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Abstract

The growing deterioration of water resources and the energy requirements of conventional
wastewater treatment technologies have increased interest in systems that combine organic
matter removal with bioelectrochemical conversion. This study evaluated a laboratory-scale
dual-chamber microbial fuel cell (MFC) operated with real wastewater using Scenedesmus
acutus (S. acutus) and a native microbial consortium as anodic biocatalysts at 25 and 30 ◦C.
The system was assessed through continuous monitoring of voltage, pH, temperature,
and CH4, H2, and CO2 signals in the anodic headspace, together with physicochemical
characterization and chemical oxygen demand (COD) removal. COD removal efficiencies of
33.7 and 30.3% were obtained for S. acutus at 25 and 30 ◦C, respectively, whereas the native
microbial consortium achieved 29.8 and 43.4% removal under the same conditions. The
consortium at 30 ◦C showed the most favorable combination of COD removal and electrical
response, whereas S. acutus at 30 ◦C reached the highest maximum voltage and stored
energy, although with greater signal variability. The CH4, H2, and CO2 signals differed
among conditions and were consistent with the possible participation of fermentative and
methanogenic processes alongside electrogenic activity, although gas production rates
and the contribution of individual pathways were not quantified. Overall, the results
demonstrate the operational feasibility of the proposed MFC for coupling wastewater
treatment with a measurable electrical response and support further evaluation of native
microbial consortia as anodic biocatalysts.

Keywords: microbial fuel cell; real wastewater; Scenedesmus acutus; native microbial
consortium; chemical oxygen demand; bioelectrochemical treatment

1. Introduction
Wastewater management remains a major environmental and technological challenge

because conventional treatment processes are generally designed to remove pollutants but
often require substantial energy inputs. At the same time, wastewater contains organic
matter that can serve as a substrate for biological conversion processes. This has encouraged
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the development of technologies that combine wastewater treatment with resource recovery
and the generation of useful energy carriers.

Microbial fuel cells (MFCs) are bioelectrochemical systems in which microorganisms
oxidize organic compounds and transfer electrons to an anode. These electrons flow
through an external circuit toward the cathode, producing a measurable electrical response
as the substrate’s organic load is reduced [1,2]. MFC performance depends on the inter-
action of several factors, including reactor configuration, electrode properties, membrane
characteristics, substrate composition, microbial community, pH, temperature, and external
electrical conditions [3–6].

The biocatalyst plays a central role in the degradation of organic matter and in the
transfer of electrons within the anodic chamber. Pure or defined cultures can be used
to investigate specific microbial functions, whereas mixed communities obtained from
wastewater or sludge contain microorganisms with different metabolic capabilities [7,8].
Native microbial consortia may include fermentative, electrogenic, and methanogenic
populations that use the original substrate or the intermediate products formed during
its degradation. Their prior exposure to the wastewater matrix may also facilitate their
establishment under the reactor’s physicochemical conditions. However, competition
among microbial groups can divert part of the available substrate toward pathways that do
not contribute directly to electron transfer to the anode.

Microalgae have also been evaluated in bioelectrochemical and wastewater treatment
systems because of their capacity to assimilate nutrients and transform compounds present
in aqueous matrices [9–11]. Most microalgae-based MFC studies have focused on photo-
synthetic cathodic configurations, in which oxygen produced under controlled illumination
supports the cathodic reaction. Their use in the anodic chamber represents a different
experimental configuration, particularly when illumination, photoperiod, biomass growth,
and dissolved oxygen are not controlled as independent variables. Under these conditions,
the observed response cannot be attributed exclusively to photosynthetic activity and must
be evaluated within the overall biological system in the anodic chamber.

Among freshwater microalgae, S. acutus has been investigated for its ability to grow
in nutrient-rich media and its potential applications in wastewater-related processes [11].
Nevertheless, its performance as an anodic biocatalyst in real wastewater may differ from
that of a native microbial consortium composed of microorganisms already present in or
obtained from the same wastewater source. Comparing these biological systems under the
same reactor configuration can provide information on their respective physicochemical
and electrical responses.

Operating temperature is also relevant because it affects microbial metabolism, sub-
strate transformation, biofilm development, and electrochemical processes. Changes within
a moderate temperature range may influence the rate of organic compound degradation
and the distribution of metabolic products. In mixed microbial systems, temperature
may also alter the relative activity of fermentative, electrogenic, and methanogenic pop-
ulations [12–14]. However, the response to temperature depends on the characteristics
of the biocatalyst and the wastewater matrix and therefore cannot be generalized across
MFC configurations.

Although numerous studies have evaluated MFCs using synthetic substrates or con-
trolled wastewater formulations, real wastewater presents greater variability in organic
matter, suspended solids, nutrients, salts, and native microorganisms [15–17]. This com-
plexity can affect both wastewater treatment and electrical behavior. Furthermore, limited
information is available on the comparative response of an anodically incorporated mi-
croalgal culture and a native microbial consortium evaluated in the same dual-chamber
MFC under different operating temperatures. Continuous monitoring of the gas-phase
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response may also provide complementary information on the transformations occurring
in the anodic chamber, provided that these measurements are not interpreted as direct
gas-production yields.

Accordingly, this exploratory study evaluated a laboratory-scale dual-chamber MFC
operated with real wastewater using S. acutus and a native microbial consortium as anodic
biocatalysts at 25 and 30 ◦C. The four experimental conditions were compared with respect
to wastewater physicochemical changes, COD removal, voltage response, capacitor-stored
energy, pH and temperature stability, and CH4, H2, and CO2 signals recorded in the anodic
headspace. The study aimed to describe the responses associated with each biocatalyst–
temperature combination and to identify the conditions that provided the most favorable
balance between organic matter removal and electrical performance.

2. Materials and Methods
2.1. Study Design

Figure 1 illustrates the experimental workflow followed in this study, which com-
prised wastewater collection and characterization, preparation of the selected biocatalysts,
operation of the dual-chamber microbial fuel cell, continuous monitoring of the operating
variables, and physicochemical evaluation of the system before and after treatment.

