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Abstract

The valorization of dairy industry by-products and simultaneous energy recovery remain
important challenges in sustainable waste management. In this study, waste buttermilk
was evaluated as a substrate for bioelectricity generation in a microbial fuel cell (MFC)
equipped with a gas diffusion anode (GDE) and non-precious metal cathodes. Three
electrode configurations were investigated: GDE/GDE, GDE/Cu-B, and GDE/Ni-Co.
Stable operation was achieved for all MFC systems, confirming that waste buttermilk can
support electroactive biofilm development. The GDE/Ni-Co configuration exhibited the
highest performance, reaching a maximum power density of 25 mW-m~2, compared to
22 mW-m~2 and 17 mW-m~2 for GDE/Cu-B and GDE/GDE, respectively. Coulombic
efficiency ranged from 10.83% to 18.82%, depending on the electrode system. A cyclic
performance decrease was observed, likely caused by membrane fouling and electrode
surface blockage. The results indicate that waste buttermilk can be utilized for simultaneous
waste treatment and energy recovery in MFC systems, although further optimization is
required to improve long-term stability.

Keywords: microbial fuel cells; energy recovery; waste-to-energy; dairy wastewater; waste
buttermilk; bioelectrochemical system; gas diffusion electrode; non-precious metal catalysts

1. Introduction

In the 21st century, increasing global shortages of water and energy have emerged
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sustainable development and circular economy principles aimed at reducing environmental
impact while improving economic efficiency [8-13].

Milk processing generates a wide variety of waste streams, which can be broadly clas-
sified as organic residues, including whey, protein- and fat-rich by-products, and expired
dairy products. Whey alone accounts for approximately 80-90% of the volume of milk
used in cheese production; therefore, its proper management is of critical environmental
and economic importance. In addition, inorganic wastes are also produced, such as used
packaging materials, plastic films, equipment components, spent filtration membranes, and
sludge from wastewater treatment plants [14-17].

A major advancement in dairy waste management is the valorization of by-products,
particularly whey. Instead of disposal, whey is widely used as a raw material for the
production of whey protein concentrates (30-40%), food-grade lactose (20-30%), fermented
beverages (10-20%), and bioethanol (5-10%) [18,19]. This approach enables the conversion
of waste streams into value-added products while reducing the environmental footprint
of the dairy industry. In addition, increasing attention is being paid to biotechnological
processing of dairy waste, such as whey fermentation for lactic acid production, a key
precursor for biodegradable plastics (PLA). These strategies align with circular economy
principles and support the development of food biorefineries [20-22].

The ongoing transformation of the dairy sector is thus oriented toward the creation of
integrated systems in which waste generated at one stage of production becomes a resource
for subsequent processes. This includes the reuse of treated process water in closed-loop
systems, heat recovery from pasteurization and cleaning-in-place (CIP) operations, and the
production of biogas from sewage sludge and organic waste. The biogas can subsequently
be used for the generation of thermal and electrical energy to meet the internal energy
demands of dairy plants, typically contributing significantly to on-site energy supply (often
in the range of 20-40%) of total energy demand, with combined heat and power (CHP)
systems achieving electrical efficiencies of 30—40% and overall efficiencies of 70-90% [23].

Buttermilk is a by-product of butter production, obtained either from the churning
of cream (sweet buttermilk) or from the fermentation of milk cream. It consists primarily
of residual milk fat and milk proteins, including whey proteins and caseins. The nutri-
tional composition and functional properties of buttermilk vary depending on its origin.
Consequently, buttermilk derived from whey-based processes differs in composition and
functionality from that obtained from sweet or cultured cream [24,25].

Moreover, the incorporation of buttermilk into bakery formulations has been shown to
enhance their nutritional value, improve rheological properties (such as water absorption,
dough development time and temperature), sensory quality, and physical characteristics
including product volume and weight. For this reason, the addition of approximately
30% buttermilk is recommended to improve both the nutritional and sensory properties of
baked goods [26,27].

In addition, buttermilk and cow’s milk serve as sources of exopolysaccharides (EPS)
and other secondary metabolites produced by lactic acid bacteria, such as Lactococcus
lactis. EPS derived from buttermilk is widely used as a thickening agent in the food in-
dustry [28]. Buttermilk also contains proteolytic microorganisms, including lactic acid
bacteria, capable of generating bioactive peptides with diverse functional properties. Ther-
mal treatment of buttermilk has been reported to release peptides exhibiting antimicrobial
activity [29]. As a result, dairy industry by-products can be valorized into high-demand
products suitable for applications in bakery goods, dairy products, beverages, bioactive
compounds, biopolymers for microencapsulation materials, exopolysaccharides, short-
chain fatty acids, and many other value-added products [28,29]. In contrast, the conversion
of dairy waste into electrical energy is primarily driven by anaerobic consortia, including
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methanogenic archaea (e.g., Methanosaeta and Methanosarcina) in biogas systems or elec-
troactive bacteria such as Geobacter and Shewanella in microbial fuel cells, as reported in
previous studies [30,31].

Another important waste stream in the dairy industry is technological wastewater,
which represents a significant environmental challenge. It contains high concentrations of
organic compounds such as lactose, proteins, and fats, as well as nitrogen, phosphorus, and
mineral salts. Due to this high organic load, dairy wastewater is characterized by elevated
chemical oxygen demand (COD). The uncontrolled discharge of such effluents can lead
to contamination of surface and groundwater, soil degradation, and disruption of natural
biological processes, resulting in eutrophication and deterioration of ecosystems [32-34].

