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Abstract

Microbial fuel cells (MFC) are promising systems for wastewater treatment and electricity
production; however, many technical and economic challenges must be overcome. One
approach to improve MFC performance is the use of photosynthetic microorganisms at
the cathode to supply oxygen and reduce aeration requirements. In this work, Chlorella
sorokiniana was used as a cathodic biocatalyst, in order to supply oxygen while simultane-
ously obtaining high-value products. At the anode, an anaerobic mixed microbial culture
was used as a biocatalyst. Different cathodic configurations were studied to evaluate the
different cathodic catalytic mechanisms. Electrochemical characterization through cyclic
voltammetry, polarization curves, biochemical analysis and SEM images was performed.
Superior performance was achieved when employing microalgae as the cathodic oxygen
source compared to systems relying on external aeration (128.7 mA/m2 vs. 45.2 mA/m2).
The addition of methylene blue and sodium bicarbonate improved the current density
(194.8 mA/m2 and 128.7 mA/m2). Results indicate that microalgae in the cathodic cham-
ber could enhance MFC electrochemical performance and biomass production, boosting
sustainable energy generation.

Keywords: Chlorella sorokiniana; microalgae microbial fuel cell; photobioreactor; activated
sludge

1. Introduction
Alternative technologies to produce energy are of great interest today, due to the

decreasing supplies and increasing costs of petroleum and other sources of energy [1].
Microbial fuel cells (MFCs) are innovative technologies that generate electrical current
from the oxidation–reduction reactions that occur within living microorganisms. A typical
MFC comprises an anode chamber, where a microorganism culture degrades organic
matter into CO2 and produces electrons and protons, and a cathode chamber that receives
electrons from the anode through an external circuit [2]. Although MFCs are promising
systems for wastewater treatment and electricity production, many technical and economic
hurdles still need to be overcome for their large-scale application to be feasible [3–5]. One
significant cost factor in traditional MFCs is the use of platinum as a catalyst for oxygen
reduction [2]. Recently, there has been interest in biocathodes as a cost-effective and
sustainable alternative [6]. Biocathodes include aerobic, anaerobic and algae-based systems,
with the latter supplying oxygen via photosynthesis and reducing aeration costs [7–9]. In
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algae-based MFCs, also called microalgae microbial fuel cells (mMFCs), photosynthetic
cultures utilize sunlight and CO2 to produce oxygen, which acts as the electron acceptor,
thus generating electricity while simultaneously reducing CO2 [10–12]. The mMFCs were
originally tested in the 1960s with metal electrocatalysts and in the 1980s with artificial
electron mediators at the anode. However, continuous research on the topic barely takes
a decade [12–14]. The integration of microalgae in the cathode chamber offers additional
advantages. Microalgae can produce biomass and lipids, which have applications as
biofuels and other value-added products. Algae also contribute to oxygen production
and CO2 capture, which improve MFC performance while simultaneously mitigating
greenhouse gas emissions [15–17]. Microalgae are diverse photoautotrophic organisms
producing biofuels, nutritional supplements and pharmaceuticals [18]. The advantages
of microalgae include their capacity to remove contaminants from wastewater, generate
value-added products and tolerate a variety of environmental conditions. Additionally,
they grow on non-arable land with high biomass productivity, photosynthetic efficiency
and fast growth [19–21].

Several configurations of mMFCs have been described in the literature—column [22],
membrane [23] and photobioreactors cathodic half-cells—reaching power densities from
1.3 mWm−2 using Synechocystis + lagoon microorganisms in a single-chamber mMFCs [24]
to 1926 mWm−2 using Chlorella vulgaris in a closed-loop system [25]. One of the most
used microalgal species is Chlorella sp., due to its ease of cultivation, high growth rates
and lipid composition [26]. Chlorella vulgaris was studied in a double chamber mMFC
with plain graphite electrodes, which showed that increasing light intensity (96 µEm−2s−1)
enhanced power density by 600% [27]. A novel single-chamber mMFC configuration, with
C. vulgaris biofilm exposed to air, was used to treat real dye textile wastewater [28]. A
double-chamber mMFC with graphite plate electrodes operated for 32 days with C. vulgaris
and a bacterial community showed good efficiency in the production of bioelectricity and
the bioremediation of oils [29]. Tubular polyethylene bags with graphite felt electrodes were
used in a 10 liter outdoor mMFC, demonstrating the feasibility of using low-cost materials
to obtain high power densities (1200 mW/m3) using Chlorella vulgaris [30]. mMFCs could
be applied as closed systems; for example, microalgae could be used as a substrate in an
anode for bacteria and as a live culture in the cathode [31]. The anodic effluent of the
mMFC can be utilized in the cathode chamber as a growth medium for microalgae with
recirculation [32].

Considering that mechanical aeration in MFCs accounts for approximately 50% of the
total operating cost [33,34], the use of microalgae for oxygen production is one of the most
important approaches to use mMFCs. This is because the cathode is one of the factors that
affect MFC performance, due to the oxygen reduction reaction (ORR) influencing the onset
potential (V) value [35]. On the other hand, photosynthesis is not a continuous process
and depends on the photoperiod; thus, power production is limited by oxygen production
during the light phase of the metabolism [36].

