France).

o QxR
R

(4)

Q, n, and R are the values resulting from the least
square fit of the EIS data to the electrical equivalent cir-
cuit; n is the coefficient of the constant phase element.
Since a two-electrode system was used to measure the
EIS parameters, the equivalent capacitance of the full cell
in farads [C (F)] was calculated according to Eq. 5, con-
sidering the anode and cathode as two pseudo-capacitors
connected in series. Similarly, the total charge transfer
resistance [R, (Q2)] was determined by adding R, and R..

_(C,%C)

Fy=— —
“® (Ca+Co)

(5)

The specific surface area of the electrodes was deter-
mined by Brunauer—-Emmett-Teller (BET) nitrogen
adsorption using the Quantachrome device (Autosorb
iQ2) [51]. The resistivity of the electrodes was deter-
mined using the four-point probe method (Fig. 9). The
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Fig. 9 a Electrical equivalent circuit for fitting the EIS parameters
from Nyquist plot (Additional file 1: Figs. S2, S3 of the supplementary
document). b Determination of electrode resistivity using

the four-point probe method: A is the multimeter for current
measurement, V is the multimeter for voltage measurement

s=9.4 mm is the distance between the probes, and t is the thickness
of the electrode. 1, 2, 3, and 4 represent the probes

probes of two digital multi-meters (DT-830B) were
positioned equidistantly (s=9.4 mm) along the diam-
eter of the electrodes to measure the current (I) and
voltage (V), as described in Fig. 9. The resistivity (p)
was calculated according to the following equation:

v
p=G*x —

- ©®)

where G is the geometric correction factor of the elec-
trodes? In this case, G was calculated from Eq. 7 con-
sidering each of the electrodes as an infinitely large thin
slice, because t/s < < 1 for both electrodes [33, 52]:

b4
G=—=xt

In2 )

T . Vv
= — xt* —
= 2 i
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Morphological characteristics of the electrodes

and the biofilms

At the end of the experiment, 2 cm? of the anode of the
best performing MFC was taken from each EM and pre-
pared according to the protocol modified from Cornejo
et al. [53] as follows: the electrode samples were fixed
overnight in a 2.5% glutaraldehyde solution in phos-
phate buffer (pH=7.0). The samples were then exposed
to increasing concentrations of ethanol between 50% and
100% in step increase of 10% for at least 5 min at each
concentration. The samples were then dried by immer-
sion in hexamethyldisilazane (HMDS) and absolute etha-
nol in a 1:1 (v/v) ratio for 10 min, followed by 10 min in
100% HMDS, and finally, the samples were exposed to
air for 4 h and placed in a desiccator for 1 h before scan-
ning electron microscopy (SEM) at the Bavarian Polymer
Institute, University of Bayreuth, Germany.

Extraction and purification of nucleic acid

Soil samples were collected directly from the anode and
cathode of the MFCs at the MPP (about 40 days) and at
the end of the study (90 days). Nucleic acid was extracted
from about 0.5 g of the samples using NucleonSpin Soil
DNA Purification Kits (Macherey—Nagel, Germany).
Extraction and purification from sample preparation
to DNA elution followed the protocol provided with
the kits, but without the DNA enhancer, or when the
enhancer was used, the volume was reduced to 20 pl
instead of 150 ul according to the protocol. The quality
and concentration of nucleic acid in each sample were
determined with NanoDrop 2000 (Thermo Scientific),
before sequencing.

PCR amplification and sequencing of 16S rDNA fragments
16S amplicon libraries of the V4 prokaryotic rDNA
genes were constructed from ca. 1-3 ng of metagenomic
DNA using primers 515F [54] and 806RB [55] extended
with Illumina overhang adapters as described in the 16S
Metagenomic Sequencing Library Preparation protocol
(Part # 15044223 Rev. B, www.illumina.com). Sample
libraries were barcoded using the Nextera XT Index kit
(v2 set A, www.illumina.com). All libraries were analyzed
by capillary electrophoresis (Fragment Analyzer 5200,
www.agilent.com) and combined in equimolar amounts
for subsequence sequencing on Illumina’s iSeq-100 plat-
form in custom mode (read 1 set to 293 cycles). Demul-
tiplexing of reads was done on the iSeq-100 platform and
the sample-specific reads were saved in FastQ format.

