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ABSTRACT ARTICLE HISTORY
Microbial fuel cells (MFC) can use microorganisms to directly convert the chemical energy of organic Received 19 November 2020
matter into electrical energy, and generate electrical energy while pollutants degradation. To solve Revised 26 January 2021
the critical problem of lower power yield of power production, this study selected Saccharomyces ~ Accepted 26 January 2021
cerevisiae, Escherichia coli, Pseudomonas aeruginosa, and Bacillus subtilis as the anodic inoculums. The KEYWORDS

influence of the mixed bacteria on the power-producing effect of MFC and the synergy effect between Microbial fuel cells (MFC);
the electrochemically active bacteria in mixed cultures were discussed. The results showed that  the mixed cultures; synergy
among the mixed culture system, only the mixed cultures MFC composed of Saccharomyces cerevisiae effect; the power

and Bacillus subtilis had a significant increase in power generation capacity, which could reach to generation; exogenous
554 mV. Further analysis of the electrochemical and microbiological performance of this system was electron mediator
conducted afterward to verify the synergy effect between Saccharomyces cerevisiae and Bacillus

subtilis. The riboflavin produced by Bacillus subtilis could be utilized by Saccharomyces cerevisiae to

enhance the power generation capacity. Meanwhile, Saccharomyces cerevisiae could provide carbon

source and electron donor for Bacillus subtilis through respiration. Finally, in the experiment of adding

exogenous riboflavin in the mixed bacterial MFC, the result indicated that the mixed bacterial MFC

chose the self-secreting riboflavin over the exogenous riboflavin as the electron mediator, and the

excess riboflavin might hinder the electron trasfer.
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1. Introduction pollution and energy shortage become more promi-

nent. In this context, developing renewable energy as
As over-exploited of fossil fuels and other nonrenew-  an alternative is thus a pressing task for us. Microbial
able energy resources, issues such as environmental ~ fuel cells (MFC) can generate electricity during
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treating sewage, electrochemically active bacteria in
the MFC can translate the chemical energy in simple
small molecules or complex biomass into electrical
energy or hydrogen energy directly [1]. MFC has the
advantages of diversified fuel sources, mild operating
conditions, no pollution or energy input, and high-
efficiency energy utilization [2,3]. However, lower
power yield has always been a major factor restrict-
ing MFC from theory to practical application.

There are three main mechanisms for the
electrons transfer to the anode by bacteria in
the MFC anode chamber: direct contact transfer
[4], nanowire [5], and electron shuttle transfer
[6]. Direct contact refers to the transfer of elec-
trons produced by electrically active bacteria
from microbial cells to electrodes through cyto-
chromes [7]. Nanowire transfer mechanism
could be achieved by fimbriae on the cell mem-
brane of electric microorganisms, the fimbriae
could help electron transfer by connecting with
an electrode [8]. Studies have shown that the
output voltage is related to the number of
microorganisms on the surface of the electrode
per unit area [9]. Some microorganisms in MFC
can metabolize to produce electronic shuttles
(riboflavin [10], Phenazine [11], etc.) served as
the electron mediator. Besides, an external elec-
tron mediator such as neutral red [12], can also
be artificially added to the MFC for electron
transfer.

At present, great progress has been made in the
research on the power production mechanism of the
pure cultures, but there are certain difficulties in
maintaining the pure cultures [13]. Some studies
have shown that proper mixed bacterial inoculation
can achieve the same pollutant treatment effect as
pure bacterial inoculation [14], while the power gen-
erated by the mixed cultures MFC is higher than that
of the pure cultures MFC [15]. This is because the
synergy effect among electrochemically active bac-
terias also plays a key role in efficient electron trans-
fer when mixed cultures were used during MFC
operation [16]. Cao et al. [17] constructed a mixed
culture system of Sulfur-reducing bacteria and E. coli
and compared it with purely cultured Sulfur-
reducing bacteria. It is found that the power genera-
tion capacity and the ability to adapt to complex
environments of the pure cultures MFC are lower
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than those of the mixed cultures MFC. Islam et al.
[18] found that the synergy effect between
Pseudomonas aeruginosa and Klebsiella acne could
produce a more efficient electronic shuttle medium
to enhance the power generation, and the maximum
current density obtained was about three times as
much as that of pure culture. However, not every
mixed culture could produce a significant effect on
power production because of the symbiotic, coop-
erative, and antagonistic relationships among the
microorganisms [19]. And after inoculation with
the mixed cultures, it is difficult to determine the
electron transfer mechanism between microorgan-
isms. Understanding the interaction between micro-
organisms and the metabolic network in the mixed
culture system is of great significance for improving
the power generation capacity of MFC.

