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ABSTRACT

The aim of this study was to assess the feasibility of using cassava
wastewater as a substrate for dual-chamber microbial fuel cells (MFCs)
operating with denitrifying biocathodes. Two configurations related to
the ion exchange membrane used were evaluated: one with an anion
exchange membrane (MFC-A) and the other with a cation exchange
membrane (MFC-C). Both bioreactors were operated in sequential
batch mode. Furthermore, a low-cost platform based on Arduino
technology was also proposed to enable continuous measurement
and recording of voltage data from the MFCs. The highest voltage
values were observed in the first days of MFC operation, with
readings reaching approximately 350 mV (041 W-m 3) and gradually
decreasing after 100 days of operation to 243 mV (0.20 W-m 3) and
125 mV (0.05 W-m 3) for the MFC-A and MFC-C, respectively (mean
values for the last 20 days of operation). In both MFCs, the chemical
oxygen demand reduction and nitrogen removal were over 98% after
reactor stabilization, with no noticeable nitrite accumulation. The
experimental results indicated superior performance when MFC was
equipped with an anion exchange membrane. The results presented
here demonstrate the feasibility of using cassava wastewater as a
viable substrate for MFCs equipped with a denitrifying biocathode,
allowing for efficient wastewater treatment and simultaneous

electricity generation.

Keywords: microbial fuel cell; autotrophic denitrifying biocathode; cassava
processing wastewater; arduino differential voltmeter; ion exchange

membrane.
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RESUMO
O objetivo deste estudo foi avaliar a viabilidade de utilizar agua residudria do
processamento da mandioca (manipueira) como substrato para operacao de
células a combustivel microbianas de camara dupla (MFCs) equipadas com
biocatodos desnitrificantes. Duas configuracdes relacionadas a membrana
de troca idnica utilizada foram avaliadas: uma com uma membrana de troca
anionica (MFC-A) e outra com uma membrana de troca de catiénica (MFC-C).
Ambos os biorreatores foram operados em modo de batelada sequencial.
Além disso, uma plataforma de baixo custo baseada na tecnologia Arduino
foi proposta para permitir a medicdo e o registro continuo de dados de
potencial elétrico das MFCs. Os valores de potencial elétrico mais altos foram
observados nos primeiros dias de operacdo das MFCs, com leituras atingindo
aproximadamente 350 mV (041 Wm™) e diminuindo gradualmente apos 100
dias de operacdo para 243 mV (020 Wm=)e125mV (005 Wm) paraa MFCAe
aMFC-C, respectivamente (valores médios para os Ultimos 20 dias de operacao).
Em ambas as MFCs, a reducao da demanda quimica de oxigénio (DQO) e a
remogdo de nitrogénio foram superiores a 98% apods a estabilizacdo do reator,
sem acUmulo perceptivel de nitrito. Os resultados experimentais indicaram um
desempenho superior quando a MFC estava equipada com uma membrana
de troca anidnica. Os resultados apresentados aqui demonstram a viabilidade
de utilizar agua residuaria do processamento de mandioca como um substrato
para MFCs equipadas com um biocdtodo desnitrificante, permitindo um

tratamento eficiente de aguas residudrias e geragdo simultanea de eletricidade.

Palavras-chave: célula a combustivel microbiana; biocatodo desnitrificante
autotrofico; manipueira; voltimetro diferencial em arduino; membrana de

troca ibnica.
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INTRODUCTION

The processes involved in the production of cassava (Manihot esculenta Crantz)
flour and starch often generate substantial quantities of liquid waste, commonly
known as cassava processing wastewater (CPWW). These eftluents are typically
characterized by a high potential for pollution due to their high organic and
nutrient content, as well as high toxicity resulting from the presence of lina-
marin, a cyanogenic glycoside that can be enzymatically converted to cyanide
(Cruz et al., 2021). The chemical oxygen demand (COD) of CPWW is known
to exhibit significant variability. Costa et al. (2022) reported an average CPWW
COD concentration of 56.7 (+ 35.5) g COD-L™" in their analysis of effluents from
flour industries across various Brazilian states. The average COD concentra-
tion for CPWW derived from the starch industry was found to be 11.6 (£ 9.5)
g COD-L™}, which is generally lower than that of the flour industry effluent.
This is likely attributed to the higher degree of dilution with process water in
the starch production process.

Despite the potential for numerous applications that could render its use
feasible, CPWW is often directly discarded into the environment without
undergoing any treatment (Cruz et al., 2021; Costa et al., 2022). Due to its high
content of organic matter and nutrients, CPWW presents great potential as a
substrate for obtaining value-added bioproducts and bioenergy, including but
not limited to biofuels, biosurfactants, organic acids, polysaccharides, and aro-
matic compounds. Zhang et al. (2016) have extensively discussed the potential
applications of CPWW in these areas.