Despite recent progress, the dairy industry still faces several challenges, including
high investment costs of advanced environmental technologies and regulatory limitations
affecting the utilization of by-products. In addition, market volatility related to energy
prices and raw materials complicates the implementation of waste-to-energy solutions. At
the same time, the sector is undergoing a transformation toward more sustainable and
integrated systems, where waste streams are minimized, and by-products are valorized.
This transition is driven by the development of biotechnological processes, circular economy
strategies, and resource efficiency improvements [35,36]. Effective waste management is
therefore becoming not only a regulatory requirement but also an opportunity to enhance
innovation and competitiveness in the dairy sector.

The efficient management of wastewater and organic by-products, combined with
their valorization for energy generation, represents a rational and sustainable strategy
for the dairy sector. One promising approach is the application of microbial fuel cell
(MEC) technology, which enables simultaneous wastewater treatment and bioelectricity
generation. MFCs are bioelectrochemical systems that convert the chemical energy stored
in organic substrates, including industrial by-products, directly into electricity [37-39]. A
typical MFC consists of anodic and cathodic chambers separated by a proton exchange
membrane (PEM). In the anodic chamber, electroactive microorganisms oxidize organic
matter while forming a biofilm on the electrode surface, releasing electrons and protons.
The electrons flow through an external circuit to the cathode, generating electrical current,
while protons migrate through the membrane to complete the circuit [37,40,41]. The
formation of a stable and electroactive biofilm is essential for efficient energy recovery
from waste-derived substrates [41-43]. Only some genera and species of bacteria within
the biofilm are electrochemically active through direct conduction mechanisms, such as
Shewanella or Geobacter [44—-46].

Despite numerous studies on MFCs powered by dairy wastewater, the use of butter-
milk as a substrate in systems equipped with gas diffusion anodes and non-precious metal
cathodes has received limited attention. The impact of this electrode architecture on energy
recovery performance remains insufficiently explored.

This study evaluates the potential of waste buttermilk as a substrate for energy re-
covery in a microbial fuel cell system incorporating a gas diffusion anode (GDE) and
non-precious metal cathodes. The system performance was assessed to evaluate the feasi-
bility of simultaneous waste valorization and bioelectricity generation. Building on our
earlier investigation of GDE-based MFC systems [47] employing a glass reactor and a
sintered-glass separator, the present study extends this concept by examining a complex
dairy by-product substrate and implementing a noble-metal-free cathode approach with a
GDE/GDE reference configuration.
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2. Materials and Methods
2.1. Material for Research

Waste buttermilk (WB) obtained from the dairy industry was used as the substrate
source in the anodic chamber of the microbial fuel cell. The by-product served as a nutrient
medium for the microorganisms colonizing the anode surface. Selected physicochemical

parameters (chemical oxygen demand—COD; electrical conductivity—EC) of the WB are
summarized in Table 1.

Table 1. Initial characteristics of waste buttermilk used in this study *.

Parameter Value
COD [mg-L™1] 95,000 + 12,000
EC [mS-cm™1] 1.05 + 0.01

pH 6.00 £+ 0.05

Bulk density [kg/m?] 1032.3 £ 2.9
Dry mass [%] 8.8+ 0.3
Moisture content [%] 912+ 0.3
Ash content [% d.m.] 78 £1.1

Fats [%] 1.60 + 0.20

Proteins [%] 3.05 +0.25

Lactose [%] 4.65 + 0.30

*—based on the data from owned measurements and from the dairy plant.

For electrode activation and restart procedures, the substrate was diluted to achieve a
COD of 1000 mg-dm~3 to promote stable biofilm development on the anode surface. After
the establishment of a stable and electroactive biofilm, the MFC was subsequently fed with
buttermilk diluted to a COD level of 5000 mg-dm 3.

Since efficient biofilm formation on the anode surface is essential for stable MFC
operation, a carbon-based electrode material characterized by high biocompatibility was
selected. A commercially available gas diffusion electrode (GDE), composed of compacted
carbon particles supported on a metallic mesh, was employed as the anode. The electrode
contains over 90% carbon [47]. The presence of the metallic current collector enhances
overall electrical conductivity while preserving a carbon surface favorable for microbial at-
tachment. The GDE used in this study was supplied by Gaskatel GmbH (Kassel, Germany)
and is primarily intended for conventional fuel cell applications. An additional practical
advantage of this material is the ability to cut the electrode to the desired dimensions,
facilitating its adaptation to laboratory-scale reactor configurations.

To ensure a noble-metal-free system, cathodes without precious metal components
were selected for investigation. Three cathode types were investigated: a metallic mesh
coated with a Cu-B catalyst, a metallic mesh coated with a Ni-Co catalyst, and a GDE. The
Cu-B and Ni—Co electrodes were prepared by electrochemical deposition onto copper mesh
substrates, as described previously. The Cu-B catalytic layer was obtained by electrode-
position from an electrolyte containing copper sulfate (CuSO4) and sodium borohydride
(NaBHy) as the principal components. In the case of the Ni-Co system, the alloy was de-
posited from a solution based on nickel sulfate (NiSO4) and cobalt sulfate (CoSO,) [48,49].
The deposition processes were conducted at temperatures 90 °C under a current density
2 A-dm~2. The composition of the electrolyte solutions was optimized experimentally to
achieve stable alloy formation and uniform surface coverage.