Bioinformatic analyses

The forward reads of the 16S rDNA fragments were ana-
lyzed using the QIIME2 microbiome analysis package
(ver. 2021.2, 56). Unless indicated otherwise, all analysis
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tools were used as plugins within the QIIME2 package.
The detailed parameters used for the analysis steps are
embedded as provenance information in the QIIME2
data files (available as supplemental data), and the major
analysis steps are shortly summarized here: the demulti-
plexed reads were denoised, dereplicated, and analyzed
for chimera sequences using ‘DADA?2’ resulting in ampli-
fied sequence varians (ASVs). Rare ASVs were filtered out
by the median frequency (set to 13) of ASVs over all sam-
ples. Taxonomic classification of reads was performed
using a pre-fitted sklearn-based taxonomy classifier
based on the SILVA reference database (ver. 138, 57, 58)
at 99% identity level and limited to simulated amplicons
extracted by primer combination 515F/806R (available
at docs.qiime2.org). Phylogenetic analyses were calcu-
lated using plugin ‘align-to-tree-mafft-fasttree, which
were used to calculate both phylogenetic and non-phy-
logenetic diversity metrics by plugin ‘core-metric-phylo-
genetic. The QIIME2 plugins ‘DEICODE’ and ‘QURRO’
[59, 60] were used to prepare Robust Aitchison PCA
(RPCA) plots and to get access to the ranked list of fea-
tures contributing to the separation of sample along the
RPCA ordinations. Significant differences between sam-
ple groups were analyzed by plugin ‘beta-group-signifi-
cance’ using Permanova tests.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513068-022-02224-9.

Additional file 1: Figure S1. SMFC performance profile at different
electrode spacings, substrate feeding intervals and electrode materials.
(a) OCV from first block, the arrow shows point of first substrate feeding;
(b) OCV from second block; (c) maximum power trends of the two blocks
combined. The trends shown with dotted lines represent CF electrodes.
Please refer to Table 1 of the main document for details of the different
levels of the variables. Figure S2. Nyquist plots and the fits of SEC-MFCs
at different electrode spacing: 2 h, 4 h and 8 h are SEC-MFCs at electrode
spacing (ES) of 2,4 and 8 cm, respectively. Figure S3. Nyquist plots of CF—
MFCs at ES of 2,4 and 8 cm, respectively (N:B Graphs were copied directly
from EC-lab V11.32, where the fitting was performed). Figure S4. Taxo-
nomic distribution of the 16S rDNA microbial community profile at the
Phylum level. Table S1. Analysis of variance table for the model design.
Table S2. Solutions for 2 combinations of categoric factor level. Table S3.
Pairwise permanova results based on beta-group-significance (a = 0.05).

Acknowledgements

The authors wish to acknowledge the Chair of Process Biotechnology and
the Centre for Energy Research (ZET) at the University of Bayreuth, Germany,
for providing the equipment and study space. The electron microscopy was
handled by Martina Heider (Bayerisches Polymerinstitut (BPI) Keylab "Electron
and Optical Microscopy" Universitdt Bayreuth).

Author contributions

IMS: conceptualization, methodology development, experimental design,
investigation, formal analysis, original paper writing, review and editing, and
reference development. AW: Methodology development, PCR amplification,
and sequencing of 16 S rDNA fragments, Bioinformatic analyses, original draft
review, reference development. RF: Project supervision and administration,


http://www.illumina.com
http://www.illumina.com
http://www.agilent.com
https://doi.org/10.1186/s13068-022-02224-9
https://doi.org/10.1186/s13068-022-02224-9

Simeon et al. Biotechnology for Biofuels and Bioproducts (2022) 15:124

resources and fund acquisition, original draft review. All authors read and
approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study was
supported by the Petroleum Technology Development Fund (PTDF) of Nigeria
in collaboration with the German Academic Exchange Service (DAAD). The
publication is funded by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) — 491183248. Funded by the Open Access Publish-
ing Fund of the University of Bayreuth.

Availability of data and materials
Data not provided within the text are available as an Additional file.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Process Biotechnology & Center for Energy Technology (ZET), University

of Bayreuth, 95447 Bayreuth, Germany. 2Genomics & Bioinformatics, University
of Bayreuth, 95447 Bayreuth, Germany. *Department of Agricultural and Biore-
sources Engineering, Federal University of Technology Minna, PMB 65, Minna,
Nigeria.