Methanogenic anaerobic digestion (AD) is currently one of the most
widely employed technologies for treating CPWW. However, some CPWW
characteristics can pose challenges to the process, thereby limiting its effi-
ciency. The high carbon-to-nitrogen ratio (C/N), high acidity, and elevated
easily biodegradable carbohydrate content of CPWW are known to contribute
to the instability of the AD process. These factors often require the addition
of an alkalinity source to maintain optimal process conditions and ensure the
efficient conversion of organic matter to biogas. Furthermore, the presence of
cyanide in CPWW can significantly increase the inhibition of methanogens,
further complicating the establishment and stabilization of AD processes, as
reported by Cruz et al. (2021) and Costa et al. (2022). Despite the potential
benefits of AD for treating CPWW, the aforementioned challenges often limit
its effectiveness, resulting in unsatisfactory COD removal. These limitations
have been highlighted in a recent review by Cremonez et al. (2021). Therefore, it
is imperative to explore and develop more robust and effective strategies for
the treatment of this residue.

An alternative strategy to address the challenge of CPWW treatment and energy
generation is the use of this waste as a substrate for power generation in microbial
fuel cells (MFCs) (Kaewkannetra; Chiwes; Chiu, 2011; Naseer et al., 2021). MFCs
are bio-electrochemical devices that utilize the biological oxidation of organic
matter or other biodegradable compounds to generate electricity. The most com-
mon type of MFCs are dual-chamber systems, which consist of an anode and
a cathode chamber, similar to conventional electrochemical cells. In the anode
chamber of MFCs, microorganisms carry out the oxidation of organic matter
in the absence of oxygen, leading to the production of CO,, protons (H*), and
electrons. The electrons are transferred directly or indirectly to the anode and
move toward the cathode through the electrical circuit, while the protons diffuse
toward the cathode through an exchange membrane that separates the anode and

cathode chambers. In the cathode chamber, oxygen (if aerobic cathode MFCs

are used) reacts with the H* and electrons on the cathode surface, resulting in
the formation of water (Logan et al., 2006; Logan; Rabaey, 2012).

However, the use of abiotic aerobic cathodes in MFCs often requires the
use of a metallic catalyst, such as platinum, which can significantly increase
the cost of the reactor and limit its economic feasibility. This limitation
can be minimized by using microorganisms as catalysts in a configuration
known as biocathode, which eliminates the need for external metallic cata-
lysts (Lefebvre; Al-Mamun; Ng, 2008; Li et al., 2014). The use of biocathodes
allows for the integration of both cathodic and anodic processes for waste-
water treatment. Under anaerobic conditions in the cathode chamber, com-
pounds such as nitrate, sulfate, and fumarate act as electron acceptors for the
electrons generated in the anode chamber (Lefebvre; Al-Mamun; Ng, 2008;
Rahimnejad et al., 2015). The study conducted by Clauwaert et al. (2007)
is considered to be one of the earliest investigations into the simultaneous
removal of carbon and nitrogen using MFCs with cathodic denitrification.
Since then, numerous researchers have explored the potential of this MFC
configuration, including Lefebvre, Al-Mamun, and Ng (2008), Virdis et al.
(2009), Puig et al. (2012), and Zhao et al. (2017).

Given the aforementioned considerations, the objective of this study was to
assess the feasibility of using dual-chamber MFCs with denitrifying biocathodes
for the treatment of CPWW, providing simultaneous removal of organic mat-
ter and nitrogen. Two MFC configurations were evaluated based on the type of
ion exchange membrane used, one with a cation exchange membrane (CEM)

and the other with an anion exchange membrane (AEM).

METHOD

MFC design and operation

Two dual-chamber MFCs with 0.15 L working volume in each chamber were
used (Figure 1). Both MFCs were constructed using poly(methyl methacrylate)
and differ from each other in terms of the ion exchange membrane used. MFC-A
was equipped with an AEM (AMI-7001—Membrane International Inc.), and
MEC-C was equipped with a CEM (CMI-7000—Membrane International Inc.).
The effective working area of the membranes at the interface between chambers
was 30.25 cm®. Each individual chamber was fitted with a set of three intercon-
nected stainless-steel mesh electrodes, fashioned in a rectangular-shaped enve-

lope measuring 4.5 x 5 cm, and filled with 3 g of activated carbon. During the

Source: author (2024).

Figure 1- Graphical representation of MFCs used. Highlighted discharge ports (1),
feed ports (2), electrodes (3), and the ion-exchange membrane (4).
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operational period of the MFCs, a constant external resistance of 1,000 ohms
was maintained (Figure 1).
To inoculate the anode chambers, a mixture of 50 mL of anaerobic sludge
obtained from a sewage treatment plant at a local shopping mall and 50 mL of
liquor from an anodic chamber of a MFC fed with synthetic culture medium
was added (kindly provided by the Environment Biotechnology Laboratory
from the Federal University of Santa Catarina). The final volume was adjusted
to 150 mL by adding 50 mL of CPWW diluted to 10 g COD-L™*, which aimed
to simulate effluents from starch industries. The anodic chambers were then
continuously fed with the diluted CPWW throughout the experiment. The pH
of the diluted CPWW was adjusted to 7.0 using sodium bicarbonate immedi-
ately prior to feeding.
For the cathode chamber inoculation, a mixture of 50 mL of sludge obtained
from a bench-scale heterotrophic denitrifying reactor and 50 mL of the same
liquor used to inoculate anodic chambers was used. The final volume was
adjusted to 150 mL by adding 50 mL of effluent obtained from a bench-scale
nitrifying reactor that was fed with the same CPWW used in the anodic cham-
ber. This nitrified CPWW used had an average nitrate concentration of 973 mg
NO;™-N-L™* and negligible levels of nitrite and COD. This nitrified CPWW was
used to feed the cathode chambers throughout the study, resulting in a COD:N
ratio of approximately 10:1 between the anode and cathode chambers. The pH
value was adjusted to 7.0 prior to feeding.

