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Microbial fuel cells (MFCs) provide a solution to valorise wastewater for energy generation. Wastewater
containing oxytetracycline (OTC), an antibiotic, was treated in a yeast-based H-type MFC to obtain
bioenergy. The effect of bakery yeast amount, initial OTC concentration, and NaCl concentration in an
anodic chamber was investigated and optimum operating conditions were statistically determined via
Box—Behnken design. The highest generated power was measured to be 219.3 mW m~2 using 3 g L™ of
bakery yeast, 0.003 M of OTC solution, and 0.006 M of NaCl in the anodic chamber, and experimental
data showed a good fit to the model with higher R-sq values. The most important operating parameter
was found to be the square of the initial OTC concentration, and this factor, as well as the amount of
bakery yeast, has a main effect on the performance of yeast-based MFCs. Almost 70% of TOC removal
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1 Introduction

Increasing energy demands have led to a search for sustain-
able, green, and renewable energy production routes. Conse-
quently, enzymes and microorganism-based biofuel cells
(BFCs) have gained great interest owing to their features to
convert chemical energy into electrical energy, thus lowering
greenhouse-gas emissions."”> BFCs utilize renewable
substrates, which contribute to their high conversion effi-
ciency. Since most BFCs operate at ambient temperatures,
they produce less environmental impact compared to
conventional fuel cells, which require high temperatures and
release heat during operation.> Renewable sources could be
utilized as substrates to generate electricity in BFCs."**
Enzymes, widely used as biocatalysts, have some drawbacks,
including unsustainability, low resistance, and short lifespan,
especially in the presence of pollutants.>*™® Conversely,
microbes in BFCs are superior because of their versatile
catalytic properties, regenerative abilities, low sensitivity to
pollutants, and high activity. Microbial fuel cells (MFCs) have
been widely used in the treatment of various sources of
pollutants, such as antibiotics, heavy metals, dyes and landfill
leachate.™* In addition to wastewater treatment, MFCs can
efficiently be used for electricity generation using various
microorganisms.' Thus, the treatment of wastewater—used
as a mediator—and electricity generation in MFCs could be
efficiently performed using various aerobic or anaerobic
microorganisms. Among them, bakery yeast (Saccharomyces
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was achieved under optimum reaction conditions.

cerevisiae) stands out for its low cost, non-pathogenic nature,
easy mass-cultivation, and long-term storage capability.”® In
yeast-based MFCs, surface-confined species facilitate electron
transfer via yeast adhesion on the electrode surface. However,
endogenous mediators play no role in electron transfer,
necessitating the use of exogenous mediators such as methy-
lene blue or thionin to enhance performance.'® Various anti-
biotics  (aureomycin, sulfadimidine, roxithromycin,
norfloxacin, and sulfamethoxazole) have been treated using
MFCs, generating electricity simultaneously.'”'® Oxytetracy-
cline (OTC), widely used in veterinary medicine and agricul-
ture, is present in various water bodies and soils. Residues of
OTC have been detected in natural surface waters (up to
200 ppb with 90% detection frequency) and wastewater
treatment effluents (0.061-23.6 ppb). It has also been found in
vegetable farm soils and livestock at concentrations up to
2.98 mg kg~ '. OTC is acutely toxic and poses risks to ecosys-
tems and human health. Due to its limited absorption by
animals and humans, it is excreted into the environment. The
widespread presence and harmful effects of OTC have driven
efforts to find effective methods for its removal.**">* Therefore;
in this study, OTC was selected as an exogenous mediator to
generate electricity in yeast-based MFCs. This allows for the
simultaneous treatment of model pharmaceutical wastewater
and electricity generation. The effective parameters, ie.,
bakery yeast amount, initial OTC concentration, and NaCl
concentration in the anodic chamber over the energy gener-
ation performance of MFCs, were evaluated using the Box-
Behnken design model. The main and interaction effects of
these parameters were statistically determined.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental section
2.1 Configuration of biofuel cell

H-type MFC (Fig. 1) had anodic and cathodic chambers made of
Pyrex glass with a volume of 500 mL was used and these
chambers were separated using a Protonic Exchange Membrane
(PEM; Ultrex-CMI 7000). Before starting the experiment, PEM
was pre-treated using 5% NacCl solution at about 40 °C for 12 h.
In these chambers, carbon paper electrodes (Goodfellow Cam-
bridge Limited, LS366112 SJP Carbon Foil) were used and
connected by a copper wire closed with external resistance (1
kQ). Additionally, before using the carbon paper electrodes
(Goodfellow Cambridge Limited LS366112 SJP Carbon Foil) in
experiments, they were immersed in pure ethanol for 30 min.
Then, the process was repeated using 1 M of HCI solution for
60 min.