Received: 11 August 2022 Accepted: 4 November 2022
Published online: 16 November 2022

References

1. Schneider G, Kovacs T, Rakhely G, Czeller M. Biosensoric potential of
microbial fuel cells. Appl Microbiol Biotechnol. 2016;100:7001-9. https.//
doi.org/10.1007/500253-016-7707-1.

2. XuB, Lan JC Sun Q Hsueh C, Chen B-Y. Deciphering optimal biostimula-
tion strategy of supplementing anthocyanin-abundant plant extracts
for bioelectricity extraction in microbial fuel cells. Biotechnol Biofuels.
2019;12:46.

3. Barbato RA, Foley KL, Toro-Zapata JA, Jones RM, Reynolds CM. The power
of soil microbes: Sustained power production in terrestrial microbial fuel
cells under various temperature regimes. Appl Soil Ecol. 2017;109:14-22.
https://doi.org/10.1016/j.apsoil.2016.10.001.

4. Simeon M|, Freitag R. Influence of electrode spacing and fed-batch
operation on the maximum performance trend of a soil microbial fuel
cell. Int J Hydrogen Energy. 2022;47:12304-16. https://doi.org/10.1016/j.
ijhydene.2021.11.110.

5. Zhao X, Li X, LiY, SunY, Zhang X, Weng L, et al. Shifting interactions
among bacteria, fungi and archaea enhance removal of antibiotics and
antibiotic resistance genes in the soil bioelectrochemical remediation.
Biotechnol Biofuels. 2019;12:160.

6. Narayanaswamy Venkatesan P, Dharmalingam S. Synthesis and char-
acterization of Pt, Pt-Fe/TiO2 cathode catalysts and its evaluation in
microbial fuel cell. Mater Renew Sustain Energy. 2016. https://doi.org/10.
1007/540243-016-0074-0.

7. Walter XA, Gajda |, Forbes S, Winfield J, Greenman J, leropoulos I. Scaling-
up of a novel, simplified MFC stack based on a self-stratifying urine
column. Biotechnol Biofuels. 2016;9:93.

8. Park J-D, Ren Z. Hysteresis controller based maximum power point track-
ing energy harvesting system for microbial fuel cells. J Power Sources.
2012;205:151-6. https://doi.org/10.1016/jjpowsour.2012.01.053.

9. Preiss L, Hicks DB, Suzuki S, Meier T, Krulwich TA. Alkaliphilic bacteria
with impact on industrial applications, concepts of early life forms, and

10.
11

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 18 of 19

bioenergetics of ATP synthesis. Front Bioeng Biotechnol. 2015;3:75.
https://doi.org/10.3389/fbioe.2015.00075.

Bailey R. Phases of the Bacterial Growth Curve. 2021.

Pérez-Rodriguez P, Ovando-Medina VM, Martinez-Amador SY, La
Rodriguez-de Garza JA. Bioanode of polyurethane/graphite/polypyrrole
composite in microbial fuel cells. Biotechnol Bioproc E. 2016;21:305-13.
https://doi.org/10.1007/512257-015-0628-5.

Kim T, Kang S, Kim HW, Paek Y, Sung JH, Kim YH, Jang JK. Assessment

of organic removal in series- and parallel-connected microbial fuel cell
stacks. Biotechnol Bioproc E. 2017;22:739-47. https://doi.org/10.1007/
$12257-017-0378-7.

Lee Y, Bae S, Moon C, Lee W. Flavin mononucleotide mediated microbial
fuel cell in the presence of Shewanella putrefaciens CN32 and iron-
bearing mineral. Biotechnol Bioproc E. 2015;20:894-900. https://doi.org/
10.1007/512257-015-0031-2.

Hou L-g, Yang Q-z, Li J. Electricity effectively utilization by integrating
microbial fuel cells with microbial immobilization technology for deni-
trification. Biotechnol Bioproc E. 2020;25:470-6. https://doi.org/10.1007/
$12257-019-0470-2.