A sequencing batch strategy was employed to feed the reactors, wherein a
fixed volume of medium, referred to as the exchange volume (EV), was exchanged
on a daily basis. Table 1 presents the operational conditions for both the anode

and cathode chambers.

Electrochemical characterization

The output voltage of the MFCs was measured and recorded using a differen-
tial voltmeter. The voltmeter was developed with an Arduino microcontroller
(Arduino Uno R3) that was equipped with a data logger module (Adafruit Data
Logger Shield) and an analog-to-digital converter module (Adafruit ADS1115),
as depicted in Figure 2. The ADS1115 module was capable of providing dif-
ferential voltage measurements between its input pins, which allowed for the
monitoring of two MFCs per module via the I*C bus. Since the module has
four input pins, up to six MFCs could be monitored simultaneously using three
ADS1115 modules. Data acquisition was conducted at 5-min intervals, and a
daily average was obtained from these measurements.

To calculate the electrical current, Equation 1 was used, and the power
generated by the MFCs was then calculated using Equation 2. To obtain the
volumetric power density, the power calculated was normalized by dividing the
power value by the total volume of the MFC, which took into account both the

anode and cathode chambers:

Table 1- Operational conditions applied to the MFCs.

I=V/R 1)

where:
I—Current (A);
V—Measured tension measured at the MFC (V);

R—External resistance (ohm).

P=1XR @

where:
P—Power (W);
I—MEC current (A);

R—External resistance (ohm).

To determine the internal resistance values, polarization and power curves
were generated at the end of the operating period (Fan; Li, 2016). To gener-
ate these curves, 10 different external resistances were used (52, 56, 61, 70, 89,
122, 165, 254, 405, and 1,000 ohms), with 1-h intervals between each condi-
tion. The coulomb efficiency was calculated using the method described by
Logan et al. (2006).

Analytical determinations

The pH of the discharged effluent was measured daily using a portable pH
meter (Akso, model AK88). To monitor the reduction in COD in the MFCs,
the colorimetric method 5220-D from Standard Methods (APHA; AWWA;
WEEF, 2017) was used. The concentration of nitrate and nitrite was determined
using the salicylic acid method (Cataldo et al., 1975) and the Nitriver 2 ana-
Iytical kit (HACH), respectively.

CCM1 CCM2 CCM3 CCM& CCM5 CCME

Source: author (2024).

Figure 2 - Schematic representation of the data acquisition system (differential
voltmeter) developed using the Arduino platform.

ENe EV (mLd™) HRT (d) OLR(an) (g COD-L-'d") NLR(ct) (g NOs~N-L-'d")
| 20 750 013

133
Il 27 556 180 018
e 40 375 267 026

aCondition applied only to the MFC-A; EV: exchange volume; HRT: hydraulic retention time; OLR(an): organic loading rate applied to the anode chambers; NLR(ct): nitrate loading

rate applied to the cathode chambers.
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RESULTS AND DISCUSSION

Table 2 presents a synthesis of the results found regarding energy generation
and the reduction of COD and nitrogen content. More detailed information
about the results can be found in the subsequent sections.

The concentrations of ammonia and nitrite were below the limit of quan-
tification throughout the entire trial, both for the influent and effluent of the
cathodic chambers. In the samples derived from the anodic chambers, nitro-

gen species were not monitored.