To increase the output power of MFC, clarify
the influence of mixed culture on the power gen-
eration performance of MFC, this study con-
structed mixed cultures MFC systems including
Saccharomyces cerevisiae [20], Escherichia coli
[21], Pseudomonas aeruginosa [22], and Bacillus
subtilis [23] as the anodic inoculums, based on
different electron transfer mechanisms from the
microorganism to the electrode. Study the influ-
ence of the interaction between microorganisms
on MFC power generation. Then use cyclic vol-
tammetry, polarization curve, and biofilm analysis
to further explore the mechanism between mixed
culture MFC anode microorganisms, in order to
provide a theoretical basis for the theoretical study
of mixed bacteria MFC.

2. Materials and methods
2.1. Experimental materials and instruments

2.1.1. Selection and cultivation of strains

Four electrochemically active bacteria are studied
and used to construct mixed bacteria based on
their ~ features:  Saccharomyces  cerevisiae,
Escherichia coli, Bacillus subtilis, Pseudomonas
Aeruginosa. All bacteria were purchased from
Huankai Biologics. Among them, Saccharomyces
cerevisiae took potato extract glucose medium,
and the other three took the beef extract-peptone
medium to foster the bacteria. Autoclaved these
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four culture media for 20 min and adjusted the pH
to 7.4-7.6.

2.1.2. Experimental setup

A dual-chamber MFC device was chosen in the
experiments, the volume of each chamber was
125 mL. The treated carbon cloth (2 cmx2 cm)
was used as the cathode and anode of the battery,
respectively. The anode and cathode chambers,
separated by proton exchange membrane (effective
area of 16 cm?), are equipped with a sampling hole
and aeration hole with sealing plugs on their
respective top, with an external resistance of
1000 Q.

Anolyte was composed of 1 g/L glucose solu-
tion, 50 mM phosphate buffer, mineral solution,
and vitamin solution. The catholyte was made up
of 32.925 g of potassium ferricyanide, 0.9331 g of
Na,HPO,X12H,0, 4.77 g of NaH,PO,/X2H,0, and
adjusted the pH of the two solutions to 7.0.

2.2. Experimental methods

2.2.1. Electrochemical testing

The performance of MFC was evaluated by measur-
ing open-circuit voltage (OCV), cyclic voltammetry
(CV), polarization curve, and power density curve of
MEFC. Set the external circuit load to 1000 Q by
a digital multimeter, and measured the output vol-
tage of the MFC. Used CV for electrochemical ana-
lysis of the mixed cultures, established the three
electrodes by the electrochemical workstation
(LK98BII). The scanning rate was 100 mV/s, and
the scanning range was —0.1 V ~ 1 V, which can
directly obtain the relevant CV curve. Finally, polar-
ization curve and power density curve experiments
were conducted to further analyzed the power gen-
eration performance of mixed cultures MFC. After
the output voltage of the MFC system was stable,
disconnected the circuit for 1 h, measured the open-
circuit voltage value. Measured the voltage under
different resistance values, sorted out the output
voltage U under different external resistances.

The corresponding current I and current den-
sity i were calculated by Ohm’s law (equation 1
and 2), the power density P was calculated by
equation 3. In which, R represented the resistance
value and A was the electrode area.

I=U/R1 (1)
i=U/RA (2)
P=UI/A (3)

The polarization curve was drawn by U versus i,
and the power density curve was drawn by
P versus i [24].