Microbial fuel cells (MFCs) are a promising technology for wastewater treatment, CO2

capture and sustainable energy production. Although the use of microalgae in the cathode
has been explored for oxygen production via photosynthesis, the catalytic mechanisms and
operational conditions of these integrated systems are not yet fully described. Furthermore,
few studies have evaluated the simultaneous production of energy and lipids in these
combined systems. Thus, it is essential to investigate alternative cathode configurations
and assess their performance to enhance the feasibility and effectiveness of MFCs coupled
with microalgae. While mMFCs have significant potential perspectives, several limitations
remain, including infrastructure costs, voltage generation stability, membrane costs and
the need for optimized light and nutrient conditions. Addressing these factors, along with
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selecting strains for high-value product generation and CO2 sequestration, could enhance
mMFCs performance and viability [10–12,33,37].

In the literature, the mechanisms of electron uptake for microalgae at the cathode
have not been completely elucidated [38]. Four possible mechanisms have been proposed:
(a) direct CO2 reduction when CO2 is reduced without the action of microalgae or their
metabolic products; (b) direct electron transfer from cathode to algae occurs when algae
receive the electrons directly from the cathode and CO2 is used as an electron acceptor [39];
(c) mediator-assisted electron transfer [40–43]; and (d) oxygen reduction or indirect elec-
tron transfer occurs due to the reduction of oxygen produced during photosynthesis [43].
Several approaches have been proposed in order to explain the microalgal effect in the
cathodic system: (i) exchanging media to understand if the process is based on planktonic
or biofilm cultures; (ii) testing spent (filtered) media to understand if liquid bulk mediators
are involved in the process; (iii) testing abiotic electrodes; (iv) varying concentrations of
mediators to understand if there is a dose–response relationship between current and
substrate removal rates; and (v) testing dead microorganisms to understand the influence
of biotic/enzymatic/chemical catalysis [44]. Among the proposed uptake routes, mediator-
assisted electron transfer can be examined, using redox mediators as mechanistic probes.
Mediators are reversibly reduced compounds that shuttle electrons between cellular redox
carriers and an electrode; accordingly, artificial mediators such as methylene blue (MB)
have been used to enable extracellular electron transfer in non-electrogenic systems [45]. In
addition, the broader relevance of redox-active interfaces in aqueous electrochemical tech-
nologies, such as electroadsorption and capacitive deionization, has also been highlighted
in the recent literature [46].

Despite the increasing number of studies on microalgal microbial fuel cells, recent
analyses indicate that most reports still emphasize overall electrochemical performance,
while experimental discrimination among oxygen reduction, direct electron transfer and
mediator-assisted pathways remains limited and often indirect [47]. In this context, the
present work addresses this gap by comparing different cathodic configurations within the
same two-chamber mMFC architecture. Consequently, the aim of this study is to evaluate
different cathodic operational modes in a two-chamber mMFC coupled with Chlorella
sorokiniana and to analyze the possible cathodic electron uptake mechanisms through a
comparative electrochemical assessment of the tested configurations.

2. Results and Discussion
2.1. Effects of O2 and CO2 in mMFCs

In photosynthesis, O2 is a byproduct generated during the light-dependent reactions
through water photolysis, which supplies electrons for the photosynthetic electron transport
chain. Conversely, CO2 serves as the primary carbon source for the Calvin–Benson cycle,
where it is enzymatically fixed into organic molecules, enabling carbohydrate synthesis [48].
While CO2 assimilation is essential for biomass production, O2 release is ecologically
significant; however, elevated O2 concentrations can promote photorespiration, thereby
reducing the overall efficiency of the carbon fixation. Because of the importance of both
gases in photosynthesis, the effect of the most commonly used electron acceptor in MFCs,
O2 [34], as well as the effect of CO2, were studied in this work.

Figure 1 presents the voltage evolution in the mMFC with different conditions in the
cathodic chamber. In this Figure, the different contributions to the current generation can
be seen. A daily replenishment of 80% of the culture medium was made to maintain the
stable conditions in the anodic chamber. During the first week, the system was operated
in order to reach stationary behavior. At that moment, the steady-state operation of the
MFC feeding atmospheric air was recorded and established as the reference performance
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of the MFC. When operating with this configuration, a voltage generation of about 20 mV
was obtained during the steady-state performance of the cycles. This performance shows
current generation, due to the oxidation carried out by the electrogenic anodic sludge and
the oxygen reduction reaction at the cathode of the MFC. After that, atmospheric oxygen
was substituted by CO2, with the aim of evaluating the effect of CO2. As previously stated,
it is important to determine the CO2 effect because the metabolic route of the photosyn-
thesis leads to the release of CO2 as a byproduct, which could affect the electrochemical
performance of the mMFC. As expected, see Figure 1, a very low current generation was
observed when feeding CO2 (SII), indicating that the CO2 reduction reaction hardly takes
place. This result indicates negligible reduction reactions taking place at the cathode of the
MFC. This behavior during the dark reaction could limit the voltage generation, making
this kind of MFC configuration less convenient. This behavior can be explained by the
fact that the standard reduction potential for converting CO2 to more reduced products
(like formic, acetic or propionic acids) is quite negative, requiring a high overpotential to
perform the reaction [49,50]. However, the presence of CO2 could facilitate the reactions of
the chemical components of the medium used for algae growth.
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Figure 1. Voltage evolution in the MFC when operating under different gas operational conditions in
the cathodic chamber.

Once the contributions to the reduction process of the main products generated
during the light and dark phases of the photosynthesis (O2 and CO2) were studied, several
experiments were performed with the aim of evaluating the different catalytic mechanisms
of the algae-based cathode.