Figure 1. Methodological overview of the evaluation of the dual-chamber MFC using real wastewater,
S. acutus, and an indigenous microbial consortium.

The study was designed as an exploratory and comparative investigation. Each
combination of biocatalyst and temperature was evaluated as an independent experimental
condition operated in batch mode using the same laboratory-scale MFC prototype. This
design enabled direct comparison of system performance as a function of biocatalyst type
and operating temperature.

2.2. Wastewater Collection and Preservation

The wastewater used as the substrate was collected from a site in the Pamplonita
River basin in Norte de Santander, Colombia (see Figure 2), which is influenced by urban
wastewater discharges. Sample collection, handling, and preservation were carried out in
accordance with the guidelines established in NTC ISO 5667-2:1995 and NTC ISO 5667-
3:2006 [18,19].
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Figure 2. Wastewater collection, preservation, and refrigerated transport procedures were used for
the experimental assays.

Previously conditioned and rinsed plastic containers were used for sample collection.
Approximately 1.5 L was used for obtaining/enriching the native inoculum, whereas 9 L
of real wastewater was used as the anodic chamber working volume for each run. After
collection, the samples were transported to the laboratory under refrigerated conditions
at approximately 4 ◦C to minimize changes in their physicochemical and microbiological
characteristics prior to processing and experimental use.

2.3. Wastewater Characterization

The physicochemical characterization of the wastewater was performed at the begin-
ning and end of each experimental run to establish the matrix’s initial characteristics and
evaluate treatment-related changes in the microbial fuel cell. The parameters analyzed
were pH, apparent color, electrical conductivity, turbidity, phosphates, nitrites, sulfates,
hardness, alkalinity, iron, and COD.

The analyses were conducted in accordance with the procedures established in the
standard methods for the examination of water and wastewater [20]. Table 1 summarizes
the parameters evaluated, their respective units, and the analytical methods employed.

Table 1. Analytical methods used for wastewater characterization.

Parameter Unit Analytical Method

pH pH units SM 4500-H+, electrometric
Apparent color Pt-Co units SM 2120 C, spectrophotometric

Electrical conductivity µS cm−1 SM 2510 B, electrometric
Turbidity NTU SM 2130 B, nephelometric

Phosphates mg L−1 PO4
3− SM 4500-P, vanadomolybdate colorimetric

Nitrites mg L−1 N-NO2
− SM 4500-NO2

− B, colorimetric
Sulfates mg L−1 SO4

2− SM 4500-SO4
2− E, turbidimetric

Hardness mg L−1 CaCO3 SM 2340 C, EDTA titration
Alkalinity mg L−1 CaCO3 SM 2320 B, volumetric

Iron mg L−1 Fe SM 3500-Fe B, phenanthroline colorimetric
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2.4. Biocatalysts

To evaluate the influence of biocatalyst type on microbial fuel cell performance, two
biological systems were used: a culture of the microalga Scenedesmus acutus and a native
microbial consortium obtained from the same wastewater source used as the substrate. The
use of these two biocatalysts enabled comparison between a defined microalgal culture and
a complex microbial community previously exposed to the physicochemical characteristics
of the wastewater matrix.

2.4.1. Scenedesmus acutus

Scenedesmus acutus was supplied by the Biotechnological Research Laboratory of the
University of Pamplona. Prior to inoculation, the microalga was propagated in a synthetic
culture medium under laboratory conditions and maintained under continuous illumina-
tion for 36 h, reaching an approximate concentration of 50 × 1015 cells/mL. The inoculum
was subsequently introduced into the anodic chamber containing the synthetic wastewater
and operated under the same experimental conditions applied to the other biocatalysts.
This microorganism was selected because of its photosynthetic metabolism and reported
potential in bioelectrochemical systems, enabling comparison of its performance with that
of fermentative and bacterial biocatalysts under identical operating conditions. Because
light intensity and photoperiod were not evaluated as independent experimental factors,
the results are interpreted as differences associated with the biocatalyst rather than as a
photoelectrochemical assessment.

2.4.2. Indigenous Microbial Consortium

The native microbial consortium was obtained from domestic wastewater collected at
the Pamplonita River discharge point (Pamplona, Colombia), which was also used as the
substrate during the microbial fuel cell validation stage. After collection, the wastewater
was transported to the Biotechnological Research Laboratory of the University of Pamplona,
where it underwent an enrichment stage under laboratory conditions to favor the growth of
the native microbial community naturally adapted to the wastewater matrix. The enriched
inoculum was subsequently introduced into the anodic chamber following the same start-
up procedure used for the other experimental treatments. This approach enabled evaluation
of the performance of a microbial community previously adapted to the physicochemical
characteristics of real domestic wastewater used as the anodic substrate/source of organic
matter, and direct comparison with that obtained using pure cultures under the same
operating conditions.

2.5. MFC Configuration

The experimental system consisted of a laboratory-scale dual-chamber microbial fuel
cell designed to evaluate bioelectrochemical performance under controlled conditions. The
prototype comprised an anodic chamber and a cathodic chamber separated by a Nafion®

117 membrane (Chemours, Wilmington, DE, USA), which enabled proton (H+) transfer from
the anodic to the cathodic chamber while limiting mixing of the two liquid media. The an-
odic chamber had a prismatic geometry, with internal dimensions of 27.5 × 23.5 × 25.5 cm
and an approximate geometric volume of 16.48 L. The cathodic chamber, with dimensions
of 19.5 × 22.5 × 22.5 cm, had an approximate geometric volume of 9.87 L. Both chambers
were constructed from glass, selected for its high electrical resistivity, thermal stability, and
chemical inertness, and were reinforced with aluminum elements positioned at the corners
to improve mechanical stability.