2.2.2. Determination of microbiological properties
The morphology of the blank electrode and the
electrode loaded with the mixed bacteria biofilm
were analyzed by scanning electron microscope
(SEM); the absorbance of the microorganisms
was measured by the ultraviolet spectrophot-
ometer (L5S) to obtain the concentration of the
microorganism culture solution (OD600) to eval-
uate the electrochemically active bacteria the
growth of the bacteria is judged by the cell density
of the bacteria.

3. Results and discussion
3.1. Research on power generation performance

3.1.1. Power generation performance of pure
cultures MFC

To investigated the power generation performance
of each electrochemically active bacteria, the out-
put voltage of MFC powered by each pure culture
was measured at an external resistance of 1000 Q.
The output voltage of each electrochemically active
bacteria over time was shown in Figure 1.

It could be seen from Figure 1 that the power
generated by MFC with different electrochemically
active bacteria increased over time, and each MFC
showed a stable trend of output voltage after
60-72 h. Among the four MFCs, the Bacillus subtilis
MFC outputed the highest voltage (229 mV), fol-
lowed by the Pseudomonas aeruginosa MEFC
(227 mV), the Saccharomyces cerevisiae MFC
(188 mV), and E. coli MFC (172 mV). Compared
to the outputs of MFC with these microorganisms in
the previous researches [25-28]. Our MFC indicated
similar even better performance. It was worth
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Figure 1. Power generation performance of pure cultures MFC.

noticing that, unliked other MFCs, the voltage of the
Pseudomonas aeruginosa MFC suddenly dropped
after rising to a peak, and then stabilizes. The result
was consistent with the results of the study by Ting
et al. [29]. The activity and survival of electron med-
iators and bacteria produced by Pseudomonas aeru-
ginosa could directly affect the power production
capacity of MFC, and the decrease in biofilm activity
lowered the transfer rate between anode electrons
and the anode over time, resulted in the drop of the
output voltage.

3.1.2. Power generation performance of
electrochemically active bacteria in different
combinations

We combined the above-mentioned electrochemi-
cally active bacteria as the anodic inoculums to

600

construct mixed cultures MFC to investigate their
power-producing performance. As shown in
Figure 2, when each mixed cultures MFC outputed
stable voltage, Bacillus subtilis and Saccharomyces
cerevisiae mixed cultures MFC rose to the top in
the output voltage, up to 554 mV, followed by
Bacillus subtilis and Pseudomonas aeruginosa
mixed cultures MFC (241 mV), E. coli and
Bacillus subtilis (239 mV), Saccharomyces cerevi-
siae and Escherichia coli (159 mV), Saccharomyces
cerevisiae and Pseudomonas aeruginosa (143 mV),
E. coli and P. aeruginosa mixed cultures MFC
(111 mV).

The MFC powered by different composite elec-
trochemically active bacteria varied regarding
power  production  performance. = When
Saccharomyces cerevisiae and Escherichia coli
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Figure 2. Output voltage of different mixed cultures MFC.
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mixed with the other two, the former outperforms
the latter in powering MFC to produce electricity
as its stronger metabolic capacity made MFC pow-
ered by it faster in electron transfer despite the
failure of both of them to produce intermediate
mediators for electron transfer [10,30], shown by
research. When Bacillus subtilis and Pseudomonas
aeruginosa mixed with the other two, the former
also outperforms the latter in powering MFC to
produce electricity for the following two reasons:
Bacillus subtilis is faster than Pseudomonas aeru-
ginosa in electron transfer thanks to its stronger
electrical activity, so it can reduce the internal
resistance of MFC as the anode electrochemically
active bacteria. Secondly, toxic chlorophyll [31]
produced by Pseudomonas aeruginosa during
metabolism may inhibit growth when coexisting
with other microorganisms, making the anode
biofilm less active. This leads to a decrease in out-
put voltage.