2.2. Identification of the Main Catalytic Mechanisms in mMFCs

In order to identify the main catalytic mechanisms taking place in mMFCs, different
experiments were performed. To study the global contribution of the mMFC, an experi-
ment with the global contributions of the suspended algae culture, the algae biofilm on
the electrode and the internal mediators was carried out (SIII). Once the global mMFC
system was characterized, the isolated contributions of the biofilm (SIV), as well as the
internal mediators generated by the algae metabolisms (SV) were studied. In Figure 2, the
steady-state cycle voltages exerted by the mMFC under the three different configurations
are presented.
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Figure 2. Voltage evolution of the different systems studied in this work.

As shown in Figure 2, the configurations studied exhibited markedly different voltage
outputs. The highest voltage, approximately 20 mV, was generated by the global mMFC
system (SIII). This elevated voltage can be attributed to the combined effects of internal
electron acceptors released into the culture medium by the algae, as well as contributions
from the algae attached to the cathode as a biofilm and those remaining in suspension [51].
In the experiment that was conducted exclusively with the algae biofilm—where suspended
algae were removed and replaced with clear water, thereby avoiding the contributions of
the suspended algae—a voltage of about 8 mV was sustained during the cycle. Similar
behaviors have been described by other authors that explain power reduction in relation to
limited oxygen diffusion, due to lower microalgae concentration [9,52,53]. In the literature,
lower performance has also been described when dealing with very thick biofilms, which
could reduce the oxygen and organic matter transfer to the cathodic surface, contributing
to the drop in voltage [54].

When solely operating with a filtered spent algae medium (SV), a significant voltage
was exerted at the beginning, approximately 8 mV, but the voltage decreased as the media-
tors were consumed, exerting a negligible voltage after about 5 h. These findings suggest
that certain chemicals that were contained, previously released to the medium by the algae
culture, may act as an internal mediator. The isolated contributions of internal mediators
(8 mV) and biofilm (8 mV) do not fully account for the total voltage produced by the mMFC,
which can be explained by the additional contribution from the suspended algae culture,
estimated at around 5 mV. It must be highlighted that there is a higher voltage exerted by
the mMFC system (SIII) when it is compared with an abiotic configuration operating with
mechanical aeration (SI). The superior performance of the mMFC can be attributed to the
high oxygen availability resulting from the oversaturation conditions that are commonly
achieved in microalgal cultures [48,51].

One of the main differences between the aerated cathode (SI) and algal cathodes (SIII,
SIV and SV) is the source and availability of oxygen for the reduction reaction; in this sense,
the oxygen transport process could have an important role in voltage differences. Oxygen
must pass through a series of transport resistances to reach the cathode surface: 1. Oxygen
diffuses from the bulk gas to the gas–liquid interface. Then, the oxygen dissolves at the
gas–liquid interface and subsequently diffuses through the relatively stagnant liquid region

https://doi.org/10.3390/catal16020159

https://doi.org/10.3390/catal16020159


Catalysts 2026, 16, 159 6 of 21

next to the bubble. Later, the oxygen is transported through the bulk liquid to the stagnant
region surrounding the cathode and, finally, diffuses to the cathode surface, where the ORR
takes place. On the one hand, in the mechanically aerated catholyte, a combination of all
the resistances takes place. On the other hand, since algae generates pure oxygen during
photosynthesis, the first resistance does not take place [55].

Once the contributions of the microalgae, suspended and attached, as well as that of
the internal mediators excreted by the microalgae were identified, the effect of different
enhancers that are usually used when operating mMFCs were studied. The enhancers
studied were the addition of a commonly used external mediator, methylene blue (MB), at
a concentration of 30 mM, with the aim to facilitate the electron transfer to the electrode,
and the addition of sodium bicarbonate (12 mM) as an external carbon source, with the aim
to facilitate microalgae growth. The results obtained in these tests are presented in Figure 3.
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Figure 3. Voltage evolution in the MFC when operating under different cathodic enhancers.

In the literature, it has been described that the use of MB as a mediator in the cathodic
chamber is an approach that increases electric generation in mMFC [42]. Accordingly, MB
was used in this study as a model redox mediator to support mechanistic discrimination
and to assess whether mediated pathways contribute to the cathodic electron uptake
under our operating conditions. This rationale aligns with the prior evidence that MB
can modulate electricity generation in a concentration-dependent manner [56]. In this
work, when the mMFC was enhanced with the contribution of the MB as cathodic external
electron transfer mediator (SVI), the highest voltage obtained was about 24 mV, slightly
higher than the voltage obtained in the mMFC (SIII), which was about 20 mV. Anyway,
the average voltages in both cases were very similar. This result indicates that the external
mediator slightly increased the voltage output. Additionally, the application of artificial
mediators is unsustainable and not environmentally friendly, because it increases the
salinity in the medium, leading to higher subsequent treatment costs once the catholyte
requires a replacement. Because of that, the popularity of external mediators has drastically
decreased and now, they are scarcely used [36].

Subsequently, the addition of sodium bicarbonate (12 mM) as an external carbon source
for the microalgae was evaluated (SVII). The addition of sodium bicarbonate increased the
voltage output, as the maximum voltage reached 37 mV, but then decreased to about 13 mV.
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It is important to remark that the stability of the system was reduced. Similar results were
obtained by other authors that demonstrated that mixed microalgal cultures in the cathodic
chamber facilitate the oxygen reduction reaction (ORR), with no need for an external carbon
source [57]. In the literature, it has also been described by other authors that the addition of
sodium bicarbonate (24 mM) caused a quick drop in cathode potential from 110 mV to 5 mV.
In an mMFC using Scenedesmus obliquus, the cathode potential was primarily diminished
by the deposition or adsorption of carbonate/bicarbonate ions on the active sites of the
electrode, limiting oxygen reduction [58]. The slight difference observed in this work could
be explained by the fact that the concentration of sodium bicarbonate was 12 mM: a value
lower than that reported in the study presenting the drastic voltage reduction [57].