2.2. Experimental Setup

For the measurements of energy recovery from waste buttermilk, a modular, screw-
assembled MFC constructed from acrylic (PMMA) was used. This configuration enabled
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convenient assembly and replacement of the PEM and facilitated visual inspection of
proper electrode positioning. The transparent reactor design also allowed monitoring of
chamber filling (anodic and cathodic compartments) and observation of cathode aeration,
enabling precise control of the air flow rate. Rubber gaskets were positioned between the
reactor segments to ensure proper sealing. The acrylic elements were assembled using bolts,
which compressed the segments together and slightly deformed the gaskets, resulting in a
leak-tight MFC structure.

Figure 1 presents the construction of the MFC used in this study and the measurement
configuration of the MFC system.

CATHODES

GDE Cu-B Ni-Co O ] v
ANODE —
O O
.
GDE © ©
(@]
] ]

o \
\— sealing plate
cathode chamber
O
PEMO @O
anode chamber

_______________ > bioelectricity parameters
measurements
cob
measurements
1
\

!
1
1
\

data collection

(computer)

Figure 1. (A) Construction of the MFC used in this study; (B) measurement configuration of the
MEC system.

The following electrode systems were implemented: GDE/Cu-B, GDE/Ni-Co, and
GDE/GDE. The GDE/GDE configuration was considered as the baseline system, enabling
comparison between an all-carbon electrode setup and metal-based catalyst systems free of
noble metals. The anode and cathode dimensions (width X length x thickness) were
20 mm X 20 mm x 1 mm. The anodic and cathodic chamber volumes were 30 mL
each. The cathode chamber was filled with 50 mM phosphate buffer (PBS, pH 7.2) and
continuously aerated to ensure sufficient oxygen availability for the cathodic reaction.
Aeration was maintained throughout MFC operation using a stone air diffuser at a flow
rate of 2 L-h~! [50]. Continuous aeration provided stable cathode performance, improved
mixing, and minimized concentration gradients within the catholyte.

A Nafion 117 membrane was applied as the proton exchange membrane. An external
resistor of 1.5 k() was applied to close the electrical circuit of the MFC [51-54]. The anodic
inoculum was obtained from a previously operating MFC, whose microbial community
originally originated from activated sludge collected at a municipal wastewater treatment
plant. All experiments were conducted at a constant temperature of 21 °C.
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2.3. Experiment

During MFC operation, the cell voltage (both during the start-up phase and regular
operation), power density, and COD removal were analyzed. Changes in COD were pri-
marily used as an indicator of biofilm activity and overall system performance. During the
start-up phase, only the cell voltage was monitored, whereas under stable MFC operation
both voltage and power density were analyzed.

Before conducting operational measurements, a start-up procedure was performed in
order to obtain a fully active anode. The development of a stable electroactive biofilm on
the anode typically requires several start-up cycles, during which microorganisms capable
of extracellular electron transfer (EET) become enriched within the biofilm [38,55-59].
During the start-up cycles, the anolyte consisted of waste buttermilk diluted to a COD
concentration of 1000 mg-dm 3. Such dilution was considered necessary to promote stable
biofilm formation, as excessively high COD concentrations may inhibit the activity of
electroactive microorganisms, particularly in the early stages of biofilm development. High
organic loading may lead to the accumulation of volatile fatty acids, local decreases in
pH within the anodic chamber, and shifts toward fermentative metabolism instead of
exoelectrogenic pathways. Under extreme conditions, these effects may prevent successful
MEFC start-up or significantly delay the establishment of stable electroactive communities.
Therefore, to reduce the initial organic load, stabilize pH, and facilitate gradual microbial
adaptation on the anode surface, the substrate was initially diluted to a COD level of
1000 mg-dm 3. After successful start-up, higher substrate concentrations were applied
during subsequent operational cycles used for MFC performance evaluation. In these
cycles, waste buttermilk diluted to a COD concentration of 5000 mg-dm 3 was used.

Due to the reactor design, the MFC operated in batch cycles until a decline in cell volt-
age was observed. A decrease in voltage indicated reduced substrate availability, at which
point the spent buttermilk was replaced with fresh diluted waste buttermilk, initiating a
new operational cycle. During substrate replacement, approximately 10% of the previous
batch was intentionally retained in the anodic chamber. This approach helped maintain an
active microbial environment and stable electrochemical conditions. The remaining fraction
of the previous medium preserved planktonic microorganisms, metabolites, and adequate
electrolyte conductivity, facilitating faster initiation of the subsequent cycle. At the same
time, maintaining only a small fraction of the previous medium limited the accumulation
of metabolic products and potential inhibitors present in the wastewater [60,61].

Experiments were conducted over ten consecutive operational cycles. Electrical pa-
rameters were monitored continuously throughout MFC operation. COD concentrations of
the diluted waste buttermilk were measured before each substrate replacement and after
completion of each cycle. No intermediate sampling was performed during individual cy-
cles; therefore, the measured COD values represent net changes in wastewater composition
over each cycle. This sampling strategy was adopted due to the reactor design, in which
the anodic chamber remained closed throughout each operational cycle. Each cycle was
considered complete when the cell voltage decreased to 60% of its maximum value.

The experiments were conducted in repeated operational cycles, and the presented
results are representative of consistent trends observed during MFC operation.