During the experimental runs, the system operated with a working volume of 9 L
in the anodic chamber and 5.5 L in the cathodic chamber. The anodic chamber contained
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domestic wastewater inoculated with either Scenedesmus acutus or the native microbial
consortium, depending on the experimental condition, whereas the cathodic chamber
contained a phosphate-buffered solution maintained at approximately pH 7.0.

The upper section of the anodic chamber housed sensors for continuous pH and
temperature monitoring, together with a heating element for thermal control, all installed
through hermetically sealed fittings. The prototype also incorporated three lateral ports
for substrate loading and discharge (Port 1), gas evacuation and monitoring (Port 2), and
sensor/probe insertion for pH and temperature monitoring (Port 3).

For the experimental runs, carbon electrodes with a surface area of 54 cm2 were
installed in each chamber to ensure sufficient contact with the liquid medium and support
the bioelectrochemical processes in the system.

The prototype also incorporated a gas chamber equipped with a multisensor system
based on MQ-series gas sensors (Hanwei Electronics Co., Ltd., Zhengzhou, China) for
continuous monitoring of CH4, H2, and CO2 in the anodic chamber headspace. The signals
generated by the sensors were continuously acquired and recorded through the electronic
data acquisition platform, enabling the generation of temporal response profiles for each
gas throughout the seven-day operating period of each experimental run. In addition, the
system continuously monitored cell pH, temperature, and voltage (Figure 3).

Figure 3. Schematic and photographic view of the dual-chamber MFC prototype, including the
control panel, anodic chamber, Nafion® 117 membrane, cathodic chamber, carbon electrodes, gas
headspace, and external circuit.

Before each experimental run, the proton exchange membrane was conditioned, and
the sealing of the chambers, electrical connections, temperature-control system, and data-
acquisition channels was verified.
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2.6. Experimental Conditions and Operation

The microbial fuel cell was operated in batch mode for seven days under controlled
anaerobic conditions, where the anodic chamber operated under oxygen-limited/anoxic
conditions, promoted by chamber sealing, hermetic fittings, no aeration, reduced gas
exchange, and microbial consumption of residual dissolved oxygen during operation.
Furthermore, four experimental configurations were established to evaluate the effects of
biocatalyst type and operating temperature on system performance.

Two biocatalysts were investigated: the microalga S. acutus and a native microbial
consortium, each tested at 25 and 30 ◦C. Accordingly, experiments L1 and L2 were con-
ducted with S. acutus at 25 and 30 ◦C, respectively, whereas experiments L3 and L4 were
performed with the native microbial consortium under the same temperature conditions.

In all four experimental configurations, real domestic wastewater was used as the
anodic substrate, while a phosphate-buffered solution was used in the cathodic chamber.
Table 2 summarizes the experimental configurations evaluated in this study.

Table 2. Experimental configurations evaluated in the MFC.

Assay Biocatalyst Type Temperature (◦C) Anodic Substrate

L1 S. acutus 25 Real domestic wastewater
L2 S. acutus 30 Real domestic wastewater
L3 Native microbial consortium 25 Real domestic wastewater
L4 Native microbial consortium 30 Real domestic wastewater

2.7. Monitoring and Experimental Data Management

The performance of the MFC was monitored using a data acquisition system that
continuously recorded the key operating variables during each experimental run. The
platform enabled real-time monitoring of cell pH, temperature, and voltage, as well as the
signals from sensors that tracked CH4, H2, and CO2 in the headspace of the anodic chamber.

Data from the different sensors were transmitted through a communication network
based on the MQTT (Eclipse Foundation, Brussels, Belgium) protocol. The measurements
were sent to a central server responsible for receiving, routing, and storing the experimental
information. This configuration enabled real-time access to the recorded variables while
preserving the complete dataset for subsequent processing and analysis.

Temperature control was implemented using a proportional–integral–derivative (PID)
algorithm to automatically regulate the heating element. The controller continuously
compared the measured temperature with the setpoint for each experimental condition
and adjusted the heating power based on the observed deviation.

The data generated during each experimental run were stored in a MariaDB (MariaDB
Foundation, Espoo, Finland) database. The storage structure was organized to associate
each experiment with its corresponding operating variables and gas-sensor signals. In this
way, records of pH, temperature, voltage, and other system-state variables were linked to
the CH4, H2, and CO2 measurements through the identifier and time reference assigned to
each experiment.

This data-management structure ensured traceability of the information generated
throughout the seven-day operating period and facilitated the subsequent reconstruction
of temporal profiles for each experimental condition. The recorded data could also be
exported as flat files for further processing, analysis, and backup.
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2.8. COD Sampling, Removal Efficiency, and Electrical Performance Analysis

COD was determined at three stages of each experimental run: before biocatalyst
inoculation, immediately after inoculation at the beginning of MFC operation, and after
seven days of treatment.

At each sampling stage, three aliquots were collected from the same reactor sample and
analyzed independently. These measurements therefore represented analytical replicates
rather than independent experimental replicates.

COD removal efficiency was calculated using the mean COD concentration measured
after biocatalyst inoculation as the operational baseline:

ηCOD (%) =

[︃COD0 − COD f

COD0

]︃
× 100 (1)

where COD0 corresponds to the mean concentration obtained from the three samples
analyzed at the beginning of MFC operation, after incorporation of the biocatalyst, and
CODf corresponds to the mean concentration obtained from the three samples analyzed
after seven days of operation.

COD0 was established as the initial value because incorporation of the biocatalyst
could modify the organic load present in the anodic chamber. Therefore, the calculated
removal efficiency represents the decrease in COD that occurred during the seven days
of MFC operation. The MFC’s electrical performance was evaluated from the voltage
continuously recorded throughout each seven-day experimental run.

The electrical energy stored in the 10 F capacitor was calculated as

E =
1
2

C
(︃

V
1000

)︃2
(2)

where E is the stored electrical energy (J), C is the capacitance (10 F), and V is the measured
voltage (V). For presentation in the comparative electrical performance table, energy values
were expressed as mW·s.