2.3. Electrochemical Characterization

In order to electrochemically characterize the behavior of the different contributions
of the catalytic mechanisms in mMFCs, polarization and power curves were performed.
The results obtained are presented in Figure 4.
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Figure 4. Power curves when operating with the different systems studied in this work.

Power curves (see Figure 4) allow us to determine the maximum power generated in
each treatment and the internal resistance in ohms, which accounts for the potential drops.
The highest power density was obtained in the presence of MB (SVI) with a power density
of 32.9 mW/m2, followed by the algal system (SIII) with a power density of 28.6 mW/m2.
The use of bicarbonate (SVII) in the cathodic chamber allows us to reach a power density
of 15.2 mW/m2; the system with mechanical aeration (SI) presented a power density of
7.8 mW/m2, like that presented by the microalgae biofilm (SIV). Finally, the abiotic systems
operating with cathodic CO2 (SII) and spent medium (SV) presented the lowest generated
power, in agreement with the exerted voltage values. Although the system with an external
mediator exhibits higher power generation, the higher voltage and current are generated
without the external mediator. This behavior could be explained by the inhibitory effect
of the external mediators on algae growth and, therefore, of oxygen generation. Possible
reasons for the increased power density obtained when operating with the algal system,
compared with the abiotic system operated with mechanical aeration, include the formation
of an algal biofilm on the cathode, which leads to a higher DO concentration, which is
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reached due to the activity of the microalgal culture, as well as the direct electron transfer
to the electrode [58].

With the aim to gain deeper insight into the electrochemical performance, and to com-
pare electrogenic activity in the different systems studied in this work, cyclic voltammetry
tests were performed. The obtained results are presented in Figure 5. Open curves were
obtained for biotic systems, revealing that the mMFC had higher electrochemical activity
than an abiotic cathode MFC, as was reported in the literature [59]. In cyclic voltammetry,
open curves represent more redox activity. Exact values of the peaks cannot be compared
with other authors, as the conditions of the reference electrode were not the same; however,
the trend of the curves could be analyzed. In aerated abiotic systems, a reduction current of
0.94 mA was obtained. It is also possible to see an oxidation wave at 0.25 V and a reduction
peak at −0.25 V; this reversible redox peak must be associated with a redox couple with
a half wave potential (E1/2) of −0.1 V, as was found by other authors [60]. A very closed
curve and no peaks were obtained for CO2 in an abiotic cathode (SII), with a reduction
current of 3.5 mA, indicating the absence of redox compounds in the catholyte. For the
biotic mMFC system (SIII), no reduction peaks were found; however, the width of the
curve is similar to SI. In relation to the similar electrochemical behavior, a wave at 0.08
V can be observed, related to ORR as it was found in a highly active biocathode with
Gammaproteobacteria as the dominant Class [60]; a reduction current of 8.9 mV was reached.
For the biofilm system (SIV), a very closed curve was obtained, with a reduction peak at
−0.27 mV and a reduction current of 2.4 mA, which could be related to redox compounds
in a microalgae cell wall. For the culture medium as catholyte (SV), it was possible to see a
reduction peak and a reduction wave at −0.5 V, and a reduction current of 6.6 mA. System
SVI, which has MB as an external mediator, has an oxidation peak at 0.25 V and a reduction
peak at −0.43 V, which could be related to the presence of the mediator. System SVII (with
sodium bicarbonate) has a reduction peak at −0.37 V and a reduction current of 7.3 mV. The
formation of reduction peaks at similar potentials after both mechanical and algal aerations
indicated that the same reducing species were involved in the reduction reaction.

Figure 5. Cont.
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Figure 5. Cyclic voltammetry when operating with the different systems studied in this work.
(a) Systems I and II, (b) Systems 3-5, and (c) Systems 6 and 7.

The anodic performance was comparable across all evaluated systems, suggesting that
the anodic chamber exhibited uniform behavior and did not constitute the rate-limiting
step in any of the configurations studied. This result can be attributed to the superior
electrogenic activity of the mixed microbial consortium employed as an anodic biocatalyst,
which surpassed that of the algal culture utilized in the cathodic compartment [38].

The reduction currents generated at the cathode were within the range reported by
other authors when operating with algae-based MFCs. Cyclic voltammetry of the cathode
during algal aeration revealed a reduction current of −9.3 mA with a platinized carbon
cathode [58]. The magnitude of the reduction and oxidation currents must be consistent
with the power generation of the systems [61]. Reduction peaks and waves were also within
the same range reported by other authors. A reduction wave of around −0.27 V with biotic
origin was found in oxygen-reducing biocathodes formed from compost leachate [62]; a
peak at −0.412 V can be ascribed to the reduction of dissolved oxygen in a pristine cathode
made of stainless-steel mesh with an algal biofilm formed on the surface [63].

The CV spectra for a highly active biocathode with Gammaproteobacteria as a domi-
nant class show two distinct electrochemical processes: one related to an electron transfer
pathway coupled with oxygen reduction in a conventional ATP generating an electron
transport chain (oxidation wave at 0.035 V), and a second reversible process, which may
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be a parallel electron transfer pathway or some other unknown surface reaction occurring
within the biofilm, which is otherwise not directly involved in oxygen reduction (oxidation
peak at 0.05 V and reduction peak at −0.05 V) [60].