2.4. Electrical Measurements and Calculations

The electrical performance of the MFC was evaluated according to standard method-
ologies described for MFC [37,38]. The electrical performance of the MFC was evaluated
by continuously monitoring the cell voltage across an external resistor of 1.5 k() using a
data acquisition system. The current (I) was calculated according to Ohm’s law [37,62]:
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[— Enrc
Rext

where
[—the current [A],
Eprc—the cell voltage [V],
Ret—the external resistance [()].
The power output (P) generated by the MFC was calculated using the following
equation [62]:
P =T-Eprc

where

P—the power [W].

To allow comparison between experiments, power density was normalized to the
projected surface area of the anode (A) and calculated as [38,62]:

p, = LEMEC 0
where

P;—the power density [W-m~2],

A—the projected surface area of the anode [m?].

Coulombic efficiency (Cg) was calculated to evaluate the fraction of electrons recovered
as electrical current relative to the theoretical amount of electrons available from substrate
oxidation [37,38]. Cr was determined for individual operational cycles of the MFC.

In the present study, each cycle was defined as the period from substrate addition to
the point at which the cell voltage decreased to 60% of its maximum value. At this point
the spent medium was partially replaced with fresh diluted waste buttermilk, initiating a
new operational cycle.

Because approximately 10% of the previous batch was retained in the anodic chamber
during medium replacement, the chemical oxygen demand (COD) at the beginning of each
cycle was determined for the mixed anodic medium to ensure consistency between charge
recovery and substrate removal calculations. COD was measured at the beginning and at
the end of each cycle.

The Cg was calculated using the following equation [37,62,63]:

M- [ 1dt

Ce = F-b-V,,-ACOD

where

Cg—the coulombic efficiency [%],

M-—the molecular weight of oxygen [32 g~mol’1],

F—Faraday’s constant [96,485 C-mol 1],

b—the number of electrons exchanged per mole of oxygen [4],

Vn—the volume of the anodic chamber [L],

ACOD—the change in COD concentration [g~L’1].

The internal resistance of the MFC was estimated from the slope of the linear region of
the polarization curve. All electrical parameters were determined for each operational cycle,
and the reported values represent average values obtained during stable MFC operation.

2.5. Equipment

Electrodeposition of the Cu-B and Ni-Co catalytic layers was performed using a
laboratory DC power supply (PowerLab 305D-II, China). Electrical characteristics of the
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microbial fuel cell were monitored with a PGSTAT302N potentiostat (Metrohm-Autolab
BV, Utrecht, The Netherlands) supported by a Fluke 8840A multimeter (Fluke Corporation,
Everett, WA, USA).

The concentration of chemical oxygen demand (COD) was analyzed photometrically
using a multiparameter photometer (HI 83224) and a visible-range spectrophotometer (HI-
801 Iris). Analyses were carried out using commercial reagent-based test kits supplied by
the manufacturer (HANNA Instruments, Woonsocket, RI, USA), following the procedures
recommended in the corresponding analytical protocols.

Temperature measurements were performed with a UNI-T UT33C multimeter (UNI-
Technology, Hong Kong SAR, China). Thermal conditions during the preparation of
diluted waste buttermilk were maintained using a Medingen E5s-B12 thermostat (GK
Sondermaschinenbau GmbH, Labortechnik Medingen, Arnsdorf, Germany). Prior to filling
the anodic chamber, the waste buttermilk was homogenized using a CAT R17 mechanical
stirrer (CAT M. Zipperer GmbH, Staufen, Germany).

3. Results and Discussion
3.1. By-Product (Waste Buttermilk) Preparation

Due to the high COD of the WB, the substrate was initially diluted prior to use. Exces-
sively high COD levels may exceed the metabolic capacity of electroactive microorganisms,
leading to the accumulation of intermediate metabolites and a rapid decrease in pH in
the anodic chamber. Such conditions inhibit electroactive bacteria and may promote fer-
mentative pathways, resulting in the dominance of non-electrogenic microorganisms and
reduced electrical performance of the MFC. In addition, high concentrations of dissolved
compounds (e.g., sugars, salts, and proteins) can induce osmotic stress, potentially causing
cellular dehydration, decreased metabolic activity, reduced electron production, and in
extreme cases, partial loss of the inoculum. Elevated organic loading may also increase
ionic strength and the concentration of reaction products, contributing to higher internal
resistance and voltage instability. Under such conditions, a rapid increase in voltage may
be observed at the beginning of operation, followed by a sharp decline due to preferential
fermentative substrate consumption rather than anodic oxidation [38,62,64,65]. Therefore,
considering the high COD of the raw waste buttermilk, dilution was applied prior to MFC
operation [66-69]. For electrode activation and start-up, the substrate was diluted to a COD
of 1000 mg-dm 3, thereby promoting the formation of a stable biofilm on the anode surface.
Upon establishment of a stable electroactive biofilm, the MFC was subsequently operated
with buttermilk adjusted to a COD of 5000 mg-dm 3.

3.2. MFC Start-Up

As a first step, the start-up process of the MFC was analyzed. The start-up procedure
was carried out for three electrode configurations in the MFC: GDE/GDE, GDE/Cu-B, and
GDE/Ni—Co. Cell voltage was monitored during MFC operation with periodic feeding
of diluted waste buttermilk (adjusted to a COD level of 1000 mg-dm’?’) to the anodic
chamber. The start-up procedure was repeated several times until stable voltage values
were obtained. This period corresponds to the formation of a stable anodic biofilm enabling
reliable MFC operation. Before each start-up cycle, the diluted waste buttermilk was
replaced in the anodic chamber, while approximately 10% of the previously used substrate
was retained. Figure 2 presents the cell voltage profiles recorded during successive start-up
cycles for the MFC operating with three electrode configurations (GDE/GDE, GDE/Cu-B,
and GDE/Ni—Co).
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Figure 2. Cell voltage recorded during the start-up phase of the MFC fed with diluted waste
buttermilk for three electrode configurations: GDE/GDE, GDE/Cu-B, and GDE/Ni-Co.