3.2. Analysis of power production mechanism

The analysis on the power production perfor-
mance of MFC powered by different combina-
tions of electrochemically active bacteria
indicated that no other combination performs
better than Bacillus subtilis and Saccharomyces
cerevisiae in this regard. In the following sec-
tions, the electricity production mechanism of
MFC powered by the above-mixed bacteria is
analyzed from the perspectives of electrochemis-
try and electron microscope scanning.
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3.2.1. CV analysis of mixed electrochemically
active bacteria

It could be seen from the cyclic voltammetry curve in
Figure 3 that a pair of relative redox peaked appear at
0.5 V and —0.5 V, which indicated that there might
be free redox intermediates or membrane connect-
ing substances attached to the anode biofilm of the
mixed cultures MFC. The result was similar to the
research result of ITama [18], which indicated that the
electron transfer of the mixed culture MFC was
completed by the oxidative substances secreted by
the mixed bacteria or the membrane connecting
substances of the electrochemically active bacteria.
It can be inferred that the electron transfer process in
the mixed cultures system might be the result of the
cooperation of direct contact transfer and electron
shuttle transfer mechanisms. The redox mediator
secreted by Bacillus subtilis provided a channel for
the transfer of anode electrons, thereby reducing the
resistance in the process of electron transfer. As an
endogenous electron mediator produced by electro-
chemically active bacteria, riboflavin played a very
important role in electronic horizontal propagation
[32,33].

3.2.2. Polarization curve and power density curve
of mixed cultures

To better illustrate the power generation perfor-
mance of the MFC used Saccharomyces cerevisiae
and Bacillus subtilis as the mixed bacteria, the
experiment measured the output voltage of MFC
at different resistance values, calculated the cur-
rent by the formula and delivered the power

1 A J

-1.0 0.5

0.0 0.5 1.0

Voltage (V)

Figure 3. Cyclic voltammetry curve of mixed cultures MFC.



BIOENGINEERED 849

Votage(mV)
w &=~ h -3 ~ -3
g 8 8 8 8 =8

g

g

=

—e—Power density

—+Votage

350

300

250

Power density(mW/m?)

0 100 200 300

500 600 700 800

Current density(mA/m?)

Figure 4. Polarization curve and power density curve of the compound strains.

density curve and polarization curve as shown in
Figure 4. The output voltage of the system is
about 752 mV under an open-circuit, suggesting
the high activity of electricity production. The
power density curve shows that as the external
resistance decreases, the current density and
power density gradually increase. When the cur-
rent reaches 602 mA/m’ the power density
maximizes (287 mW/m?). After that, the power
density begins to decline with the increasing
current density.

3.2.3. SEM analysis of anodic biomembrane

Figure 5(a) was a blank electrode without any
electrochemically active bacteria load. It could be
clearly seen that the surface of the carbon fiber
is relatively smooth. Figure 5(b) was an electrode
loaded with mixed cultured electrochemically
active bacteria. It was not difficult to see that
there were a large number of bacteria on the
surface of the electrode. These electrochemically
active bacterias interacted with the electrode sur-
face to form a thick electrochemically active
biofilm. Zhi et al. [34] found that when electro-
chemically active bacteria adhere to the surface
of the anode and form a thick biofilm, the sub-
strate consumption rate increases, thereby
increasing the power generation. Makhtar et al.
[35] also confirmed that the thickening of the
biofilm formed on the surface of the electrode
was conducive to the reduction of the internal
resistance of the MFC. It could be inferred that
the increase in power generation of the mixed

cultures MFC was due to the electrochemically
active biofilm formed on the electrode surface,
which reduced the internal resistance of
the MFC.

According to the experimental data of this
study, we presumed that the mixed bacteria in
MFC might have a synergy effect, while the
anodic electron transfer mechanism should be:
tirstly, Bacillus subtilis produced electron media-
tors through respiration to promote the transfer
of electrons in the anode and reduced the inter-
nal resistance of the MFC. Then, Saccharomyces
cerevisiae could transfer electrons through the
electron mediator produced by Bacillus subtilis
as well as a direct contact mechanism. Finally,
the lactic acid produced by the decomposition of
glucose by Saccharomyces cerevisiae through
respiration served as a carbon source and elec-
tron donor for Bacillus subtilis. The synergy
mechanism is shown in Figure 6.