Lee C-Y, Huang Y-N. The effects of electrode spacing on the performance
of microbial fuel cells under different substrate concentrations. Water Sci
Technol. 2013,;68:2028-34. https://doi.org/10.2166/wst.2013.446.

Yan X, Lee H-S, Li N, Wang X. The micro-niche of exoelectrogens influ-
ences bioelectricity generation in bioelectrochemical systems. Renew
Sustain Energy Rev. 2020;134: 110184. https://doi.org/10.1016/j.rser.2020.
110184.

Yuan H, Deng L, Chen Y. Optimization of biodrying pretreatment of
municipal solid waste and microbial fuel cell treatment of leachate.
Biotechnol Bioproc E. 2014;19:668-75. https://doi.org/10.1007/
$12257-013-0575-y.

Fujinawa K, Nagoya M, Kouzuma A, Watanabe K. Conductive carbon
nanoparticles inhibit methanogens and stabilize hydrogen production in
microbial electrolysis cells. Appl Microbiol Biotechnol. 2019;103:6385-92.
https://doi.org/10.1007/500253-019-09946-1.

Chen G, Xu R, Liu L, Shi H, Wang G, Wang G. Limited carbon source
retards inorganic arsenic release during roxarsone degradation in
Shewanella oneidensis microbial fuel cells. Appl Microbiol Biotechnol.
2018;102:8093-106. https://doi.org/10.1007/500253-018-9212-1.

Simeon |, Raji OA, Gbabo A, Okoro-Shekwaga C. Performance of a single
chamber soil microbial fuel cell at varied external resistances for electric
power generation. J Renew Energy Environ. 2016. https://doi.org/10.
3050/jree.2016.70092.

Simeon M, Raji AO. Experimental utilization of urine to recharge soil
microbial fuel cell for constant power generation. Res J Eng Environ Sci.
2016;1:129-35.

Mustakeem M. Electrode materials for microbial fuel cells: nanomaterial
approach. Mater Renew Sustain Energy. 2015. https://doi.org/10.1007/
$40243-015-0063-8.

Yu B, Feng L, He Y, Yang L, Xun Y. Effects of anode materials on the
performance and anode microbial community of soil microbial fuel cell.
J Hazard Mater. 2021;401: 123394. https://doi.org/10.1016/}jhazmat.2020.
123394.

Simeon MI, Otache MY, Ewemojie TA, RAJI AO. 2019. Application of Urine
as Fuel in a Soil-based Membrane-less Single Chamber Microbial Fuel
Cell. AgricEnglInt: CIGR Journal. 21: 115-21.

Phansroy N, Aso'Y, Sasaki S, Aoki T, Ohara H. Immobilization of the

iron on the surface of non-woven carbon fiber for use in a microbial

fuel cell. Mater Renew Sustain Energy. 2016. https://doi.org/10.1007/
s40243-016-0080-2.

Li X, Wang X, Zhang Y, Ding N, Zhou Q. Opening size optimization

of metal matrix in rolling-pressed activated carbon air-cathode for
microbial fuel cells. Appl Energy. 2014;123:13-8. https://doi.org/10.1016/j.
apenergy.2014.02.048.

Simeon MI, Imoize AL, Freitag R. Comparative evaluation of the perfor-
mance of a capacitive and a non-capacitive microbial fuel cell. in: 2021
18th International Multi-Conference on Systems, Signals & Devices (SSD),
IEEE, 3/22/2021-3/25/2021.2021: 1076-82. https://doi.org/10.1109/
SSD52085.2021.9429481.

Pandit S, Ghosh S, Ghangrekar MM, Das D. Performance of an anion
exchange membrane in association with cathodic parameters in a dual