According to the obtained results (Figure 2), all analyzed electrode configurations
(GDE/GDE, GDE/Cu-B, and GDE/Ni—Co) successfully initiated MFC operation, as indi-
cated by measurable cell voltage. During the first start-up cycle, the cell voltage remained
negligible for approximately 150 h for all electrode systems. After this period, the voltage
gradually increased, reaching values in the range of 31-57 mV depending on the electrode
configuration applied. During the second start-up cycle, the MFC voltage further increased
to 87-123 mV. In the third start-up cycle, the cell voltage reached values between 251
and 313 mV. Subsequent start-up cycles did not lead to further increases in the generated
voltage, indicating that stable operating conditions had been achieved. It is noteworthy
that the highest voltage values were recorded for the GDE/Ni—Co electrode configuration
in all cases. After completion of the start-up phase and stabilization of the cell voltage, the
GDE/Ni-Co system produced voltages approximately 24% higher than those obtained for
the GDE/GDE configuration and about 8% higher than for the GDE/Cu-B system. An
increase in generated voltage was observed during successive start-up cycles for all investi-
gated electrode configurations (GDE/GDE, GDE/Cu-B, and GDE/Ni-Co). This behavior
suggests the progressive development of a stable electroactive biofilm on the anode surface,
demonstrating that waste buttermilk can effectively support microbial community growth
regardless of the electrode configuration applied.

The formation of an electroactive biofilm was inferred from the repeatable electro-
chemical behavior observed during successive cycles. In future extended studies, direct
morphological characterization of the anode surface (e.g., by SEM imaging) is planned to
confirm biofilm development.

3.3. Electrical Performance

The electrical performance of the MFC was evaluated by analyzing the cell voltage for
three electrode configurations (GDE/GDE, GDE/Cu-B, and GDE/Ni—Co) during a single
operational cycle and across five consecutive feeding cycles with diluted waste buttermilk.
Figure 3A presents the characteristic cell voltage profile of the MFC during a single feeding
cycle, while Figure 3B shows the voltage recorded over five consecutive feeding cycles.

During operation, the waste buttermilk was replaced whenever the cell voltage de-
creased to approximately 60% of its maximum value. As shown in Figure 3A, following
substrate addition to the anodic chamber, the cell voltage increased and reached a maxi-
mum value of approximately 313 mV. The observed voltage increase reflects the metabolic
activity of electroactive microorganisms, and the oxidation of organic compounds present
in the waste buttermilk. The obtained voltage profiles are presented in Figure 3.

The presented results (Figure 3) are representative of repeated operational cycles and
show consistent trends in cell voltage profiles. Under the applied cyclic feeding strategy,
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periodic fluctuations in cell voltage were observed (Figure 3B). These fluctuations were
directly associated with the sequential addition of fresh substrate and the gradual depletion
of available organic matter during each operational cycle. Under laboratory conditions,
such variations are acceptable and do not significantly affect system evaluation. However,
for practical applications, continuous or recirculating feeding strategies would be required
to ensure stable system operation and minimize voltage variability.

400 400
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300 a & 4 4 30  al8a 808, 28%3 pbs
A 8,
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250 o o 250 o o
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Figure 3. Cell voltage of the MFC with electrode configurations GDE/GDE, GDE/Cu-B, and
GDE/Ni-Co during a single feeding cycle (A) and five consecutive feeding cycles (B) with diluted
waste buttermilk. During the feeding cycles (B), the substrate (waste buttermilk) was replaced when
the cell voltage decreased to approximately 60% of its maximum value.

It should be noted that over the four operational cycles, the average cell voltage
remained in the range of approximately 300-310 mV. In the fifth cycle, however, the
maximum voltage decreased to approximately 291 mV. The gradual decrease in voltage
observed over consecutive cycles is typical for batch-operated MFC systems and is generally
associated with substrate depletion and shifts in microbial metabolic pathways when
complex substrates are used [61,62,64,70,71].

However, the additional decline in voltage observed in later cycles suggests that
factors other than substrate depletion may also influence system performance. In par-
ticular, components of the waste buttermilk, such as lipids and proteins, are likely to
contribute to fouling of the proton exchange membrane (PEM) and partial blockage of the
electrode surface.

To verify this effect, the PEM was replaced, and the anode surface was gently rinsed
after the fifth feeding cycle, taking care not to disturb the established biofilm. The voltage
profiles obtained under these conditions are presented in Figure 4. After PEM replacement
and electrode rinsing, the maximum cell voltage increased again to approximately 318 mV.
However, during the subsequent fifth feeding cycle, the maximum voltage again decreased
to around 270 mV. A similar trend was observed after the next regeneration step, where the
voltage temporarily increased to above 310 mV, followed by a decline in subsequent cycles.