The results reported in the literature are still contradictory in defining the mechanism
of ORR in microalgal biocathodes. On the one hand, in a study carried out with a C.
vulgaris biocathode, the electrochemical performance was evaluated by means of a CV
analysis; in this test, no peak was observed from the CV curve, indicating that the algal
cells had no electrochemical activity, and that the cathode terminal electron acceptor
is the photosynthetic oxygen released by the C. vulgaris cultivated at the cathode [64].
Alternatively, regarding the electrochemical activity of the biofilm of Desmodesmus sp. with
an oxidation peak in the potential range of +100 to +200 mV, no electrochemical activity
was found in the supernatant, proposing that some proteins, such as cytochromes, may be
involved in direct electron transfer [65].

2.4. Electrode Characteristics

To investigate the mMFC device, scanning electron microscopy (SEM) images of the
cathode were obtained and presented in Figure 6.

Figure 6. SEM images of carbon felt cathodes: (a) clean fibers and (b) biocathode after operation
with Chlorella sorokiniana. Insets show higher-magnification details of biomass attachment. Scale bars:
100 µm and 10 µm.

As shown in Figure 6a, the cathodic surface was clean and smooth before the operation.
However, after the operation, a biofilm developed on the fibers of the cathode. In Figure 6, it
is also possible to observe the spherical microalgal cells of Chlorella sorokiniana in the cathode,
with a magnification of 2000×. The cells form a biofilm over the fibers and, according
to the image, it is possible to infer that the secretion of polysaccharides contributes to
biofilm formation. Green microalgae, such as Nannochloris sp. and Chlorella sp., have
hydrophilic surfaces, because their cell walls are cellulose-based and form a hydrophilic
surface. Moreover, microalgae produce extracellular polymeric substances (EPS) that are
secreted and adhere the cells to surfaces. EPS production and adhesion strength increase
with time. The EPS secretion by cells plays an important role and can dominate the surface
interactions of some microalgae [66]. Similar observations have been analyzed in other
mMFCs, where a layer of microorganisms embedded in a microbial EPS matrix was formed
on the electrode surface [67]. C. sorokiniana was randomly chosen, and their diameters
were determined as of 2.9 ± 0.6 µm, which corresponds to the characteristics of other
Chlorella species; Chlorella sp. QB-102 was also observed by SEM as being spherical with
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a diameter of 2 µm [68] and C. vulgaris cell diameters were determined as ranging from
2.49 to 2.70 µm [28].

2.5. General Performance of the Different Cathodic Systems

The general performance of the different cathodic systems studied in this work is
presented in Table 1.

Table 1. Key characteristics of polarization analysis for the different systems of MFC with anaerobic
sludge in the anodic chamber.

System Voltage (mV) Maximum Power
Density (mW/m2)

Maximum
Current Density

(mA/m2)

Internal
Resistance (kΩ)

Anodic COD
Removal (%)

Electric Charge
(Coulombs/Day)

SI–Air 20 7.8 45.2 40.6 44.1 7.5

SII–CO2 2 3.9 13.5 227.7 31.5 5.8

SIII–mMFC 29 28.6 139.3 15.7 54.3 8.0

SIV–biofilm 10 6.9 34.5 61.7 43.4 3.3

SV–spent media 14 1.3 7.1 274.3 42.9 4.2

SVI–mMFC-MB 26 32.9 194.8 9.2 86.9 13.8

SVII–mMFC-
NaHCO3

37 15.2 128.7 9.8 54.9 8.6

The trends of open circuit voltages (OCVs), current densities and coulombs produced
per day of the MFCs are similar because of the relationship among these parameters.
The highest and lowest OCV values of 510 mV and 168 mV were measured for SIII and
SI, respectively. Furthermore, the maximum current density generated by SVI during
the polarization test (194.8 mA/m2) is significantly higher than the others, indicating
its remarkable potential to produce higher currents at low external resistances, using
mediators. However, this trend is not reflected in the maximum voltage. In addition,
the lowest internal resistances of 9.22 kΩ and 9.8 kΩ were determined for SVI and SVII,
respectively, as were observed in the CV curves, which have the highest electrogenic
activity, because of the presence of MB and bicarbonate as redox compounds. It should be
mentioned that limitations in mass transfer of oxygen in SI were the reason for its higher
internal resistance compared to the algal mMFC configurations studied in this work [55].
The highest internal resistances were presented in abiotic systems, SII and SV, indicating
that the cathode cannot directly reduce carbon dioxide, and that there were not enough
redox mediators in the spent medium. Finally, the external resistance of the biofilm, SIV,
could be related to the thickness of the biofilm in the cathode.

Regarding the electric charge produced, and measured as coulombs per day, similar
trends were obtained, but the best performances were obtained with SVI and SVII be-
cause of the presence of chemicals that could act as redox mediators: MB and bicarbonate.
The Coulombic efficiencies (CE) obtained in this work were very low compared to other
results published in the literature, where CE of 6.3% for mMFC with C. vulgaris was sus-
pended [25] and within the range of 3.3% to 9.4% when operating with immobilized algae
cultures [69,70]. In the present study, a relationship between cell voltage and COD removal
by microorganisms was not observed. This can be justified, considering that the anaerobic
culture used as an anodic catalyst is a mixture of electrogenic and non-electrogenic microor-
ganisms, and most of the organic matter is consumed by non-electrogenic microorganisms,
leading to a coulombic efficiency of lower than 1%. This coulombic efficiency is a direct
measure of the competition for the substrate between electrogens and non-electrogens in
the mixed culture [53].
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Current densities obtained in the present study are within the range reported in the
literature for mMFC, ranging from 13.5 mA/m2 [71] to 20.5 mA/m2 [72]. In the present
study, the maximum power density obviously increased with the decrease in internal
resistance, suggesting that the ohmic resistance might be the limiting step of the whole
performance of the systems [69]. With the aim of comparing results that were previously
published in the literature, Table 2 presents the key characteristics of polarization analysis
reported in the literature when working with mMFCs. As can be seen in Table 2, the power
densities were, in general, low when compared to other mMFC studies reported in the
literature [48,51].