2.2 Materials

The used chemicals (dextrose, p-glucose, NaCl, HCl, ethanol, di-
sodium hydrogen phosphate) were purchased from Sigma-
Aldrich. Bakery yeast (Pakmaya, Turkey) and oxytetracycline
hydrochloride (OTC) were obtained from a local market and
Doga ilac, respectively.

2.3 Preparation of anode biocatalyst

The anode biocatalyst was prepared using S. cerevisiae (Bakery
yeast) based on Raghavulu et al.’s study.”” Bakery yeast was
washed three times with saline buffer at room temperature and
then, their growth was activated using 1% dextrose solution at

carbon paper
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Fig. 1 Biofuel cell.

Table 1 Variables in BBD
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around 40 °C. They were kept in dextrose solution for 20 min
and, hence, they were resuscitated. Then, the bakery yeast was
enriched in OTC - OTC-containing wastewater under anaerobic
conditions by mixing at 120 rpm for 48 h.

2.4 Experimental study

In a typical experiment, the sodium acetate solution (as an
electron donor, % 30 v/v), bakery yeast (i.e., 1 g), p-glucose (as
a carbon source, 0.06 M) and OTC (as an electron acceptor, ie.,
0.001 M) solution (V: 300 mL) were quickly introduced into the
anodic chamber. Then, the anodic chamber was purged with
N, gas for 15 min to conserve the anaerobic conditions during
the experiments. On the other hand, the cathodic chamber
was filled with a buffer solution (50 mM and V: 300 mL)
prepared using di-sodium hydrogen phosphate and this
chamber was continuously aerated. During the experimental
study, the effects of the bakery yeast amount, initial OTC
concentration, and NaCl concentration in the anodic chamber
over generated power were investigated. In this context,
a three-factor, three-level Box-Behnken Design (BBD) was
applied to understand their main and interaction effects and
the factors and their low/high levels are given in Table 1. The
experimental data was statistically investigated using Minitab
2018 to clarify the main and interaction effects of selected
factors.

2.5 Analyses

The liquid samples obtained at the beginning and end of the
experiments were analyzed to determine the removal of total
organic carbon (Total Organic Carbon analyzer TOC-L, Shi-
madzu). The potential measurements were carried out using
a reference electrode (Crison 5240 electrode, Ag/AgCl) and the
open circuit voltage (OCV) values were recorded using a multi-
meter (FLUKE, 87). The OCV was continuously recorded
throughout the experiments to monitor the voltage produced by
the MFC during operation.

3 Results and discussion

Bioenergy generation and wastewater treatment were simul-
taneously achieved in an H-type microbial fuel cell (MFC)
using bakery yeast. In this context, the impacts of bakery yeast
amount (4), initial OTC concentration (B), and NaCl concen-
tration in the anodic chamber (C) over the generated power
(response) were investigated. Their main and interaction

Independent variables Levels

Uncoded factors Coded factors Low Middle High
Bakery yeast amount [g] A 1 3 5
Initial OTC concentration [M] B 0.001 0.003 0.005
NaCl concentration in the anodic chamber [M] c 0 0.006 0.012
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impacts were determined by creating an experimental design
using Minitab 18 software. The experimental design and
results are given in Table 2. The measured power outputs
across different experimental conditions ranged from 70 to
219.3 mW m™ 2. The results show that the optimum operating
condition for power generation occurred at 3 g L' of bakery
yeast, 0.003 M of initial OTC concentration and 0.006 M of
NaCl concentration in the anodic chamber, yielding
a maximum power density of 219.3 mW m 2. Conversely, very
low power (~8.5 mW m™?) was achieved without adding bakery
yeast. Bakery yeast serves as the biocatalyst in the MFC by
facilitating electron transfer at the anode. The experiments
indicate that the yeast concentration significantly affects
power generation. For example, increasing the yeast amount
from1gL ' to3 gL ' led to an improvement in power output
from 100 mW m ™2 to 214 mW m™ 2, under constant conditions
for the concentration of OTC (0.003 M). However, a further
increase to 5 ¢ L™ " reduced the power to 153.7 mW m™ . These
results suggest that excessive yeast loading may cause
substrate depletion or electron donor scarcity, which could
inhibit biofilm formation and thus decrease the power output.
OTC was used as an electron acceptor in this study and the
results show that the initial concentration of OTC has
a substantial impact on power generation. At 0.003 M OTC
concentration, the power density reached its peak (219.3 mW
m™?). Lower OTC concentrations (0.001 M) consistently yielded
reduced power outputs (70 mW m™2). Conversely, while
increasing the OTC concentration to 0.005 M improved power
density initially, excessively high OTC levels may introduce
toxicity to the yeast, potentially reducing microbial activity and
energy conversion efficiency. NaCl plays a critical role as an
electrolyte in the anodic chamber, affecting the conductivity
and overall internal resistance of the MFC. The results indicate