The resulting electrical variables and normalized performance indicators were used to
compare the bioelectrochemical performance of S. acutus and the native microbial consor-
tium at 25 and 30 ◦C.

3. Results
3.1. Wastewater Physicochemical Response

The initial and final physicochemical parameters of the wastewater are summa-
rized in Table 3. The evaluated parameters included pH, color, conductivity, turbid-
ity, phosphates, nitrites, sulfates, hardness, alkalinity, iron, and COD across the four
experimental configurations.

The pH remained within an approximate range of 6.9 to 8.9. In L1, it increased from
7.06 to 8.12, whereas in L2 it decreased from 8.87 to 7.28. More moderate variations were
observed in the treatments containing the native microbial consortium, with final values
remaining close to neutrality. Overall, these results indicate that the MFC operated without
developing extreme acidic or alkaline conditions during the periods evaluated.

Turbidity decreased under all four experimental conditions. The greatest reduction
was observed in L4, where turbidity decreased from 249 to 57.1 NTU, corresponding to an
approximate 77.1% reduction. L2 showed a reduction of approximately 50.8%, whereas
decreases of 14.1% and 9.8% were observed in L1 and L3, respectively. These results
indicate that the effect of treatment on suspended particulate matter varied among the
experimental conditions.
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Table 3. Initial and final physicochemical characteristics of wastewater in the four assays.

L1 L2 L3 L4

Parameter Unit Initial Final Initial Final Initial Final Initial Final

pH pH units 7.06 8.12 8.87 7.28 6.90 7.15 7.05 7.35
Color Pt-Co 117 123 483 143 322 185 320 320

Conductivity µS cm−1 233 240 190.2 251 212 178 136.7 396
Turbidity NTU 108 92.8 98 48.2 276 112 249 57.1

Phosphates mg L−1 PO4
3− 0.03 0.08 0.04 0.21 0.06 0.03 0.06 0.06

Nitrites mg L−1 N-NO2
− 0.014 0.508 0.098 0.111 0.037 0.018 0.016 0.009

Sulfates mg L−1 SO4
2− 13 11 9 20 23 15 12 22

Hardness mg L−1 CaCO3 48 48 80 44 52 46 44 48
Alkalinity mg L−1 CaCO3 86 90 96 96 94 80 72 144

Iron mg L−1 Fe 0.92 0.52 0.21 0.46 0.40 0.22 0.17 0.37
COD mg O2 L−1 126 90 89 32 68 38 116 78

Note: L1 = S. acutus at 25 ◦C; L2 = S. acutus at 30 ◦C; L3 = native microbial consortium at 25 ◦C;
L4 = native microbial consortium at 30 ◦C.

Color removal was particularly pronounced in L2, where the value decreased from
483 to 143 Pt-Co units. L3 also showed a decrease in apparent color, from 322 to 185 Pt-Co
units. In contrast, L4 showed no apparent change, remaining at 320 Pt-Co units in both the
initial and final measurements. These results indicate that color variation was condition-
dependent and did not follow the same trend as COD removal or turbidity reduction.

Electrical conductivity also showed different trends among the treatments. In L3, it
decreased from 212 to 136.7 µS cm−1, whereas increases were observed in L1, L2, and par-
ticularly L4. The increase recorded in L4, from 136.7 to 396 µS cm−1, suggests a substantial
change in the concentration of dissolved ionic species during treatment. These variations
may be associated with organic matter degradation, metabolite release, mineral species
transformation, and changes in the ionic balance of the wastewater matrix.

Iron concentration decreased in L1 and L3 by approximately 43.5% and 57.5%, re-
spectively, whereas increases were observed in L2 and L4. Consequently, no consistent
iron removal pattern was identified across all experimental conditions. Similarly, the vari-
ations observed in nitrite, sulfate, phosphate, hardness, and alkalinity indicate that the
physicochemical response depended on the specific combination of biocatalyst, operating
temperature, and initial wastewater composition.

3.2. pH and Temperature Stability

Continuous monitoring of pH and temperature made it possible to track the behavior
of these variables throughout the seven-day duration of each experimental run. Monitoring
these parameters was particularly relevant because both influence microbial metabolic
activity, organic matter degradation, and the electron-transfer processes associated with
the bioelectrochemical operation of the MFC.

The thermal control system brought the temperature to the setpoint defined for each
treatment and maintained it close to either 25 or 30 ◦C during most of the operating
period. As shown in Figure 4a, the experiments conducted at 25 ◦C displayed relatively
stable behavior after an initial adjustment phase. Similarly, the conditions established
at 30 ◦C reached and maintained the target temperature, although a transient deviation
was observed in the experiment with the native microbial consortium before the system
returned to the programmed operating condition.
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Figure 4. Evolution of pH and temperature during the four seven-day microbial fuel cell experiments:
(a) pH, and (b) temperature.

Continuous pH recording also enabled its evolution to be followed throughout the
entire experimental period. As shown in Figure 4b, after the initial fluctuations, the pH
values tended to stabilize near neutrality. This behavior indicates that during most of
the experiments, no extreme acidic or alkaline conditions developed that could have
significantly affected the system’s biological activity.

Overall, the evolution of pH and temperature indicates that the MFC operated under
relatively stable conditions across the four experimental configurations. The observed
variations were mainly transient, and the system generally maintained or recovered the
established operating conditions. These results provide a basis for interpreting the elec-
trical response, COD removal, and variations in CH4, H2, and CO2 recorded during
the experiments.

3.3. Voltage Response

Figure 5 shows the evolution of the voltage recorded during the seven-day operat-
ing period of the MFC under the four experimental conditions. A progressive increase
in voltage was observed across all experiments; however, the shape of the response,
the magnitude of fluctuations, and the values reached varied with the biocatalyst and
operating temperature.
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Figure 5. Evolution of voltage during the four seven-day microbial fuel cell experiments.