3.3. Synergy effect analysis

To further verified whether the riboflavin syner-
gizing  between  Bacillus  subtilis  and
Saccharomyces cerevisiae could be substituted by
exogenous riboflavin, 0, 50, 150, and 300 umol/L
riboflavin were added to Saccharomyces cerevisiae
MFC, Bacillus subtilis MFC and mixed cultures
MFC with the above two, respectively. Their
respective output voltages, and ODggo of Bacillus
subtilis were measured every 24 h.
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Figure 5. SEM photo of anodic biomembrane (a) blank electrode and (b) electrode of mixed bacteria.

3.3.1. Effect of riboflavin concentration on
Saccharomyces cerevisiae MFC

When the value of ODg ranges from 0.6 to 0.8, it
means that the microorganisms are thriving in the
logarithmic phase, while ODgg value >3 means that
the microorganisms in the culture medium are
already saturated, and ODgyy = 1 means microorgan-
isms are in good condition [36]. As we could see from
Figure 7, the ODgq of Saccharomyces cerevisiae under
different riboflavin concentrations showed no
obvious changes, suggesting increased riboflavin con-
centrations made little difference in the respiration of

Saccharomyces cerevisiae. Therefore, higher concen-
trations of riboflavin did not help in a bigger number
of Saccharomyces cerevisiae cells.

From Figure 8, it could be seen that the exo-
genous riboflavin increases the output voltage of
the Saccharomyces cerevisiae MFC system, up to
487 mV, which is 220% higher than that in the
blank test (220 mV). This indicated that riboflavin,
a redox material could be used for Saccharomyces
cerevisiae to reduce the resistance of its electron
transfer and increase the output voltage of
the MFC.
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Figure 6. Schematic diagram of the anode electron transfer pathway of mixed cultures MFC.
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Figure 7. Changes of ODgqo of Saccharomyces cerevisiae under different riboflavin concentrations.

3.3.2. Effect of riboflavin concentration on Bacillus
subtilis MFC

Figure 9 showed that the output voltage of the
Bacillus subtilis MFC was 323 mV when riboflavin
was absent, while the value increases by 150%
(693 mV) with exogenous riboflavin added. It
could be concluded that exogenous riboflavin can
increase the power generation of the MFC as it
created more mediators in the MFC system which
could speed up electron transfer.

3.3.3. Effect of riboflavin concentrations on mixed
cultures MFC

It was known from the above experiments that
the addition of exogenous riboflavin could
increase the output voltage of the pure bacterial
MEC of Bacillus subtilis and Saccharomyces cere-
visiae, and reduced the internal resistance of the
battery. However, it could be seen from Figure 10
that after adding exogenous riboflavin to the
mixed culture MFC, the voltage dropped rapidly
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Figure 8. The effect of adding riboflavin on the output voltage of Saccharomyces cerevisiae.
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Figure 9. Effects of different riboflavin concentrations on the output voltage of Bacillus subtilis.

after being stabilized. Moreover, the higher the
concentration of exogenous riboflavin was, the
faster the voltage decreased. It was indicated to
choose the self-secreting riboflavin over the exo-
genous riboflavin played the role of electron
transfer in this mixed bacterial system, and the
over-saturated riboflavin will affect the effect of
MFC on electricity generation.

4, Conclusions

To overcome the issue of low power yield, the
experiments focusing on the synergy effect

between electrochemically active bacteria were
established, MFC of Bacillus subtilis had the best
performance on outputed voltage (299 mV). In the
mixed culture systems, only MFC composed of
Saccharomyces cerevisiae and Bacillus subtilis had
a significant increase in power generation capacity
(554 mV) because of the synergy effect. The ribo-
flavin produced by Bacillus subtilis was utilized by
Saccharomyces cerevisiae for electron transfer, and
Saccharomyces cerevisiae provided carbon source
and electron donor for Bacillus subtilis. The excess
riboflavin might hinder electron transfer in mixed
cultures MFC.
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Research highlights

® Explored the synergistic effect of mixed cultures
MEC

® Analyzed the potential and feasibility of MFC
based mixed technologies

® The synergistic effect of S. cerevisiae and
B. subtilis improved the power generation
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