Table 2 Experimental results of BBD

Measured power

Exp. no. A B c (mW m?)
1 3 0.005 0.012 120

2 3 0.003 0.006 214

3 3 0.003 0.006 212.3
4 3 0.001 0.012 70

5 5 0.001 0.006 81.7
6 1 0.003 0.000 100

7 3 0.003 0.006 219.3
8 1 0.005 0.006 120

9 5 0.005 0.006 191
10 3 0.003 0.006 210.3
11 3 0.001 0.000 70

12 5 0.003 0.012 153.7
13 1 0.001 0.006 84.7
14 1 0.003 0.012 105
15 5 0.003 0.000 138
16 3 0.003 0.006 205
17 3 0.005 0.000 108
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Table 3 ANOVA table
Source DF  AdjSS Adj MS F-Value  P-vValue
Model 9 49 284.1 5476.0 67.99 0.000
Linear 3 9890.3 3296.8 40.93 0.000
A 1 2990.2 2990.2 37.13 0.000
B 1 6766.7 6766.7 84.01 0.000
c 1 133.4 133.4 1.66 0.239
Square 3 37960.3 12 653.4 157.10 0.000
A XA 1 3878.4 3878.4 48.15 0.000
B x B 1 16 456.1 16 456.1 204.32 0.000
CcCxC 1 14 010.0 14 010.0 173.94 0.000
2-Way interaction 3 1433.4 477.8 5.93 0.025
A XB 1 1369.0 1369.0 17.00 0.004
AxC 1 28.4 28.4 0.35 0.571
BxC 1 36.0 36.0 0.45 0.525
Error 7 563.8 80.5
Lack-of-fit 3 454.3 151.4 5.53 0.066
Pure error 4 109.5 27.4
Total 16 49 847.9
that the intermediate concentration of NaCl (0.006 M)

produced the highest power outputs, particularly at optimized
levels of yeast and OTC. At higher concentrations (0.012 M),
power generation dropped to 70 mW m 2, suggesting an
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Fig. 2 Pareto chart (a) and normal plot of the standardized effects (b)
(factors: A: yeast amount, B: initial OTC concentration, C: NaCl
concentration in the anodic chamber).
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Fig. 3 Normal probability plot (a); histogram graph (b).

adverse effect from excessive ionic strength, which can
increase the osmotic pressure and impede microbial metabolic
activity. Similarly, when no NaCl was added, power generation
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(100 mW m™?) was significantly reduced, likely due to poor
conductivity.

The interactions of the reaction parameters, namely, bakery
yeast amount, initial OTC concentration, and NaCl concentra-
tion in the anodic chamber were determined using a statistical
analysis program. Based on the Minitab results, the 2-way
interaction terms that are A x B and B x C do not have
a significant effect on the generated power, hence, they were
eliminated, resulting in a reduced model. The ANOVA table of
the reduced model, including regression coefficient and lack-of-
fit is given in Table 3. The p-values («) of all the factors were less
than 0.05, indicating significant individual interactions
between reaction factors. The R?, R> (adj.) and R* (pred.) values
of this model were 98.7%, 97.7%, and 89.7%, respectively.
Therefore, it could be concluded that the model shows a good fit
for experimental values of generated power in MFC during the
treatment of OTC-containing wastewater.