https://doi.org/10.1007/s00253-016-7707-1
https://doi.org/10.1007/s00253-016-7707-1
https://doi.org/10.1016/j.apsoil.2016.10.001
https://doi.org/10.1016/j.ijhydene.2021.11.110
https://doi.org/10.1016/j.ijhydene.2021.11.110
https://doi.org/10.1007/s40243-016-0074-0
https://doi.org/10.1007/s40243-016-0074-0
https://doi.org/10.1016/j.jpowsour.2012.01.053
https://doi.org/10.3389/fbioe.2015.00075
https://doi.org/10.1007/s12257-015-0628-5
https://doi.org/10.1007/s12257-017-0378-7
https://doi.org/10.1007/s12257-017-0378-7
https://doi.org/10.1007/s12257-015-0031-2
https://doi.org/10.1007/s12257-015-0031-2
https://doi.org/10.1007/s12257-019-0470-2
https://doi.org/10.1007/s12257-019-0470-2
https://doi.org/10.2166/wst.2013.446
https://doi.org/10.1016/j.rser.2020.110184
https://doi.org/10.1016/j.rser.2020.110184
https://doi.org/10.1007/s12257-013-0575-y
https://doi.org/10.1007/s12257-013-0575-y
https://doi.org/10.1007/s00253-019-09946-1
https://doi.org/10.1007/s00253-018-9212-1
https://doi.org/10.3050/jree.2016.70092
https://doi.org/10.3050/jree.2016.70092
https://doi.org/10.1007/s40243-015-0063-8
https://doi.org/10.1007/s40243-015-0063-8
https://doi.org/10.1016/j.jhazmat.2020.123394
https://doi.org/10.1016/j.jhazmat.2020.123394
https://doi.org/10.1007/s40243-016-0080-2
https://doi.org/10.1007/s40243-016-0080-2
https://doi.org/10.1016/j.apenergy.2014.02.048
https://doi.org/10.1016/j.apenergy.2014.02.048
https://doi.org/10.1109/SSD52085.2021.9429481
https://doi.org/10.1109/SSD52085.2021.9429481

Simeon et al. Biotechnology for Biofuels and Bioproducts

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

chamber microbial fuel cell. Int J Hydrogen Energy. 2012,37:9383-92.
https://doi.org/10.1016/jijhydene.2012.03.011.

Davila D, Esquivel J, Vigués PN, Sanchez O, Garrido L, Tomas N, et al.
Development and Optimization of Microbial Fuel Cells. J New Mater
Electrochem Syst. 2008;11:99-103.

Sedighi M, Aljlil SA, Alsubei MD, Ghasemi M, Mohammadi M. Performance
optimisation of microbial fuel cell for wastewater treatment and sustain-
able clean energy generation using response surface methodology. Alex
Eng J. 2018;57:4243-53. https://doi.org/10.1016/j.2ej.2018.02.012.
Hadiyanto H, Christwardana M, Pratiwi WZ, Purwanto P, Sudarno S, Hary-
ani K, Hoang AT. Response surface optimization of microalgae microbial
fuel cell (MMFC) enhanced by yeast immobilization for bioelectricity
production. Chemosphere. 2022;287: 132275. https://doi.org/10.1016/j.
chemosphere.2021.132275.

Kumar SS, Malyan SK, Bishnoi NR. Performance of buffered ferric chloride
as terminal electron acceptor in dual chamber microbial fuel cell. J
Environ Chem Eng. 2017;5:1238-43. https://doi.org/10.1016/jjece.2017.
02.010.

Bataillou G, Lee C, Monnier V, Gerges T, Sabac A, Vollaire C, Haddour N.
Cedar wood-based biochar: properties, characterization, and applications
as anodes in microbial fuel cell. Appl Biochem Biotechnol. 2022. https://
doi.org/10.1007/512010-022-03997-3.

Yang Y, Choi C, Xie G, Park J-D, Ke S, Yu J-S, et al. Electron transfer
interpretation of the biofilm-coated anode of a microbial fuel cell and
the cathode modification effects on its power. Bioelectrochemistry.
2019;127:94-103. https://doi.org/10.1016/].bioelechem.2019.02.004.
Kaboré OD, Godreuil S, Drancourt M. Planctomycetes as Host-Associated
Bacteria: A Perspective That Holds Promise for Their Future Isolations, by
Mimicking Their Native Environmental Niches in Clinical Microbiology
Laboratories. Front Cell Infect Microbiol. 2020;10: 519301. https://doi.org/
10.3389/fcimb.2020.519301.

CaoY, Mu H, LiuW, Zhang R, Guo J, Xian M, Liu H. Electricigens in the
anode of microbial fuel cells: pure cultures versus mixed communities.
Microb Cell Fact. 2019;18:39. https://doi.org/10.1186/512934-019-1087-z.
Wang Z, Lee T, Lim B, Choi C, Park J. Microbial community structures
differentiated in a single-chamber air-cathode microbial fuel cell fueled
with rice straw hydrolysate. Biotechnol Biofuels. 2014;7:9.