Table 2. Key characteristics of polarization analysis for the different systems of mMFC reported in
the literature.

Anodic Catalysts Biocathode
Catalysts

Power Density
(mW/m2)

Pollutants Removal
% Microalgae (g/L) Algae Lipids (%) Ref.

Yeast + bacteria C. pyrenoidosa 1000 48% C [73]

Anaerobic sludge C. vulgaris 1.114 60% C 0.649 [32]

E. coli-P.
aeruginosa C. vulgaris 248 - [74]

Anaerobic sludge C. vulgaris 54.4 75% C, 90% N 1.34 [31]

Anaerobic sludge C. vulgaris 285 1.69 35.8 [59]

Anaerobic sludge C. vulgaris 126 (mW/m3) 5.47% C 4 [75]

Sludge C. vulgaris 2.2–6.42 92–98% C, 54% N [28]

Activated sludge C. vulgaris 42.98 75% C, 70% N, 26% P [53]

Bacterial
consortium C. vulgaris 62.7 2.8 [27]

Sediments C. vulgaris 21 [61]

Activated sludge C. vulgaris 13.5 46–60% C 0.4 [48]

Pre-acclimated
bacteria C. vulgaris 24.4 [64]

Pre-acclimated
bacteria C. vulgaris 5.6 W/m3 [76]

Activated sludge. C. vulgaris 1926 57% C 1.24 [25]

Ferricyanide C. vulgaris 2.7 [42,77]

C. vulgaris +
methylene blue

C. vulgaris
+ Ferricyanide 477.3 [78]

Anaerobic sludge Immobilized C.
vulgaris 2485.35 mW/m3 84.8% C, 95% N [69]

Anaerobic sludge Immobilized C.
vulgaris 142 W/m2 92.1% C 106 cell/mL [79]

Anaerobic sludge Immobilized C.
vulgaris 466.9 mW/m3 93% C, 95% N, 82% P 2.5 32 [70]

Sediments Chlorella sp. 19.6 60% C 0.7 [55]

Activated sludge Chlorella sp. 36.4 [68]

S. cerevisiae S. platensis 98 0.74 [35]

Tapioca
wastewater S. platensis 14.4 67.5% C, 76% N 0.5 [80]

S. platensis 44.33 63%C [81]

S. platensis S. platensis 10 [82]

Activated sludge Spirulina sp. 980 89% C, 83% N [83]

Anaerobic sludge Golenkinia sp. 6255 mW/m3 43.59% C, 37% N, 98% P 0.325 38 [84]

Wastewater S. obliquos 153 [58]

Desmodesmus sp. 64.2 [85]
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Table 2. Cont.

Anodic Catalysts Biocathode
Catalysts

Power Density
(mW/m2)

Pollutants Removal
% Microalgae (g/L) Algae Lipids (%) Ref.

Sulphate-
reducing bacteria

Pure microalgal
culture 7.2 0.95 7.48 [72]

Anaerobic sludge Algal culture 80.8% C, 53% N, 12% P 3.5–6.5 [63]

Proteobacteria,
Cyanobacteria,

Bacteroidetes and
Chloro-phyta

- 26% C, 58% N, 86.4% P [86]

Anaerobic sludge Mixed-culture
microalgae 24.25 82% C 4.11 [87]

Ghee wastewater Consortium of
microalgae 3.33 96% C [71]

Anaerobic sludge Mixture of algae
and bacteria 5.5 mW/m3 92–97% C 0.133 [23]

Activated
anaerobic sludge Mix from a pond 4.4 0.4 [67]

Anaerobic mixed
consortia

Mixed microalgal
culture 57 79% C 4.2 [38]

Activated sludge A mixed culture of
microalgae 481 mW/m3 77.9% C, 97% N 23% P [88]

Anaerobic sludge Mixed consortia
with 36.7 [54]

Anaerobic
activated sludge Pond water 7.00 [89]

C. pyrenoidosa Ferricyanide 2.15 5.94 × 106

cells/mL
[90]

The low power densities obtained in this work could be related to the cathodic
electrodes used. In the literature, it has been reported that modified electrodes yield
power densities that are 10 times higher; for example, modifying the cathode with nickel
foam/graphene. The power density increased from 4 to 36.4 mW/m2 [68]. In terms of
volume, in this work, the maximum power densities were obtained when operating mM-
FCs, yielding 1240 mW/m3 and 1050 mW/m3 for systems with MB in the cathode SVI
and SIII, respectively. Power densities in the literature are very variable, depending on
the structural and operational conditions of each mMFC. In a very similar study, using
an anodic anaerobic culture and C. vulgaris (4 g/L) as a cathodic culture, a power density
of 126 mW/m3 was reached with a carbon removal of 5.47% [75]. In the literature, an
mMFC with bacteria from dairy wastewater in the anode and Chlorella sp. in the cathode,
with 800 g of granular graphite in each chamber as electrodes, reached power densities of
2.8 ± 0.9 W/m3 and COD removal of 65–91% [91], using Proteobacteria alicyliphilus (5.46%)
and Dechloromonas (4.74%) in the cathode and C. vulgaris at a high biomass concentration
(4.6 g/L) in the anode, power densities of 1200 mW/m3 were reached [30]. The lowest COD
removals in this work were obtained when operating with abiotic systems (27%, 37.5%
and 38%, for SII, SV and SI, respectively). In the biotic systems, higher carbon removal
was obtained, which could be explained because the whole performance of the mMFC
is controlled by the biotic cathodic reactions. The COD removal in the biotic systems
ranges from an average of 53% in the systems with microalgae to 87% for the system with
microalgae and MB as mediator (SVI).