Experiment L1 showed a gradual increase in voltage. During the first four days, the
signal rose from near zero to approximately 70 mV. Thereafter, the voltage increased more
rapidly and exhibited some fluctuations, reaching values close to 225 mV. This behavior
indicates a slow initial electrical response followed by greater voltage generation during
the second half of the operating period.

L2 showed the greatest signal variability among the conditions evaluated. The voltage
increased during the first few days but exhibited larger fluctuations throughout the experi-
ment. Peaks above 250 mV and a maximum value of approximately 280 mV were recorded,
alternating with periods in which the signal remained between approximately 110 and 200
mV. Thus, this condition reached the highest maximum voltage but showed a less stable
response than the other experimental configurations.

Experiment L3 showed a progressive increase in voltage throughout the seven days of
operation. The signal increased in stages, with intervals of relative stability between the
different levels reached. After the fourth day, the voltage continued to increase, exceeding
200 mV and reaching a maximum of approximately 220 mV. Compared with L2, this
condition showed smaller fluctuations and a more uniform electrical response.

L4 showed a faster electrical response during the first day of operation. The voltage
subsequently continued to increase gradually, with intermediate periods of relative stability.
During the final days of the experiment, the signal exceeded 200 mV, reaching a maximum
near 250 mV. This condition combined an early electrical response with high voltages for a
substantial portion of the experimental period.

Comparison of the four conditions revealed distinct electrical response patterns. L2
reached the highest maximum voltage but also exhibited the largest fluctuations. L3 showed
a more uniform evolution, whereas L4 combined a rapid initial response with high voltage
values during the final days of operation. In contrast, L1 showed the slowest increase
during the initial stage, followed by greater voltage generation during the second half of
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the experiment. These results indicate that both biocatalyst type and operating temperature
influenced the electrical response of the MFC.

The differences observed in the voltage response were also reflected in the maximum
energy stored by the system. As shown in Table 4, L2 exhibited the highest value, approxi-
mately 0.392 J, associated with a maximum voltage close to 280 mV. The second-highest
value was obtained for L4, with 0.313 J and a maximum voltage of approximately 250 mV.
L1 and L3 showed maximum stored energy values of 0.253 and 0.242 J, respectively.

Table 4. Maximum voltage and maximum stored energy under the four experimental conditions.

Condition Biocatalyst Temperature
(◦C)

Approximate
Maximum Voltage

(mV)

Approximate
Maximum Stored

Energy (J)

Approximate
Maximum Stored

Energy (mW·s)

L1 S. acutus 25 225 0.253 253
L2 S. acutus 30 280 0.392 392

L3 Native microbial
consortium 25 220 0.242 242

L4 Native microbial
consortium 30 250 0.313 313

The highest maximum stored energy value observed in L2 was associated with the
voltage peaks recorded during the experiment. However, this condition also showed the
greatest signal variability. In contrast, L4 reached a lower maximum energy value but main-
tained high voltage levels for a longer portion of the operating period. L1 and L3 showed
similar maximum energy values, although their electrical responses evolved differently.

Overall, the conditions operated at 30 ◦C reached the highest maximum stored energy
values for both biocatalysts. The results also show that the maximum magnitude reached
and the signal’s stability did not necessarily follow the same pattern. Whereas L2 achieved
the highest maximum voltage and stored energy, L4 exhibited a high electrical response
with lower variability for a substantial portion of the experiment. Therefore, the combined
analysis of voltage and stored energy revealed clear differences in the electrical performance
of the four experimental conditions.

3.4. Headspace Gas-Concentration Dynamics

As shown in Figure 6a, the highest CH4 concentrations were recorded in L4 and L3,
reaching approximately 315 and 290 ppm, respectively. L2 reached nearly 260 ppm, whereas
L1 showed the lowest value, at approximately 227 ppm. For both biocatalysts, conditions
at 30 ◦C produced higher CH4 concentrations than at 25 ◦C, with a more pronounced
difference in experiments conducted with the native microbial consortium.

H2 exhibited a different response, as shown in Figure 6b. The highest concentration
was recorded in L3 at approximately 560 ppm, followed by L4 and L2 at 505 and 500 ppm,
respectively. L1 showed the lowest value, at nearly 200 ppm. Therefore, increasing the
temperature did not produce the same effect on H2 as that observed for CH4. In experiments
with the native microbial consortium, the highest H2 concentration was observed at 25 ◦C,
whereas the highest CH4 concentration was observed at 30 ◦C.

The H2 and CH4 signals may be associated with different pathways of organic matter
transformation within the anodic chamber. In bioelectrochemical systems containing mixed
microbial communities, H2 may be formed as an intermediate during the degradation
of fermentative substrates and subsequently consumed by electrogenic or methanogenic
microorganisms. The detection of CH4 suggests that a fraction of the available substrates or
metabolic intermediates may have been utilized through methanogenic pathways. Previous
studies on MFC anodes have reported that fermentation, H2 formation, methanogenesis,
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and electricity generation may occur within the same system and compete for the available
substrates [21,22].

Figure 6. Variation in gas concentrations recorded in the anodic headspace during the four seven-day
microbial fuel cell experiments: (a) CH4, (b) H2, and (c) CO2.

However, the measurements obtained in this study do not allow the predominant
metabolic pathways to be established, the microorganisms responsible to be identified,
or the proportion of organic matter transformed through each process to be quantified.
Accordingly, the association of the H2 and CH4 signals with fermentative and methanogenic
activity is presented as a possible explanation for the observed behavior rather than as
confirmation of a specific metabolic mechanism.

The CO2 signal, shown in Figure 6c, exhibited periodic oscillations throughout the
four experiments. The regularity of this pattern suggests that the response may have been
influenced by gas dynamics in the headspace, the sensor response time, or the operation
of the data acquisition system. Therefore, the CO2 record was used to describe changes
during MFC operation and was not interpreted as a direct quantification of the amount of
gas generated.