Based on Table 3, main factors A and B have a significant
effect on response along with the quadratic effects A4, BB, CC,
and 2-way interaction of A and B, all with a 95% confidence
interval, which means that the p-value is lower than 0.05 for
each significant factor. In addition, the synergetic effect of AB
was observed. Except for these terms, the others did not show
any significant effect on the response. In addition, the analysis
of the standardized effects plots (Pareto chart) with p = 0.05
supports these findings, as shown in Fig. 2(a). The length of the
bars represents the absolute standardized values, with the main
factors A and B, the quadratic effects AA, BB, and CC, and the
two-way interaction of A and B exceeding the reference line
(2.36). Therefore, these terms statistically affect the generated
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Fig. 4 Contour plots for the operating parameters.
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Fig.5 3-D response surface graphs of power combined effects of the
operating parameters.

power in MFC with the most significant contribution origi-
nating from the BB quadratic effect. The direction and magni-
tude of effects could be understood from the normal plot. Based

Table 4 Literature comparison
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on Fig. 2(b), the distribution fit line refers to the effects on the
left side of this vertical line having a negative impact on power
while the effects on the right side have a positive impact. For
instance, the main effect of B has a positive impact while BB has
a negative impact. Therefore, only the main effects of A and B,
and the 2-way interaction of A and B have a positive impact on
power.

The difference between the adjusted and experimental
values provides insight into the goodness-of-fit in regression
and ANOVA. The results of the residual analysis are given in
Fig. 3. In Fig. 3(a), the normal distribution of residuals is rep-
resented by the straight line and the normal probability plot
approaches this line. In addition, the symmetry of the residual
histograms confirms these findings. The histogram graph is
given in Fig. 3(b) and it supports the normal probability
distribution shown in Fig. 3(a).

The contour plots for the prediction of power are depicted in
Fig. 4. An increase in yeast amount, OTC concentration, and
NaCl concentration causes an enhancement in power in the
early stages. However, after reaching a maximum power value,
the obtained power begins to decrease. Consequently, making
an optimization in terms of reaction parameters is very
important. Curvatures of a significant magnitude can be seen in
Fig. 5. These curves indicate that the correlation between the
factors (the yeast amount, initial OTC concentration, NaCl
concentration in the anodic chamber) and the response (power)
is well-fitted on a quadratic function.

In previous studies, OTC was treated in microbial fuel cells
using activated sludge,*® wastewater treatment plant sludge,*
Ochrobactrum sp. strain KSS10.”> Wang et al. achieved 40% total
organic carbon (TOC) removal and a power density of 195.36
mW m~? using anaerobic activated sludge with graphite felt
electrodes.”® In another study, using FeCoO/GO composite-
coated circular carbon fiber electrodes and wastewater treat-
ment plant sludge achieved a TOC removal efficiency of 44%
and power densities ranging from 102.47 to 303.60 mW m™>.2*
Shao et al. reported nearly 60% TOC removal using Ochrobac-
trum sp. strain KSS10.”® This study is the first to use bakery yeast
for treating OTC in an MFC. The results showed almost 70%
TOC removal and a power density of 219.3 mW m™ > under
optimal conditions, demonstrating that bakery yeast is a low-
cost and effective option for wastewater treatment and bio-
energy generation. The aforementioned studies are summa-
rized in Table 4.

Power density Output Removal

Microorganism Electrode material Pollutant ~ (mW m ?) voltage (V) efficiency (%) Reference
Anaerobic sludge Graphite felt OTC 195.36 0.78 40% 23
Wastewater treatment sludge FeCoO/GO-coated carbon fiber OTC 102.47-303.60 0.90 44% 24
Ochrobactrum sp. strain KSS10 Carbon cloth OTC Not reported 0.62 ~60% 25
Bakery yeast (S. cerevisiae) Carbon paper OTC 219.3 0.85 ~70% This study
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4 Conclusions

In MFC, an OTC model solution - representing the pharma-
ceutical wastewater — was used as a mediator to produce energy
using bakery yeast enabling simultaneous energy generation
and wastewater treatment. To optimize the generated power in
MFC, a three-factor, three-level Box-Behnken design was
created via the Minitab statistical analysis program. The
impacts of bakery yeast's amount, initial OTC concentration
and NaCl concentration in an anodic chamber were investi-
gated. The optimum reaction conditions were found to be 3 g
L' of bakery yeast, 0.003 M of initial OTC concentration and
0.006 M of NaCl concentration. At these reaction conditions,
a power density of 219.3 mW m~> and almost 70% TOC removal
were achieved. Therefore, this approach shows promise as
a dual-function technology for energy production and environ-
mental remediation. MFCs offer vast potential for treating
a wider variety of pharmaceutical and industrial wastewater,
including those containing complex organic pollutants such as
dyes and other emerging contaminants. Further research could
focus on enhancing the efficiency of MFCs by exploring
different types of microorganisms that could offer higher elec-
tron transfer rates and pollutant degradation capabilities.
Additionally, advancements in electrode materials, such as the
use of nanomaterials and conductive polymers, could further
improve power output and system longevity.
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