Oren A.The Family Rhodocyclaceae. In: Rosenberg E, DeLong EF, Lory S,
Stackebrandt E, Thompson F, editors. The Prokaryotes. Berlin: Springer;
2014. https://doi.org/10.1007/978-3-642-30197-1_29.

Réling WFM. The Family Geobacteraceae. In: Rosenberg E, DeLong EF,
Lory S, Stackebrandt E, Thompson F, editors. The Prokaryotes. Berlin:
Springer; 2014. https://doi.org/10.1007/978-3-642-39044-9_381.

Murphy CL, Biggerstaff J, Eichhorn A, Ewing E, Shahan R, Soriano D,

et al. Genomic characterization of three novel Desulfobacterota classes
expand the metabolic and phylogenetic diversity of the phylum. Environ
Microbiol. 2021;23:4326-43. https://doi.org/10.1111/1462-2920.15614.
Megonigal JP, Hines ME, Visscher PT. Anaerobic Metabolism: Linkages to
Trace Gases and Aerobic Processes. In: Treatise on Geochemistry: Elsevier.
https://doi.org/10.1016/B0-08-043751-6/08132-9.

Sasaki D, Sasaki K, Tsuge Y, Kondo A. Less biomass and intracellular
glutamate in anodic biofilms lead to efficient electricity generation by
microbial fuel cells. Biotechnol Biofuels. 2019;12:72.

Lovley DR, Ueki T, Zhang T, Malvankar NS, Shrestha PM, Flanagan KA,

et al. Geobacter: the microbe electric’s physiology, ecology, and practical
applications. Adv Microb Physiol. 2011;59:1-100. https://doi.org/10.1016/
B978-0-12-387661-4.00004-5.

Wang J, Chu L. Biological nitrate removal from water and wastewater by
solid-phase denitrification process. Biotechnol Adv. 2016,34:1103-12.
https://doi.org/10.1016/j.biotechadv.2016.07.001.

Willems A. The Family Comamonadaceae. In: Rosenberg E, DeLong EF,
Lory S, Stackebrandt E, Thompson F, editors. The Prokaryotes. Berlin:
Springe; 2014. https://doi.org/10.1007/978-3-642-30197-1_23.

Xing D, Cheng S, Logan BE, Regan JM. Isolation of the exoelectrogenic
denitrifying bacterium Comamonas denitrificans based on dilution to
extinction. Appl Microbiol Biotechnol. 2010;85:1575-87. https://doi.org/
10.1007/500253-009-2240-0.

Timmers RA, Rothballer M, Strik DPBTB, Engel M, Schulz S, Schloter M,

et al. Microbial community structure elucidates performance of Glyceria
maxima plant microbial fuel cell. Appl Microbiol Biotechnol. 2012;94:537—
48. https://doi.org/10.1007/500253-012-3894-6.

(2022) 15:124

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 19 of 19

Simeon IM, Herkendell K, Pant D, Freitag R. Electrochemical evaluation
of different polymer binders for the production of carbon-modified
stainless-steel electrodes for sustainable power generation using a soil
microbial fuel cell. Chemical Eng J Adv. 2022;10: 100246. https://doi.org/
10.1016/j.ceja.2022.100246.

Haddadi S, Nabi-Bidhendi G, Mehrdadi N. Nitrogen removal from
wastewater through microbial electrolysis cells and cation exchange
membrane. J Environ Health Sci Eng. 2014;12:48.

Raistrick ID, Macdonald JR, Franceschetti DR. Theory. In: Barsoukov E,
Macdonald JR, editors. Impedance spectroscopy: Theory, experiment,
and applications. Hoboken: Wiley; 2018. https://doi.org/10.1002/97811
19381860.ch2.

Schnucklake M, KaBBner L, Mehring M, Roth C. Porous carbon-carbon
composite electrodes for vanadium redox flow batteries synthesized by
twin polymerization. RSC Adv. 2020;10:41926-35.

Topsoe H. Geometric Factor of Four Point Resistivity Measurement. Ved-
baek: Semiconductor Division. 1966.