Overall, the native microbial consortium produced the highest CH4 and H2 concentra-
tions, although the maximum values for each gas were reached at different temperatures.
This indicates that the gas-phase response did not follow a single trend and depended on
the experimental condition evaluated.

The reported values correspond to concentrations recorded by the sensors in the
anodic headspace. They therefore allow comparison of the magnitude and evolution of the
signals among the experiments but do not represent accumulated gas volumes, production
rates, or volumetric yields of CH4, H2, or CO2.
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3.5. COD Removal

Organic matter removal was evaluated by comparing the COD measured at the start
of each experiment, after the addition of the biocatalyst, with the COD measured at the end
of the seventh day of operation. The post-inoculation measurement was used as the initial
value because the addition of the biocatalyst could modify the organic load in the anodic
chamber. Therefore, the removal efficiency represents the decrease in COD that occurred
during the seven-day operation of the MFC.

At each sampling point, three sampling replicates were collected directly from the
anodic chamber. The samples were collected at the same time and analyzed independently.
The results are expressed as mean ± standard deviation (n = 3). As shown in Table 5. COD
decreased under all four experimental conditions, although the magnitude of the reduction
varied among the experiments.

Table 5. COD concentrations and removal efficiencies under the four experimental conditions.

Condition Biocatalyst Temperature
(◦C)

Initial COD,
Mean ± SD
(mg O2 L−1)

Final COD,
Mean ± SD
(mg O2 L−1)

COD Removal
(%)

L1 S. acutus 25 98.0 ± 1.8 65.0 ± 2.0 33.7
L2 S. acutus 30 81.3 ± 1.2 56.7 ± 2.4 30.3
L3 Native microbial consortium 25 164.7 ±1.6 115.7 ± 2.2 29.8
L4 Native microbial consortium 30 160.7 ± 2.0 91.0 ± 1.5 43.4

L4 showed the greatest COD reduction among the conditions evaluated. The concen-
tration decreased from 160.7 ± 2.0 to 91.0 ± 1.5 mg O2 L−1, corresponding to an absolute
reduction of 69.7 mg O2 L−1 and a removal efficiency of 43.4%.

In L1, COD decreased from 98.0 ± 1.8 to 65.0 ± 2.0 mg O2 L−1, corresponding to a
reduction of 33.0 mg O2 L−1 and a removal efficiency of 33.7%. In L2, the concentration de-
creased from 81.3 ± 1.2 to 56.7 ± 2.4 mg O2 L−1, representing a reduction of 24.6 mg O2 L−1

and a removal efficiency of 30.3%.
L3 showed an absolute reduction of 49.0 mg O2 L−1, with COD decreasing from

164.7 ± 1.6 to 115.7 ± 2.2 mg O2 L−1. Because of its higher initial concentration, this
reduction corresponded to a removal efficiency of 29.8%, the lowest percentage among the
four conditions.

The effect of temperature differed between the two biocatalysts. In the experiments
with S. acutus, COD removal was slightly higher at 25 ◦C than at 30 ◦C, with efficiencies of
33.7% and 30.3%, respectively. In contrast, for the native microbial consortium, increasing
the temperature from 25 to 30 ◦C was associated with an increase in removal efficiency
from 29.8% to 43.4%. These results indicate that the influence of temperature on COD
reduction depended on the biocatalyst used.

The greatest dispersion among the sampling replicates was observed for the final
COD concentration in L2, with a standard deviation of 21.4 mg O2 L−1. L4 showed a
final standard deviation of 12.5 mg O2 L−1, whereas L1 and L3 exhibited lower variability
among the three samples analyzed.

Overall, COD decreased under all four experimental conditions during the seven-day
operating period. L4 achieved the highest removal efficiency, whereas L1, L2, and L3
showed efficiencies ranging from 29.8% to 33.7%. Because each condition was evaluated
in a single reactor experiment, these results should be interpreted as descriptive trends
among the experimental configurations rather than as statistically significant differences
between treatments.
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4. Discussion
The results showed that the performance of the microbial fuel cell was influenced by

the combined effects of biocatalyst type and operating temperature. The highest values
of the evaluated indicators were distributed across different conditions: L2 exhibited the
highest maximum voltage and maximum stored energy, L4 achieved the greatest COD
removal and the highest CH4 concentration, and L3 recorded the highest H2 concentration.
Accordingly, the system was evaluated by relating organic matter removal to the electrical
response and the gas concentrations measured in the anodic headspace.

Figure 7 integrates these indicators through a normalized comparison. At 25 ◦C, the
native microbial consortium produced higher concentrations of H2 and CH4, whereas S.
acutus achieved greater COD removal. At 30 ◦C, S. acutus reached the highest maximum
voltage, while the native consortium showed the greatest COD removal and a higher CH4

concentration. The figure, therefore, highlights the specific electrical, physicochemical, and
gas-phase responses associated with each experimental configuration.

Figure 7. Normalized comparison of maximum voltage, COD removal efficiency, and maximum H2,
CH4, and CO2 concentrations recorded for S. acutus and the native microbial consortium at (a) 25 ◦C
and (b) 30 ◦C.

Continuous pH and temperature monitoring showed that all four configurations
maintained relatively stable operating conditions throughout the seven-day experiments.
Following the initial variations, pH remained close to neutrality, and the thermal control
system maintained the temperature near the setpoint established for each condition. A
transient temperature deviation occurred in L4, after which the system returned to the
programmed value. These records verified the operating conditions under which the
electrical, physicochemical, and gas-phase responses were obtained.

In experiments with S. acutus, increasing the temperature from 25 to 30 ◦C was
accompanied by increases in maximum voltage from approximately 225 to 280 mV and
in maximum stored energy from 0.253 to 0.392 J. In contrast, COD removal was slightly
lower at 30 ◦C, reaching 30.3%, compared with 33.7% at 25 ◦C. L2 also exhibited wider
voltage fluctuations than L1. Under the conditions evaluated, operating at 30 ◦C favored
the maximum electrical response of S. acutus but did not improve COD removal.