Power generation
The initial stage of the operation period, spanning from 5 to 10 days, exhib-
ited the highest voltage values, with a peak value of approximately 350 mV
(Figure 3), resulting in an electrical current of 0.35 mA and a volumetric power
density of 0.41 W-m™.
Subsequent to this initial period of operation, the MFC-C demonstrated a gradual
decline in power generation, achieving stabilization at 125 mV (+ 7 mV) on the
50th day of the experiment, resulting in a current of 0.125 mA and a volumetric
power density of 0.05 W-m™. In contrast, the MFC-A demonstrated a slower
decline in voltage, reaching a mean value of 243 mV (+29 mV) during the final
20 days of operation, corresponding to a current of 0.24 mA and volumetric
power density of 0.20 W-m™. Nonetheless, the MFC-A exhibited a slow and
constant decline in power generation until the conclusion of the experiment.
It is noteworthy that the increments in feed loading rate, resulting in increased
substrate surplus and cyanide input into MFCs, did not affect the current genera-
tion. These findings are consistent with earlier research that has shown the abil-
ity of MFCs to withstand relatively elevated levels of cyanide (Chang et al., 2005;
Kaewkannetra; Chiwes; Chiu, 2011). Kim et al. (2004) reported that concentrations
of up to 1.5 mM of cyanide can even enhance current generation by blocking the
terminal oxidase at the respiratory chain, reducing inhibitory effects caused by the
presence of electron acceptors with higher redox potential, such as oxygen and nitrate.
These results bear some resemblance to those reported by Kaewkannetra,
Chiwes, and Chiu (2011), who investigated the utilization of CPWW as a sub-
strate in an MFC with upward flow and an aerobic cathode, using glass wool to
segregate the anodic from the cathodic zone within the reactor. In their work,
the highest voltage values obtained were between 120 and 180 mV, with an
external resistance of 100 ohms. Conversely, our results demonstrated slightly
higher voltage values, particularly in MFC-A, with an external resistance of
1,000 ohms. However, when considering the voltage values obtained from the
polarization curve with an external resistance of 122 ohms, we observed simi-
lar values to those reported in the previous study, approximately 180 and 120
mV for MFC-A and MFC-C, respectively.

Regarding the polarization and power curves obtained from MFCs (Figure 4),
both devices showed the highest volumetric power density values under
the lowest resistance tested, so it was not possible to determine the maxi-
mum volumetric power densities achievable by the MFCs. The highest
volumetric power density observed was 1.51 W-m™ (153 mV/9.86 A-m~?)
and 0.42 W-m™ (81 mV/5.22 A-m~>) for the MFC-A and MFC-C, respec-
tively. The internal resistances of the MFCs were determined from the
slope of the polarization curve, revealing an 84% greater internal resis-
tance for MFC-C in comparison to MFC-A (41.0 and 22.3 ohms, respec-
tively). This suggests a higher efficiency of the AEM in comparison to the
CEM, which is consistent with earlier findings (Kim et al., 2007; Rozendal
et al., 2008; Scott, 2016).

Source: author (2024).

Figure 3 - Variation in voltage and organic loading rate (OLR) in the MFCs over
the course of operation. The increase in nitrate loading rate at the cathode
chambers was proportional to the organic loading rate increments.

Source: author (2024).

Figure 4 - Polarization and volumetric power density curves obtained from the MFCs.

Table 2 - Summary of key findings regarding energy generation and simultaneous carbon and nitrogen removal.®

Volumetric power _

density® (W-m3)

Anodic chamber

Cathodic chamber

MFC-C 005 Influent 70 10000 70
Effluent 740 (x016) 192 (+26) 834 (x014) 21 (16)
MFC-A 020 Influent 70 10000 70 973
Effluent 747 (+017) 132 #47) 756 (+0.25) 424

@To avoid distortions in the average resulting from the acclimation period of the reactor to each new condition applied, the effluent values and power data for system
characterization were obtained considering only the last 20 days of operation; Pvolumetric power density was measured under a 1-kQ resistor.

Source: author (2024).
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Chemical analysis

Following an initial stabilization phase of approximately 30 days, both reactors
exhibited significant levels of COD and nitrate reduction (Figure 5). In MFC-
A, COD reduction levels above 99% were achieved after the 35th day of opera-
tion, and this efficiency was not impacted by the increment in organic load-
ing rates from 1,333 to 1,800 mg-L™"-d™". After the second change in organic
loading rate, which was increased to 2,666 mg-L™"-d™", a slight reduction in
efficiency was observed, but this was gradually restored throughout the experi-
ment, with values again exceeding 99% after approximately 15 days. In terms
of nitrate removal, around 99% removal was observed after initial stabiliza-
tion. Minor disruptions were observed after increases in nitrogenous load-
ing rate, but these were quickly recovered and did not significantly affect the
high levels of removal observed.

The MFC-C showed slightly lower performance concerning the COD
reduction, reaching a decrease of 96.5% before the increase in the organic
loading rate to 1,800 mg-L™"-d"". After that, it presented a slight decrease in
efficiency that was subsequently recovered and reached, at the end of the
experiment, a reduction efficiency between 98% and 99%. Nitrate removal
levels in the MFC-C were also satisfactory, remaining above 90% from
the 30th day of operation and reaching an average removal after that of
98.1% (£ 0.6%).

Despite the high depletion of nitrate and organic matter, the estimated cou-
lombic efficiency based on the removed nitrate was very low. In MFC-A, which
performed slightly better, values around 5% were observed only in the first days
of operation, gradually dropping to 1.5% by the end of the operation period.
Low coulombic efficiency values are widely reported in the literature (Passos
et al., 2016; Solomon et al., 2022) and remain a critical aspect to be optimized
in MFCs, especially for wastewater treatment applications. Several factors can
contribute to low efficiency, including MFC design and materials used, sub-
strate diffusion across the membrane, inadequate microbial inoculum compo-
sition, type of organic substrates, and pH, among others (Logan; Rabaey, 2012;
Santoro et al., 2017; Ramirez-Nava et al., 2021).