Such recurring behavior suggests that the observed voltage decrease was likely as-
sociated with gradual fouling of the PEM and partial blockage of the electrode surface
by organic compounds present in the waste buttermilk. The accumulation of lipids, pro-
teins, and suspended matter may lead to the formation of a diffusion barrier that limits
proton transport through the membrane and increases internal resistance. This effect is
also reflected in the polarization behavior (Figure 5), where increased internal resistance
contributes to reduced power output at higher current densities. Figure 4 presents the cell
voltage profiles obtained during cyclic feeding with periodic PEM replacement and gentle
electrode rinsing (after each fifth cycle).

In addition, adsorption of organic compounds on the electrode surface may par-
tially block electroactive sites and hinder extracellular electron transfer (EET). Similar
effects have been reported in MFC systems treating complex organic wastewaters, where
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membrane fouling and electrode contamination contribute to progressive performance
deterioration [38,62,72,73]. Therefore, periodic PEM replacement and electrode rinsing can
temporarily improve system performance by removing accumulated deposits and restoring
mass transfer conditions. Although such an approach is acceptable under laboratory condi-
tions, practical applications would require continuous operation and effective strategies
to mitigate fouling, such as optimized hydrodynamics, pre-treatment of the substrate, or
automated membrane cleaning procedures.
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Figure 4. Cell voltage profiles of the MFC during feeding cycles with diluted waste buttermilk. The
PEM was replaced, and the anode was gently rinsed after every fifth feeding cycle. Results are shown
for three electrode configurations: GDE/GDE, GDE/Cu-B, and GDE/Ni—Co.
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Figure 5. Polarization curves (A) and power density curves (B) of the MFC fed with waste buttermilk
for the electrode configurations: GDE/GDE, GDE/Cu-B, and GDE/Ni—Co.

The electrical performance of the MFC was further evaluated by determining the
current density and power density (Figure 5).

The highest power density (25 mW-m~2) was obtained for the GDE/Ni—Co electrode
configuration, while the lowest value (17 mW-m~?2) was recorded for the GDE/GDE system.
An intermediate value of 22 mW-m~—2 was achieved for the GDE/Cu-B configuration.
These values are averaged from all measurements (from all MFC operation cycles). Notably,
the GDE/Ni-Co system consistently maintained the highest power density over the entire
range of current densities, whereas the GDE/GDE configuration exhibited the lowest
values throughout the measurements.

Figure 6 presents the power density profiles obtained during cyclic feeding with
periodic PEM replacement and gentle electrode rinsing (after each fifth cycle).

Similarly to the cell voltage profiles of the MFC (Figure 4) during feeding cycles with
diluted waste buttermilk, the power density profiles of the MFC were analyzed. As with
the cell voltage profiles, stable MFC operation can be observed, with a small decrease in
power density in the fourth cycle and a significant decrease in the fifth cycle (Figure 6).
After replacing the membrane and rinsing the electrode, the power density increased again.

The improved performance of the GDE/Ni—Co system can be attributed to the en-
hanced catalytic activity of Ni-Co alloys toward the oxygen reduction reaction (ORR),
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which improves electron transfer kinetics and reduces activation losses. The presence of
nickel and cobalt enhances catalytic activity and improves the kinetics of the oxygen reduc-
tion reaction, thereby reducing activation losses and increasing power output. Furthermore,
bimetallic Ni-Co catalysts are often characterized by improved electrical conductivity and
structural stability compared to single-metal systems, which may additionally contribute
to enhanced MFC performance. The Ni—Co catalyst exhibits superior catalytic activity
toward the ORR despite the higher electrical conductivity of copper (Cu-B catalyst). This
enhanced activity arises from the intrinsically high electrocatalytic activity of transition
metals such as nickel and cobalt and their ability to provide abundant active sites and
accelerate electron transfer kinetics [74-76]. Similar improvements in cathodic performance
using non-precious metal catalysts, particularly Ni- and Co-based materials, have been
reported in previous studies [38,73,77]. These materials are widely investigated as cost-
effective alternatives to noble metal catalysts such as platinum, which, although highly
active, significantly increase the overall cost of MFC systems.

30

PEM replacement PEM replacement

I A A I A A
25 Ay A 4 b A PAY 7Y A
1Y

T 20
S ° ° o © 0 © GDE/GDE
E oL ° 4 o ° ° 4 o ¢ o o /
=
‘ A GDE/Ni-Co
3
5
E
&

anode rinse

i
i
i
I
i
I
i
i
|
: GDE/Cu-B
i
i
i
I
l
anode rinse !

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Cycle
Figure 6. Power density profiles of the MFC during feeding cycles with diluted waste buttermilk.
The PEM was replaced, and the anode was gently rinsed after every fifth feeding cycle. Data are
shown for average power density in each cycle, and for three electrode configurations: GDE/GDE,
GDE/Cu-B, and GDE/Ni—Co.

It should be noted that these results were obtained under laboratory-scale batch condi-
tions, and further studies are required to evaluate performance under continuous operation.

3.4. Changes in COD Concentrations and Coulombic Efficiency

Subsequently, changes in the chemical oxygen demand (COD) of diluted waste butter-
milk (WB) during MFC operation were analyzed. Due to the closed design of the anodic
chamber, COD concentrations were measured prior to substrate addition and after the
completion of each operational cycle.

The Cr values were calculated according to the equation presented in Section 2.4.
Coulombic efficiency (Cr) was determined for each cycle to evaluate the fraction of elec-
trons recovered as electrical current relative to the theoretical amount available from
substrate oxidation. In the present study, each operational cycle was defined as the pe-
riod from substrate addition to the point at which the cell voltage decreased to 60% of its
maximum value.