According to the results obtained in this work, it is possible to analyze the cathodic elec-
tron transfer mechanisms for each tested system in the context of the pathways illustrated
in Figure 7.
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Figure 7. Possible mechanisms of cathode reaction in an mMFC. (A) Direct CO2 reduction. (B) Direct
electron transfer from cathode to algae. (C) Mediator-assisted electron transfer. (D) Oxygen reduction.

• Direct CO2 reduction at the cathode was not a dominant pathway under the evaluated
conditions, as indicated by the low power density (Figure 1) and the absence of defined
redox peaks in the cyclic voltammetry response of the SII configuration (Figure 5),
suggesting a limited contribution of this mechanism.

• Extracellular electrogenic compounds were not detected in significant amounts in the
spent medium of Chlorella sorokiniana, which is consistent with the low electrochemical
performance observed for the SV configuration and suggests a minor role of freely
soluble endogenous mediators.

• Chlorella sorokiniana was able to form a biofilm on the cathode surface, as confirmed
by SEM observations (Figure 6), in which the presence of extracellular polymeric
substances appears to contribute to the biofilm stability. However, the low voltage
output and the absence of characteristic redox peaks in cyclic voltammetry indicate
that direct electron transfer from the cathode to the microalgal cells was not the
predominant electron uptake mechanism under the studied conditions.

• Oxygen reduction emerged as a relevant cathodic pathway. The dissolved oxygen
concentrations in the presence of microalgae were significantly higher than those
achieved by oxygen bubbling alone. Moreover, photosynthetic activity during the
light phase was associated with increased current output in biocathode systems,
indicating that oxygen produced by microalgae effectively supported the cathodic
oxygen reduction reaction and enhanced voltage generation.

• Mediator-assisted electron transfer was supported by the addition of methylene blue
(MB) to the biocathode, which resulted in increased power density and reduced
internal resistance. These results suggest that the external artificial mediator played a
significant role as a redox facilitator, enhancing electron transfer between the electrode
and the algal cells, without observable inhibitory effects on the microalgal activity.

3. Materials and Methods
3.1. Anodic System and MFC Configuration

A two-chambered H-type microbial fuel cell was fabricated using two 250 mL Pyrex
bottles (Figure 8). The anode and cathode electrodes (9.4 cm2) were made of carbon felt
(KFA10, SGL Carbon Group, Wiesbaden, Germany). The distance between the anode and
the cathode was 2 cm. The anode and cathode were externally connected by means of a
120 Ω resistance. Both chambers were separated by a proton exchange membrane (3.1 cm2,
Nafion117, Dupont Co., Wilmington, NC, USA). The Nafion membrane was pretreated in
H2O2 (3%, v/v) for 1 h at 80 ◦C, washed with distilled water for 1 h at 80 ◦C, immersed
in H2SO4 (0.5 M) for 1 h at 80 ◦C and washed again with distilled water for 1 h at 80 ◦C,
according to the literature [2].
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Figure 8. Experimental setup. Dual chamber MFC with anaerobic sludge in the anodic chamber.

A conventional anaerobic sludge was used as an anodic microbial seed. The seed
was obtained from the anaerobic reactor of a conventional activated sludge facility; more
information about this facility can be found elsewhere [92]. The anolyte formulation
was CH3COONa 1 g L−1, Na2HPO4 3 g L−1, KH2PO4 0.7 g L−1, (NH4)2SO4 0.8 g L−1,
MgSO4·7H2O 0.2 g L−1 and (NH4)2Fe(SO4)2·6H2O 0.04 g L−1 [92]. In order to characterize
the chemical properties of the anolyte, daily samples of 1 mL were collected.

At the start of operation, the anodic reservoir was filled with anaerobic sludge. For
the acclimatization of the electroactive biofilm, 80% of the volume was replaced by fresh
medium: first daily and then after the drop of the cell voltage to negligible values due to
the depletion of sodium acetate (cycle length of around three days). During the start-up
stage, the anode and the cathode were connected with a 120 Ω resistor. The catholyte was
aerated to ensure O2 saturation, working as an electron acceptor to facilitate the anodic
biofilm development and to reach the voltage generation of stationary cycles in every
charge–discharge stage. Once the electrogenic biofilm at the anode was developed and
operated under a steady-state, the cathodic reaction of O2 was substituted by the different
systems studied in this work.

3.2. Cathodic Chamber

Chlorella sorokiniana microalgae was used as a cathodic culture. This microalgae cul-
ture was previously isolated and identified according to the literature [93]. The microal-
gae Chlorella sorokiniana was cultured in Chu13 medium [94]. The medium composition
was as follows: FeCl3·6H2O 0.0073 g·L−1 in EDTA 0.00916 g·L−1; K2HPO4 0.04g·L−1;
MgSO4·7H2O 0.05 g·L−1; CaCl2·2H2O 0.04 g·L−1; KNO3 0.1 g·L−1; H3BO3 0.002859 mg·L−1;
Na2MoO4·2H2O 0.05 mg·L−1; ZnSO4 0.1234 mg·L−1; CoCl2·2H2O 0.05 mg·L−1; MnCl2
1.146 mg·L−1; and CuCl2·2H2O 0.054 mg·L−1. Light was provided by natural sunlight.