Optimizing the reactor operation mode is also a crucial factor in enhanc-
ing MFC efficiency. Decreasing the feed load could lead to increased effi-
ciency by reducing the surplus of the substrate, which in turn minimizes
the enrichment of competing microbiota, such as methanogens, sulfate-
reducing bacteria, and heterotrophic denitrifying bacteria. Additionally,
simply reducing the external resistance could promote an increase in cou-
lombic efficiency since it only considers the current and not the generated
power. The polarization curve obtained (Figure 4) shows that the reduction
of external resistance increased the current to values up to 10 times greater

than those observed at 1,000 ohms.
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Figure 5 - Profile of influent and effluent concentrations of COD and NO5™-N, as well as the corresponding nitrogenous and organic loading rates applied to the MFCs

over the course of operation.
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When compared to AD, a well-established technology for coupling energy
generation to wastewater treatment, MFCs and other bioelectrochemical
devices are currently not competitive in terms of energy harvesting capacity.
However, considering the unique features of both technologies, it has been
suggested that they are not in direct competition but rather complementary to
each other. AD is more efficient for treating high-strength wastewaters, while
MECs have a more limited application niche, primarily for low-strength waste-
waters (PHAM et al., 2006).

In this study, it is possible that the high levels of COD and nitrogen removal
were a result of complementary processes, such as electrogenic autotrophic
denitrification, methanogenesis, and heterotrophic denitrification, along with
other less relevant processes. These processes likely worked together to produce
a high-quality effluent. Currently, various strategies are being explored to asso-
ciate both MFCs and AD technologies. These strategies include placing MFCs
before the AD at the acidogenesis step, inserting them in parallel in a recycle
way with the anaerobic reactor, using them as a final polishing step, and using
them as a submerged MFC, among others. A review by Wang, Chang, and Lee
(2022) provides further details on the different ways of combining MFCs and

other bioelectrochemical devices with AD.

pH splitting
According to He et al. (2008), an appropriate pH range for optimal MFC performance
falls between 7 and 8 for the anode chamber, a condition observed in both MFCs
tested in this study. However, there was a notable discrepancy between the MFCs
with respect to pH splitting observed between the cathode and anode chambers
(as shown in Figure 6). MFC-A presented superior results in minimizing pH splitting,
thus partially justifying the better electric power performance observed for MFC-A.
There is ample evidence in the scientific literature indicating that mini-
mizing pH splitting is a crucial aspect for optimal performance in MFCs, with
membrane material playing a significant role (Dhar; Lee, 2013). Our findings are
consistent with previous studies indicating that the use of AEM results in lower
pH splitting compared to CEM (Leong et al., 2013; Dharmalingam; Kugarajah;
Sugumar, 2019; Ramirez-Nava et al., 2021).

CONCLUSIONS

The MFCs tested exhibited an upper limit on energy generation that was not
influenced by the applied feed loading rate, suggesting that this limitation may
be attributed to the inherent structural and biological characteristics of the
MECs rather than the physicochemical properties of the CPWW. Improvements
in MFC configuration and optimization of operational parameters may lead to
enhanced energy recovery.

The MFCs tested in this study showed that the MFC equipped with an
AEM had better performance, as evidenced by a higher volumetric power den-
sity, likely due to a lower pH gradient between the chambers and lower internal
resistance. On the contrary, the MFC-C had lower power generation efficiency
but demonstrated a more stable performance after stabilization. It is possible
to speculate that with an extension in the operating time, the performance of
the MFC-A could become lower than that of the MFC-C due to its slow but
constant decline in power generation over time.

Remarkably, the limited power generation efficiency of MFCs did not com-
promise their capacity to treat wastewater effectively, and, conversely, increas-
ing carbon and nitrogen loading rates did not have a negative impact on elec-
tricity generation.

In this way, despite the low energy generation efficiency of MFCs when
harvesting energy from CPWW, they have proven to be a promising alter-
native to complement other technologies, particularly AD. However, there
are still relatively few technologies that integrate these biological processes
in a complementary manner, necessitating further research to consolidate

this approach.
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Figure 6 - Variation in pH in the effluent of the anode and cathode chambers of the MFCs.

Eng Sanit Ambient | v. 29, e20230116, 2024 =



Dual-chamber microbial fuel cell with denitrifying biocathode for the treatment of cassava processing wastewater

REFERENCIAS

APHA - American Public Health Association; AWWA - American Water Works
Association; WEF - Water Environment Federation. Standard methods for
the examination of water and wastewater. 23 ed. Washington DC, USA:
APHA/AWWA/WEF, 2017.