The Cfg values were calculated based on the total charge recovered during each cycle
and the corresponding COD removal. The total charge (Q) was determined by integrating
the current over time (Q = f I dt), where the current was calculated from the measured
cell voltage using Ohm'’s law. The COD removal (ACOD) was calculated as the difference
between the initial and final COD concentrations within the same cycle.

Because approximately 10% of the previous batch was retained in the anodic chamber
during medium replacement, the initial COD concentration for each cycle was determined
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for the mixed anodic medium. This approach ensured consistency between the calculated
charge recovery and the corresponding substrate removal.

It should be noted that the operational cycle was defined based on voltage decline
rather than complete substrate depletion. Therefore, the calculated Cg values represent
apparent coulombic efficiency under the applied operating conditions.

The obtained results indicate that COD removal occurred in all tested electrode config-
urations, confirming that waste buttermilk can serve as a substrate for microbial metabolism
in MFC systems. COD removal was observed in all tested electrode configurations, with
removal efficiencies corresponding to the measured ACOD values in each cycle (Figure 7).
The extent of COD removal varied between cycles and electrode configurations, reflecting
differences in system performance and electron recovery efficiency. Figure 7A presents
the COD reduction during five consecutive operational cycles, while the corresponding
coulombic efficiency values are shown in Figure 7B.
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Figure 7. (A) COD reduction during five consecutive operational cycles of the MFC fed with diluted
waste buttermilk. (B) Coulombic efficiency values calculated for the corresponding cycles. Results
obtained for electrode configurations GDE/GDE, GDE/Cu-B, and GDE/Ni—Co.

As shown in Figure 7B, the Cg values consistently follow the same trend as the
electrical performance, with the highest values observed for the GDE/Ni—-Co system. The
calculated Cg values showed a clear dependence on electrode configuration. For the
GDE/GDE system, Cg ranged from 10.83% to 14.85%, with an average value of 13.26%.
The GDE/Cu-B configuration yielded slightly higher values, ranging from 12.90% to
16.77%, with an average value of 15.22%. The highest Cr values were obtained for the
GDE/Ni-Co system, for which Cr ranged from 14.95% to 18.82%, with an average value
of 17.21%. This indicates that not all the substrate removed (COD) was converted into
electrical current, confirming the presence of competing biochemical pathways. It should
also be noted that the duration of each operational cycle influences the total charge recovery
and, consequently, the calculated Cf values.
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These results indicate that the application of non-precious metal cathodes improved
electron recovery as electrical current, with the Ni-Co catalyst showing the most favorable
performance among the tested systems. The higher Cg values observed for the GDE/Ni-
Co configuration may be associated with enhanced cathodic reaction kinetics, which can
reduce energy losses and improve overall system efficiency.

It should be emphasized that only a fraction of the electrons theoretically available
from COD removal was recovered as electrical current. This behavior is consistent with
microbial fuel cells treating complex substrates, where part of the organic matter is utilized
for biomass growth, fermentation processes, or alternative metabolic pathways that do not
contribute directly to current generation. Similar COD removal may result from comparable
overall substrate degradation, while differences in electron recovery (Cr) reflect variations
in electrochemical performance. Furthermore, the variability of Cr values between cycles
reflects the influence of operational conditions, substrate composition, and microbial ac-
tivity on electron recovery efficiency. The relatively low Cr values are typical for complex
substrates such as dairy wastewater, where part of the organic matter is consumed in com-
peting metabolic pathways that do not contribute to current generation [38,62,73,78,79].

3.5. Summary of Results

The results obtained in this study demonstrate that waste buttermilk can serve as a
substrate for bioelectricity generation in microbial fuel cells. All tested electrode configura-
tions (GDE/GDE, GDE/Cu-B, and GDE/Ni-Co) enabled successful start-up and stable
operation of the MFC, confirming the suitability of this dairy by-product for supporting
the development of electroactive biofilms. The electrical performance of the system was
strongly influenced by the electrode configuration. The highest cell voltages and power
densities were consistently achieved for the GDE/Ni-Co system, followed by GDE/Cu-B
and GDE/GDE. The maximum power density reached 25 mW-m~? for the GDE/Ni-Co
configuration, indicating improved cathodic performance due to enhanced oxygen reduc-
tion reaction (ORR) kinetics provided by the Ni-Co catalyst. The analysis of operational
cycles revealed that the MFC operated in a stable yet dynamic manner under batch condi-
tions, with periodic voltage increases following substrate addition and gradual decreases
associated with substrate depletion. The observed voltage decline over consecutive cy-
cles may be attributed to membrane fouling and partial blockage of electrode surfaces by
organic components present in waste buttermilk, such as lipids and proteins. Periodic
PEM replacement and electrode rinsing were shown to restore system performance, al-
though such interventions would require further optimization for practical applications.
Coulombic efficiency values ranged from 10.83% to 18.82%, depending on the electrode
configuration, with average values of 13.26%, 15.22%, and 17.21% for GDE/GDE, GDE/Cu-
B, and GDE/Ni-Co systems, respectively. This indicates that only a fraction of electrons
associated with COD removal was recovered as electrical current, which is consistent with
the behavior of MFCs treating complex substrates.