3.3. Experiments Planification

The contributions of cathodic reactions were isolated by modifying the operational
cathodic conditions. To do this, several tests were performed according to the information
presented in Table 3.
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Table 3. Experimental design of the systems to be studied. All systems were evaluated with the same
anode chamber medium.

Systems Cathodic Chamber Purpose

SI–Air Milli-Q water continuously aerated (pH = 7.0) MFC (control test)

SII–CO2 Milli-Q water (pH = 7) with pure CO2 bubble Contribution of CO2 as electron
acceptor

SIII–mMFC mMFC: Fresh Chu 13 medium and microalgae
Contribution of attached and
suspended microalgae, as well as
internal mediators

SIV–biofilm mMFC: Milli-Q water with microalgae
biofilm-coated cathode Contribution of attached microalgae

SV–spent media Spent Chu 13 medium. Supernatant of
microalgae culture, separated by centrifugation Contribution of internal mediators

SVI–mMFC-MB mMFC: SIII + Methylene Blue 30 mM Contribution of external mediator

SVII–mMFC-NaHCO3 mMFC: SIII + sodium bicarbonate 12 mM Contribution of sodium bicarbonate
as external carbon source

3.4. Chemical Analysis

Dry microalgae biomass was determined gravimetrically. Nitrate concentration was
measured using the salicylic acid method at 410 nm, as reported in the literature [95].
Phosphate concentration was determined using the ascorbic acid method reported by
the Standard Methods for the Examination of Water and Wastewater [96]. The glucose
concentration was quantified by a glucose oxidase kit (BioSystems®, Barcelona, Spain)
at 500 nm. The total fatty acids were gravimetrically determined by using the method
of Bligh and Dyer [97] after the mechanical rupture of cells by sonication. The chemical
oxygen demand (COD) was determined by using a Velp ECO-16 (Fisher Scientific, Madrid,
Spain) digester and a Pharo 100 Merck spectrophotometer (Merck, Darmstadt, Germany) in
accordance with the Standard Methods for the Examination of Water and Wastewater [96].
The dissolved oxygen concentration was continuously determined using a DO meter WTW
Oxi 340i (Xylem Analytics, Weilheim, Germany) and the pH of the cathode solution was
continuously measured with a pH meter GLP22 Crison (Crison, Barcelona, Spain) [92].

3.5. Electrochemical Analysis

The voltage generated by the mMFC during the experiments was recorded at 15 min
intervals by using a precision multimeter and a data acquisition system (Keithley Instru-
ments 2000, Solon, OH, USA). The performance of the systems was determined using cyclic
voltammetry (CV) in the potential range of −0.9 to +0.9 V at a scan rate of 10 mV/s, using
a Nanoelectra NEV3 potentiostat (Nanoelectra, Madrid, Spain). The open circuit voltage
was determined after 30 min of stabilization and the polarization curve was obtained using
a Nanoelectra NEV3 potentiostat at a scan rate of 1 mV/s. The power curves describing the
power density as a function of the current density were obtained based on the polarization
curve. The currents and power densities were calculated based on the area of the anode.
Current (I) was calculated using Ohm’s law (Equation (1)):

U = I·R (1)

where U is the voltage (V) and R is the external resistance (Ohm) of the cell. Power (P) was
calculated using Equation (2):

P = I·U (2)
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The total internal resistance was calculated as the external resistance that causes the
maximum power. The performance of the mMFC in terms of the electrons produced or the
amount of charge produced (Qe− in C/d) over time is presented in Equation (3):

Qe− =
∫

I dt, (3)

3.6. Electrode Characterization

To characterize the cathode morphology, as well as the biofilm, scanning electron
microscopy (SEM) images were obtained before and after the experiments, using a FEI
QUANTA 250 (Thermo Fisher Scientific, Waltham, MA, USA). To enhance the accuracy of
the images, the samples were pretreated according to the literature [98].

4. Conclusions
The energy efficiency of an MFC incorporating a microalgal culture in the cathodic

chamber showed improvements compared to an MFC operated with external aeration,
particularly in terms of biomass growth and nutrient removal. This enhanced performance
can be attributed to the combined contribution of oxygen production via photosynthesis,
mediator-assisted electron transfer and the interaction between microalgal cells and the
cathode surface.

Systems operated with biofilm formation and external aeration exhibited higher inter-
nal resistances, whereas lower resistances were consistently observed in mMFC configu-
rations. Coulombic efficiencies remained low, which can be explained by the complexity
of the anodic microbial community, where non-electrogenic microorganisms compete
with electrogenic populations for substrate utilization. Nevertheless, the incorporation of
Chlorella sorokiniana into the cathodic chamber led to an overall improvement in electro-
chemical performance.

The addition of sodium bicarbonate positively influenced the electrochemical be-
havior of the system, likely by promoting more stable and elevated dissolved oxygen
concentrations. Comparative analysis of the different cathodic operational modes sug-
gests that both indirect electron transfer mediated by photosynthetically produced oxygen
and mediator-assisted pathways contribute to cathodic performance, while direct elec-
tron transfer appears to play a minor role under the evaluated conditions. Overall, the
systematic comparison of cathodic configurations within the same mMFC architecture pro-
vides indirect but consistent evidence of the dominant mechanisms governing microalgal
biocathode operation.
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