CATALDO, Dominic Anthony; HAROON, M, SCHRADER, Lawrence
E; YOUNGS, V. L. Rapid colorimetric determination of nitrate in
plant tissue by nitration of salicylic acid. Communications in Soil
Science and Plant Analysis, v. 6, n. 1, p. 71-80, 1975. https://doi.
org/101080/00103627509366547

CHANG, In Seop; MOON, Hyunsoo; JANG, Jae Kyung; KIM, Byung Hong.
Improvement of a microbial fuel cell performance as a BOD sensor using
respiratory inhibitors. Biosensors and Bioelectronics, v. 20, n. 9, p. 1856-
1859, 2005. https://doi.org/101016/).bios.2004.06.003

CLAUWAERT, Peter; RABAEY, Korneel; AELTERMAN, Peter; DE
SCHAMPHELAIRE, Liesje; PHAM, The Hai; BOECKX, Pascal; BOON, Nico;
VERSTRAETE, Willy. Biological Denitrification in Microbial Fuel Cells.
Environmental Science & Technology, v. 41, n. 9 p. 3354-3360, 2007.
https://doi.org/101021/es062580r

COSTA, Renata Carvalho; RAMOS, Marcio Daniel Nicodemos; FLECK,
Leandro; GOMES, Simone Damasceno; AGUIAR, André. Critical analysis
and predictive models using the physicochemical characteristics of
cassava processing wastewater generated in Brazil. Journal of Water
Process Engineering, v. 47, p. 102629, 2022. https://doiorg/101016/j.
jwpe.2022102629

CREMONEZ, Paulo André; TELEKEN, Joel Gustavo; WEISER MEIER,
Thompson Ricardo; ALVES, Helton José. Two-Stage anaerobic
digestion in agroindustrial waste treatment: A review. Journal of
Environmental Management, v. 281, p. 111854, 2021. https://doiorg/101016/j.
jenvman.2020111854

CRUZ, lanny Andrade; SANTOS ANDRADE, Larissa Renata; BHARAGAVA,
Ram Naresh; NADDA, Ashok Kumar; BILAL, Muhammad; FIGUEIREDO,
Renan Tavares; ROMANHOLO FERREIRA, Luiz Fernando. Valorization
of cassava residues for biogas production in Brazil based on the
circular economy: An updated and comprehensive review. Cleaner
Engineering and Technology, V. 4, p. 100196, 2021. https://doiorg/101016/j.
clet.2021100196

DHAR, BiproRanjan; LEE, Hyung-Sool. Membranes for bioelectrochemical
systems: challenges and research advances. Environmental
Technology, v. 34, n13-16, p. 1751-1764, 2013. https://doi.org/101080/095
93330.2013.822007.

DHARMALINGAM, Sangeetha; KUGARAJAH, Vaidhegi; SUGUMAR,
Moogambigai. Membranes for Microbial Fuel Cells. In: Microbial
Electrochemical Technology: Sustainable Platform for Fuels,
Chemicals and Remediation, Biomass, Biofuels, Biochemicals.
Amsterdam: Elsevier (ed.), 2019. p. 143-194. https://doi.org/10.1016/B978-
0-444-64052-900007-8

FAN, Liping; LI, J. J. Overviews on internal resistance and its detection of
microbial fuel cells. International Journal of Circuits, Systems and Signal
Processing, v. 10, p. 316-320, 2016.

HE, Zhen; HUANG, Yuelong; MANOHAR, Aswin K; MANSFELD, Florian.
Effect of electrolyte pH on the rate of the anodic and cathodic reactions in

Cr Eng Sanit Ambient | v. 29, e20230116, 2024

an air-cathode microbial fuel cell. Bioelectrochemistry, v. 74, n. 1, p. 78-82,
2008. https://doiorg/101016/j.bioelechem.2008.07007

KAEWKANNETRA, Pakawadee; CHIWES, Wichit; CHIU, Tzeyen. Treatment
of cassava mill wastewater and production of electricity through microbial
fuel cell technology. Fuel, v. 90, n. 8 p. 27462750, 2011. https:/doi.
org/101016/jfuel. 201103031

KIM, Byung Hong; PARK, Hyung Soo; KIM, Hyung Joo; KIM, Gwang
Tae; CHANG, In Seop; LEE, Jiyoung; PHUNG, Nguyet Thu. Enrichment
of microbial community generating electricity using a fuel-cell-type
electrochemical cell. Applied Microbiology and Biotechnology, v. 63, n. 6,
p. 672-681, 2004. https://doi.org/101007/s00253-003-1412-6

KIM, Jung Rae; CHENG, Shaoan; OH, Sang-Eun; LOGAN, Bruce E. Power
generation using different cation, anion, and ultrafiltration membranes in
microbial fuel cells. Environmental Science & Technology, v. 41, n. 3, p.
1004-1009, 2007. https://doi.org/101021/es062202m

LEFEBVRE, Olivier; AL-MAMUN, Abdullah; NG, How Yong. A microbial fuel
cell equipped with a biocathode for organic removal and denitrification.
Water Science & Technology, v. 58, n. 4, p. 881-885, 2008. https://doi.
org/10.2166/wst.2008.343