The native microbial consortium showed a different response. Increasing the tempera-
ture from 25 to 30 ◦C increased COD removal from 29.8% to 43.4%, maximum voltage from
approximately 220 to 250 mV, and maximum stored energy from 0.242 to 0.313 J. Among
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the conditions evaluated, the native consortium operated at 30 ◦C, which combined the
greatest COD reduction with a high electrical response.

The behavior of the native consortium can be interpreted in the context of the func-
tional diversity of mixed microbial communities. Such systems may contain fermentative,
electrogenic, and methanogenic microorganisms that use either the primary substrate or
intermediates generated during its transformation. Freguia et al. [18] observed in glucose-
fed MFC anodes that a substantial fraction of the substrate was initially converted through
fermentation into H2 and acetate, which were subsequently used in electricity-generating
processes. Jung and Regan [19] further demonstrated that electrogenic and methanogenic
microorganisms may compete for the electron donors available in the anodic chamber.
These studies provide a framework for interpreting the H2 and CH4 signals obtained here,
although they do not establish the specific contribution of each microbial group in the
present system.

L4 simultaneously achieved the highest COD removal and the highest maximum
CH4 concentration, approximately 315 ppm. The occurrence of both responses suggests
that part of the transformed organic matter may have followed pathways associated with
methane formation, in addition to the processes contributing to the electrical response.
Jung and Regan [19] reported that methanogenesis may compete with electrogenesis
for available substrates and that electrical operating conditions can influence electron
distribution between these pathways. Because electron balances and microbial analyses
were not performed in the present study, the fraction of organic matter contributing to
current generation or CH4 formation could not be quantified.

L3 recorded the highest H2 concentration, approximately 560 ppm, but exhibited the
lowest COD removal efficiency, 29.8%, and a maximum stored energy of 0.242 J. Thus, the
highest H2 concentration in the anodic headspace did not coincide with the highest organic
matter removal, voltage, or stored energy. According to Freguia et al. [18], H2 may be
generated as an intermediate during substrate fermentation and subsequently consumed by
other microorganisms within the system. In the present study, however, the amount of H2

produced or consumed could not be determined because the measurements corresponded
to headspace concentrations rather than accumulated gas volumes or flow rates.

The CH4, H2, and CO2 signals must therefore be interpreted according to the type of
measurement performed. The sensors enabled comparison of gas concentrations and their
evolution among the experimental conditions, but they did not provide production rates or
volumetric yields. In particular, CO2 showed an oscillatory pattern that may have been
associated with actual variations in headspace concentration, the sensor response time, or
the data acquisition system. The available information does not allow these effects to be
distinguished; consequently, the CO2 signal was used only for comparative purposes.

The experiments with S. acutus also showed COD removal and measurable voltage
generation. However, these responses cannot be attributed exclusively to microalgal activity
because non-sterile wastewater was used, and the microorganisms present in the anodic
chamber were not characterized. The results should also not be explained according to the
operation of a photosynthetic biocathode, since S. acutus was introduced into the anodic
chamber and illumination was not evaluated as an independent experimental variable.

Angioni et al. [23] investigated a different configuration in which domestic wastew-
ater was used as the anolyte, and S. acutus was incorporated into the catholyte under
continuous illumination. In that system, the microalga contributed to cathodic opera-
tion. Comparison with that study helps distinguish the two configurations and prevents
the response observed in the present anodic chamber from being directly attributed to
photosynthetic activity.
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The physicochemical changes provided additional information regarding MFC per-
formance. Turbidity decreased under all four conditions, with the largest reduction in
L4, from 249 to 57.1 NTU. The same condition also achieved the greatest COD removal.
Although both parameters decreased during the experiment, a direct relationship between
them cannot be established because turbidity is mainly associated with suspended particles,
whereas COD includes both suspended and dissolved organic matter.

Color showed its largest reduction in L2, decreasing from 483 to 143 Pt-Co units. L3
also decreased in color, from 322 to 185 Pt-Co units, whereas L4 showed no apparent
change, remaining at 320 Pt-Co units. These results indicate that color variation was
condition-dependent and did not follow a uniform pattern across the four configurations.
Electrical conductivity decreased in L3 but increased in the other conditions, particularly in
L4, where it rose from 136.7 to 396 µS cm−1. This change indicates a modification in the
concentration or composition of dissolved ionic species. However, because no detailed
ionic characterization was performed, the compounds responsible for this increase could
not be identified. Iron concentration also showed different responses, decreasing in L1 and
L3 but increasing in L2 and L4; therefore, no common iron-removal trend was observed
across the four configurations.

Using the COD measured at the beginning of each experiment, after addition of the
biocatalyst, made it possible to calculate the removal achieved during the full seven-
day operating period. This criterion was important because inoculation could mod-
ify the organic load in the anodic chamber. L3 showed an absolute COD reduction of
49.0 mg O2 L−1, corresponding to a removal efficiency of 29.8%, whereas L4 showed a re-
duction of 69.7 mg O2 L−1 and an efficiency of 43.4%. Reporting both the absolute decrease
and the percentage removal allowed the changes to be interpreted in relation to the initial
COD concentration of each experiment.

Regarding the energy response, L2 reached the highest maximum stored energy,
0.392 J, associated with the highest voltage peak. L4 reached a maximum stored energy
of 0.313 J and maintained high voltages for a substantial portion of the experiment. The
calculated energy represents the capacitor charge state at a specific voltage and does not
correspond to the total energy generated over the seven-day period. The maximum values
therefore enable comparison of specific storage states but do not quantify cumulative
energy recovery.