The obtained performance parameters, including power density and coulombic ef-
ficiency, are consistent with values reported for MFC systems treating complex organic
substrates, where substrate heterogeneity and competing metabolic pathways limit electron
recovery [38,62,73]. Similar trends have also been observed for dairy wastewater and whey-
based substrates, which are characterized by high organic load and the presence of proteins
and lipids that may affect system performance and stability. In such systems, moderate
power densities and coulombic efficiencies are typically reported, remaining within the
same order of magnitude as the values obtained in this study [78,79]. These trends are
consistent with the electrical performance results, confirming the superior behavior of
the GDE/Ni—Co configuration. Furthermore, the improved performance observed for the
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Ni-Co cathode is in agreement with previous studies demonstrating that non-precious
metal catalysts can enhance ORR kinetics and improve overall MFC performance [73,77].

Overall, the application of non-precious metal cathodes significantly improved MFC
performance, with the Ni-Co catalyst providing the most favorable conditions for elec-
tron recovery and power generation. The findings highlight the potential of integrating
waste buttermilk valorization with energy recovery in microbial fuel cell systems, while
also identifying key operational challenges related to membrane fouling and long-term
system stability. It should be noted that the results were obtained under laboratory-scale
batch conditions, and further studies are required to evaluate system performance under
continuous operation and at larger scales.

To place the results of the present study in context, they were compared with data
reported for other waste streams from the dairy industry. Unfortunately, references to
waste buttermilk are difficult to find in the available literature. Therefore, the literature
data for closely related substrates, such as whey and dairy wastewater, were included for
comparison (Table 2).

Table 2. Performance of MFC using waste products from diary industry as substrate.

Power Density

Substrate Electrode Configuration Reactor Type Voltage [mW-m~—2] (O:E Reference
[mV] P (%)
[mMW-m—3]
waste buttermilk GDE/Ni—Co dual-chamber 313 25 17.2 This study
waste buttermilk GDE/Cu-B dual-chamber 280 22 15.2 This study
waste buttermilk GDE/GDE dual-chamber 250 17 13.3 This study
cheese whey carbon paper/ dual-chamber n/a 46 5.9-11.3 [80]
carbon cloth
real dairy n/a single-chamber 658 35 46.6 [81]
wastewater
real dairy n/a single-chamber 652 62 31.6 [82]
wastewater
dairy wastewater  carbon fuel cell electrodes  pilot-scale tubular n/a 86 * n/a [83]
. graphite coated SS/ . . "
dairy wastewater carbon cloth single-chamber n/a 20 26.9 [84]
dairy industry . .
wastewater plain graphite plates dual-chamber n/a 192 17.2 [85]
dairy wastewater  graphite-sprayed SS mesh dual-chamber n/a 5% 30 [86]

* unit given in relation to volume; n/a—no data available.

Although the power density obtained in this study is lower than that reported in some
literature for dairy wastewater and whey-based systems, direct comparison is limited due
to the scarcity of studies on waste buttermilk in MFC applications. This highlights the
novelty of the present work and indicates the need for further research to fully assess the
performance of this substrate.

4. Conclusions

This study demonstrated that waste buttermilk can be used as a substrate for bioelec-
tricity generation in microbial fuel cells. The obtained results indicate that dairy by-products
can support the development of electroactive biofilms and enable MFC operation, with cell
voltages reaching up to approximately 313 mV under the applied conditions.

The performance of the system was influenced by the electrode configuration, with
the Ni—Co catalyst showing the most favorable behavior among the tested systems. The
maximum power density reached 25 mW-m~2 for the GDE/Ni-Co configuration, compared
to 22 mW-m~2 and 17 mW-m~2 for the GDE/Cu-B and GDE/GDE systems, respectively.
This suggests that non-precious metal cathodes may represent a viable alternative to more
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expensive noble metal catalysts in MFC applications. The calculated coulombic efficiency
values ranged from 10.83% to 18.82%, with average values of 13.26%, 15.22%, and 17.21%
for GDE/GDE, GDE/Cu-B, and GDE/Ni—Co systems, respectively, indicating that only
a fraction of the removed organic matter was converted into electrical current, which is
typical for complex substrates.

In addition, the results highlight the importance of operational factors such as mem-
brane fouling and electrode surface blockage, which were found to affect system stability
during repeated cycles. Although periodic PEM replacement and electrode rinsing im-
proved performance, these approaches may not be directly applicable in practical systems.
Therefore, further research is required to develop strategies for mitigating fouling and
enabling stable long-term operation, particularly under continuous-flow conditions.

Opverall, the findings suggest that microbial fuel cells represent a promising approach
for the simultaneous treatment of waste buttermilk and energy recovery. This highlights the
potential of valorizing dairy by-products within bioelectrochemical systems for combined
waste treatment and energy recovery. However, additional optimization is necessary
before practical implementation can be considered. It should be noted that the results
were obtained under laboratory-scale batch conditions, and further studies are required to
evaluate system performance under continuous operation and larger-scale conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

A projected surface area of the anode [m?]
b number of electrons exchanged per mole of oxygen [4]
COD chemical oxygen demand [g-L™]

Cg Coulombic efficiency [%]

EET extracellular electron transfer

Emrc cell voltage [V]

F Faraday’s constant [96,485 C-mol~!]
GDE gas diffusion electrode

I current [A]

M molecular weight of oxygen [32 g-mol ']
MEC microbial fuel cell

ORR oxygen reduction reaction

P power [W]
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PEM proton exchange membrane

Py power density [W-m~2]

Rext external resistance [Q)]

Van volume of the anodic chamber [L]
WB waste buttermilk
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