LEONG, Jun Xing; DAUD, Wan Ramli Wan; GHASEMI, Mostafa; BEN LIEW,
Kien; ISMAIL, Manal. lon exchange membranes as separators in microbial
fuel cells for bioenergy conversion: A comprehensive review. Renewable &
Sustainable Energy Reviews, v. 28, p. 575-587, 2013. https://doi.org/101016/j.
rser.2013.08052

LI, Weiging; ZHANG, Shaohui; CHEN, Gang; HUA, Yumei. Simultaneous
electricity generation and pollutant removal in microbial fuel cell with
denitrifying biocathode over nitrite. Applied Energy, v. 126, p. 136-141, 2014.
https://doi.org/101016/japenergy.2014.04.015

LOGAN, Bruce E; HAMELERS, Bert; ROZENDAL, René; SCHRODER, Uwe;
KELLER, Jurg; FREGUIA, Stefano; AELTERMAN, Peter; VERSTRAETE, Willy;
RABAEY, Korneel. Microbial Fuel Cells: Methodology and Technology.
Environmental Science & Technology, v. 40, n. 17, p. 5181-5192, 2006.
https://doi.org/101021/es0605016

LOGAN, Bruce E.; RABAEY, Korneel. Conversion of Wastes into Bioelectricity
and Chemicals by Using Microbial Electrochemical Technologies. Science,
V. 337, n. 6095, p. 686-690, 2012. https://doiorg/101126/sciencel217412

NASEER, Muhammad Nihal; ZAIDI, Asad A; KHAN, Hamdullah; KUMAR,
Sagar; OWAIS, Muhammad Taha bin; JAAFAR, Juhana; SUHAIMIN, Nuor
Sariyan; WAHAB, Yasmin Abdul; DUTTA, Kingshuk; ASIF, Muhammad;
HATTA, Sharifah Fatmadiana Wan Muhamad; UZAIR, Muhammad.
Mapping the field of microbial fuel cell: A quantitative literature review
(1970-2020). Energy Reports, v. 7, p. 4126-4138, 2021. https://doi.org/101016/j.
egyr.202106082

PASSOS, Vinicius Fabiano; NETO, Sidney Agquino; ANDRADE, Adalgisa
Rodrigues de; REGINATTO, Valeria. Energy generation in a Microbial Fuel Cell
using anaerobic sludge from a wastewater treatment plant. Scientia Agricola,
V. 73,n.5, p. 424-428, 2016. https://doiorg/101590/0103-9016-2015-0194

PHAM, Hai The; RABAEY, Korneel; AELTERMAN, Peter; CLAUWAERT, Peter;
DE SCHAMPHELAIRE, Liesje; BOON, Nico; VERSTRAETE, Willy. Microbial
Fuel Cells in Relation to Conventional Anaerobic Digestion Technology.



https://doi.org/10.1080/00103627509366547
https://doi.org/10.1080/00103627509366547
https://doi.org/10.1016/j.bios.2004.06.003
https://doi.org/10.1021/es062580r
https://doi.org/10.1016/j.jwpe.2022.102629
https://doi.org/10.1016/j.jwpe.2022.102629
https://doi.org/10.1016/j.jenvman.2020.111854
https://doi.org/10.1016/j.jenvman.2020.111854
https://doi.org/10.1016/j.clet.2021.100196
https://doi.org/10.1016/j.clet.2021.100196
https://doi.org/10.1080/09593330.2013.822007
https://doi.org/10.1080/09593330.2013.822007
https://doi.org/10.1016/B978-0-444-64052-9.00007-8
https://doi.org/10.1016/B978-0-444-64052-9.00007-8
https://doi.org/10.1016/j.bioelechem.2008.07.007
https://doi.org/10.1016/j.fuel.2011.03.031
https://doi.org/10.1016/j.fuel.2011.03.031
https://doi.org/10.1007/s00253-003-1412-6
https://doi.org/10.1021/es062202m
https://doi.org/10.2166/wst.2008.343
https://doi.org/10.2166/wst.2008.343
https://doi.org/10.1016/j.rser.2013.08.052
https://doi.org/10.1016/j.rser.2013.08.052
https://doi.org/10.1016/j.apenergy.2014.04.015
https://doi.org/10.1021/es0605016
https://doi.org/10.1126/science.1217412
https://doi.org/10.1016/j.egyr.2021.06.082
https://doi.org/10.1016/j.egyr.2021.06.082
https://doi.org/10.1590/0103-9016-2015-0194

Silva, AO. et al.