When the evaluated indicators were considered together, L4 exhibited the greatest
COD removal, a high electrical response, and the highest CH4 concentration. L2 reached
the highest maximum voltage and stored energy values, although its electrical signal
showed wider fluctuations, and its COD removal was lower than that of L4. L3 recorded
the highest H2 concentration and a more uniform voltage increase, whereas L1 showed
intermediate COD removal, voltage, and energy values. This comparison highlights the
specific characteristics of each configuration based on the physicochemical, electrical, and
gas-phase variables measured.

Comparing the physicochemical parameters in Table 3 with the COD removal efficien-
cies in Table 5 shows that the treatment response was condition-dependent and that the
evaluated variables did not follow a single uniform trend. The native microbial consortium
at 30 ◦C (L4) showed the highest COD removal efficiency, with COD decreasing from
160.7 ± 2.0 to 91.0 ± 1.5 mg O2 L−1, corresponding to 43.4% removal. This condition also
showed the greatest turbidity reduction, from 249 to 57.1 NTU, indicating that organic
matter removal was accompanied by a marked decrease in suspended material. However,
apparent color remained unchanged in L4, indicating that the colored dissolved fraction
was not removed or transformed alongside COD and turbidity.
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In contrast, S. acutus at 30 ◦C (L2) showed the greatest color reduction, from 483 to
143 Pt-Co units, although its COD removal efficiency was 30.3%, lower than that observed
in L4. As mentioned, L3 also showed a decrease in apparent color, from 322 to 185 Pt-
Co units, while its COD removal efficiency was 29.8%. These results indicate that color
reduction was not directly proportional to COD removal and may have been associated
with the transformation, adsorption, or settling of chromophoric compounds rather than
with total organic matter removal.

Conductivity also showed a different behavior from COD removal. In L4, conduc-
tivity increased markedly from 136.7 to 396 µS cm−1 despite the highest COD removal
efficiency. This suggests that degradation and transformation processes may have released
soluble ionic species or modified the ionic composition of the wastewater. Therefore,
COD, turbidity, color, and conductivity should be interpreted as complementary indicators
of treatment performance, each reflecting different fractions or transformation processes
within the wastewater matrix. These relationships are presented as descriptive trends,
consistent with the exploratory nature of the study and the use of one reactor trial per
experimental condition.

This exploratory study has some methodological limitations that should be considered
when interpreting the results. The experiments were conducted at laboratory scale and in
batch mode, with only one reactor trial for each biocatalyst–temperature condition. There-
fore, interpret the observed differences among S. acutus, the native microbial consortium,
and the two operating temperatures as preliminary descriptive trends rather than statisti-
cally confirmed effects. Although analytical replicates were used for COD determination,
additional independent reactor trials are required to evaluate reproducibility and support
stronger comparisons among treatments.

Other limitations were related to the monitoring and characterization of the system.
Dissolved oxygen was not continuously measured, gas evaluation was based on concentra-
tion sensor signals rather than calibrated volumetric flow measurements, and microbial
community or electrode biofilm characterization was not performed. In addition, the study
did not include detailed electrochemical analyses such as polarization curves, internal
resistance estimation, coulombic efficiency, or electrochemical impedance spectroscopy.

Future studies should include independent replicates of each experimental configura-
tion and longer operating periods to evaluate MFC reproducibility and long-term stability.
Electrical characterization should be expanded to include current, power, current density,
power density, internal resistance, and coulombic efficiency, while calibrated gas-flow
and gas-composition measurements would allow determination of production rates and
yields. In addition, microbial community and electrode biofilm characterization would
help link the system’s biological composition to the observed electrical and gas-phase re-
sponses. For experiments involving S. acutus, monitoring irradiance, photoperiod, biomass
growth, and dissolved oxygen would provide a more precise assessment of the microalgal
contribution and improve understanding of the relationship between biocatalyst type,
operating temperature, organic matter removal, gas dynamics, and electrical performance
in MFC systems.

5. Conclusions
The dual-chamber microbial fuel cell combined domestic wastewater treatment with

the generation of a measurable electrical response using Scenedesmus acutus and a native
microbial consortium as anodic biocatalysts. During the seven-day batch operation, the
system maintained relatively stable pH and temperature, enabling continuous monitoring
of its physicochemical, electrical, and gas-phase behavior.
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Under the conditions evaluated, the system response varied with the biocatalyst–
temperature combination. For S. acutus, operation at 30 ◦C produced the highest maximum
voltage and stored energy, although the electrical signal showed greater variability and
COD removal did not improve compared with 25 ◦C. In contrast, the native microbial con-
sortium operated at 30 ◦C showed the highest COD removal among the tested conditions
while maintaining a high electrical response. Because each condition was evaluated in a sin-
gle reactor experiment, these differences should be interpreted as preliminary descriptive
trends rather than statistically confirmed effects of temperature or biocatalyst type.

The differences observed in the H2 and CH4 headspace concentrations suggest that or-
ganic matter transformation may have involved fermentative and methanogenic processes
in addition to electrogenic activity. However, because the gas measurements corresponded
to sensor-based concentration signals in the anodic headspace, gas production rates, accu-
mulated gas volumes, and the specific contribution of each metabolic pathway could not
be quantified.

Overall, the native microbial consortium at 30 ◦C showed the most favorable de-
scriptive trend for organic matter removal while maintaining a relevant electrical re-
sponse, whereas S. acutus at 30 ◦C showed the highest maximum electrical response
but with greater signal variability. These results indicate that the biocatalyst and operating
temperature may influence the balance between wastewater treatment and electrical re-
sponse in MFC systems, but additional replicated experiments are needed before drawing
definitive conclusions.

These preliminary findings provide a basis for further optimization of the proposed
MFC configuration. Future studies should include longer operating periods, independent
reactor replicates, and more complete electrochemical characterization, including current,
power, power density, internal resistance, and coulombic efficiency. In addition, calibrated
gas quantification, dissolved oxygen monitoring, and characterization of microbial commu-
nities and electrode biofilms would provide a more detailed understanding of the processes
involved in organic matter removal and electricity generation.
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