Cornejo JA, Lopez C, Babanova S, Santoro C, Artyushkova K, Ista L, et al.
Surface modification for enhanced biofilm formation and electron
transport in shewanella anodes. J Electrochem Soc. 2015;162:H597-603.
https://doi.org/10.1149/2.0271509jes.

Turner S, Pryer KM, Miao VPW, Palmer JD. Investigating deep phylogenetic
relationships among cyanobacteria and plastids by small submit rRNA
sequence analysis. J Eukaryot Microbiol. 1999;46:327-38.

Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bacterio-
plankton. Aquat Microb Ecol. 2015;75:129-37. https://doi.org/10.3354/
ame01753.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
et al. Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol. 2019;37:852-7. https://doi.org/10.
1038/541587-019-0209-9.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41:D590-6. https://doi.org/10.
1093/nar/gks1219.

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, et al. The SILVA
and "All-species Living Tree Project (LTP)"taxonomic frameworks. Nucleic
Acids Res. 2014;42:D643-8. https://doi.org/10.1093/nar/gkt1209.
Martino C, Morton JT, Marotz CA, Thompson LR, Tripathi A, Knight R,
Zengler K. A novel sparse compositional technique reveals microbial per-
turbations. mSystems. 2019. https://doi.org/10.1128/mSystems.00016-19.
Fedarko MW, Martino C, Morton JT, Gonzalez A, Rahman G, Marotz CA,
et al. Visualizing ‘omic feature rankings and log-ratios using Qurro. NAR
Genom Bioinform. 2020. https://doi.org/10.1093/nargab/Iqaa023.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.ijhydene.2012.03.011
https://doi.org/10.1016/j.aej.2018.02.012
https://doi.org/10.1016/j.chemosphere.2021.132275
https://doi.org/10.1016/j.chemosphere.2021.132275
https://doi.org/10.1016/j.jece.2017.02.010
https://doi.org/10.1016/j.jece.2017.02.010
https://doi.org/10.1007/s12010-022-03997-3
https://doi.org/10.1007/s12010-022-03997-3
https://doi.org/10.1016/j.bioelechem.2019.02.004
https://doi.org/10.3389/fcimb.2020.519301
https://doi.org/10.3389/fcimb.2020.519301
https://doi.org/10.1186/s12934-019-1087-z
https://doi.org/10.1007/978-3-642-30197-1_29
https://doi.org/10.1007/978-3-642-39044-9_381
https://doi.org/10.1111/1462-2920.15614
https://doi.org/10.1016/B0-08-043751-6/08132-9
https://doi.org/10.1016/B978-0-12-387661-4.00004-5
https://doi.org/10.1016/B978-0-12-387661-4.00004-5
https://doi.org/10.1016/j.biotechadv.2016.07.001
https://doi.org/10.1007/978-3-642-30197-1_23
https://doi.org/10.1007/s00253-009-2240-0
https://doi.org/10.1007/s00253-009-2240-0
https://doi.org/10.1007/s00253-012-3894-6
https://doi.org/10.1016/j.ceja.2022.100246
https://doi.org/10.1016/j.ceja.2022.100246
https://doi.org/10.1002/9781119381860.ch2
https://doi.org/10.1002/9781119381860.ch2
https://doi.org/10.1149/2.0271509jes
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1128/mSystems.00016-19
https://doi.org/10.1093/nargab/lqaa023

	Optimization of soil microbial fuel cell for sustainable bio-electricity production: combined effects of electrode material, electrode spacing, and substrate feeding frequency on power generation and microbial community diversity
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Individual treatment effects of electrode material, spacing, and feeding frequency
	Optimization responses and interactive effects
	Impedance spectroscopy, specific surface area, and conductivity of electrodes
	Electrode–microbes morphological characteristics
	Microbial community compositional abundance and diversity
	Reproducibility and applicability of the power of soil microbes

	Conclusions
	Materials and methods
	Experimental design for multiple factor optimization
	Construction of the electrodes; assembly and operation of the S-MFCs
	Determination of electrochemical and physicochemical properties of the electrodes
	Morphological characteristics of the electrodes and the biofilms
	Extraction and purification of nucleic acid
	PCR amplification and sequencing of 16S rDNA fragments
	Bioinformatic analyses

	Acknowledgements
	References