Engineering in Life Sciences, v. 6, n. 3, p. 285292, 2006. https://doi.
org/101002/elsc.200620121

PUIG, Sebastia; COMA, Marta; DESLOOVER, Joachim; BOON, Nico; COLPRIM,
Jesus; BALAGUER, M. Dolors. Autotrophic Denitrification in Microbial
Fuel Cells Treating Low lonic Strength Waters. Environmental Science &
Technology, v. 46, n. 4, p. 2309-2315, 2012. https://doiorg/101021/es2030609

RAHIMNEJAD, Mostafa; ADHAMI, Arash; DARVARI, Soheil; ZIREPOUR,
Alireza; OH, Sang-Eun. Microbial fuel cell as new technology for bioelectricity
generation: A review. Alexandria Engineering Journal, v.54, n. 3, p. 745-756,
2015. https://doiorg/101016/}.aej.2015.03 031

RAMIREZ-NAVA, Jonathan; MARTINEZ-CASTREJON, Mariana; GARCIA-
MESINO, Rocio Lley: LOPEZ-DIAZ, Jazmin Alaide; TALAVERA-MENDOZA,
Oscar: SARMIENTO-VILLAGRANA, Alicia; ROJANO, Fernando; HERNANDEZ-
FLORES, Giovanni. The Implications of Membranes Used as Separators in
Microbial Fuel Cells. Membranes, v.11,n.10, 738, 2021. https://doi.org/10.3390/
membranes!1100738

ROZENDAL, René A; SLEUTELS, Tomas Hubertus J. A; HAMELERS,
Hubertus V. M; BUISMAN, Cees J. N. Effect of the type of ion exchange
membrane on performance, ion transport, and pH in biocatalyzed
electrolysis of wastewater. Water Science & Technology, v. 57, n. 11, p. 1757
1762, 2008. https://doiorg/10.2166/wst.2008.043

SANTORO, Carlo; ARBIZZANI, Catia; ERABLE, Benjamin; IEROPOULQS,
loannis. Microbial fuel cells: From fundamentals to applications. A review.
Journal of Power Sources, v. 356, p. 225-244, 2017. https://doi.org/101016/i.
jpowsour.201703109

|

SCOTT, Keith. Membranes and Separators for Microbial Fuel Cells. In:
Microbial Electrochemical and Fuel Cells: Fundamentals and Applications.
Newcastle upon Tyne, UK: Elsevier, 2016. p. 153-178. https://doiorg/101016/
B9781-78242-375100005-8

SOLOMON, John; KUGARAJAH, Vaidhegi; GANESAN, Paechimuthu;
DHARMALINGAM, Sangeetha. Enhancing power generation by maintaining
operating temperature using Phase Change Material for Microbial Fuel Cell
application. Journal of Environmental Chemical Engineering, v. 10, n. 1,
107057, 2022. https://doiorg/101016/jjece.2021107057

VIRDIS, Bernardino; RABAEY, Korneel; YUAN, Zhiguo; ROZENDAL, René A;
KELLER, Jurg. Electron Fluxes in a Microbial Fuel Cell Performing Carbon
and Nitrogen Removal. Environmental Science & Technology, v. 43, n. 13,
p. 5144-5149, 20089. https://doiorg/101021/es8036302

WANG, Wei; CHANG, Jo-Shu; LEE, Duu-Jong. Integrating anaerobic
digestion with bioelectrochemical system for performance enhancement:
A mini review. Bioresource Technology, v. 345, 126519, 2022. https://doi.
org/101016/jbiortech.2021126519

ZHANG, Ming; XIE, Li; YIN, Zhixuan; KHANAL, Samir Kumar; ZHOU, Qi.
Biorefinery approach for cassava-based industrial wastes: Current status
and opportunities. Bioresource Technology, v. 215, p. 50-62, 2016. https://
doiorg/101016/j.biortech.2016.04.026

ZHAQ, Jiangiang; WU, Jinna; LI, Xiaoling; WANG, Sha; HU, Bo; DING, Xiaogian.
The Denitrification Characteristics and Microbial Community in the Cathode
of an MFC with Aerobic Denitrification at High Temperatures. Frontiers in
Microbiology, v. 8, 2017. https://doi.org/10.3389/fmicb.201700009

© 2024 Associacao Brasileira de Engenharia Sanitaria e Ambiental

This is an open access article distributed under the Creative Commons license.

Eng Sanit Ambient | v. 29, e20230116, 2024 =


https://doi.org/10.1002/elsc.200620121
https://doi.org/10.1002/elsc.200620121
https://doi.org/10.1021/es2030609
https://doi.org/10.1016/j.aej.2015.03.031
https://doi.org/10.3390/membranes11100738
https://doi.org/10.3390/membranes11100738
https://doi.org/10.2166/wst.2008.043
https://doi.org/10.1016/j.jpowsour.2017.03.109
https://doi.org/10.1016/j.jpowsour.2017.03.109
https://doi.org/10.1016/B978-1-78242-375-1.00005-8
https://doi.org/10.1016/B978-1-78242-375-1.00005-8
https://doi.org/10.1016/j.jece.2021.107057
https://doi.org/10.1021/es8036302
https://doi.org/10.1016/j.biortech.2021.126519
https://doi.org/10.1016/j.biortech.2021.126519
https://doi.org/10.1016/j.biortech.2016.04.026
https://doi.org/10.1016/j.biortech.2016.04.026
https://doi.org/10.3389/fmicb.2017.00009

