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Abstract. Microbial fuel cells (MFCs) are an innovative method that generates sustainable electricity by exploiting the metabolic processes of
microorganisms. The membrane that divides the anode and cathode chambers is an important component of MFCs. Commercially available
membranes, such as Nafion, are both costly, not sustainable, and harmful to the environment. In this study, a low-cost alternative membrane for MFCs
based on a starch-carrageenan blend (SCB-LCM) was synthesized. The SCB-LCM membrane was created by combining starch and carrageenan and
demonstrated a high dehydration rate of 98.87 % over six hours. SEM analysis revealed a smooth surface morphology with no pores on the membrane
surface. The performance of SCB-LCM membrane-based MFCs was evaluated and compared to that of other membranes, including Nafion 117 and
Nafion 212. All membranes tested over 25 hours lost significant weight, with SCB-LCM losing the least. The maximum power density (MPD) of the
SCB-LCM MFCs was 15.77 + 4.34 mW/m?, indicating comparable performance to commercial membranes. Moreover, the cost-to-power ratio for
MFCs employing SCB-LCM was the lowest (0.03 USD.m?*/mW) when compared to other membranes, indicating that SCB-LCM might be a viable and
cost-effective alternative to Nafion in MFCs. These SCB-LCM findings lay the groundwork for future research into low-cost and sustainable membrane
for MFC technologies.
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1. Introduction energy contained in organic/inorganic substrates (Kumar et al.,

2015) to electrical energy through electrochemical processes
(Ghasemi & Rezk, 2024; Zhang et al., 2020) and microbe activity
(Senthilkumar et al., 2020; Hadiyanto et al., 2023). MFC is an
eco-friendly technology since it utilizes organic material such as
wastewater and provides a dual advantage of bioelectricity
production and waste management (Idris et al., 2016; Obileke et
al., 2021; Xu et al., 2017). Generally, there are five benefits that
enhance the sustainability of MFCs in wastewater treatment: (1)
the direct conversion of substrate energy into electricity, (2)
reduced sludge production compared to anaerobic digesters
and aerobic activated sludge processes, (3) operational
resilience even in low-temperature environments, (4)
elimination of gas treatment and aeration energy input, and (5)
versatile application in areas with inadequate electricity supply.
On the other hand, MFC eliminates or significantly reduces the
need for aeration (energy savings) (Kumar et al, 2016), the
ability to recover valuable products from wastewater, such as
electricity (Rabaey & Verstraete, 2005; Zhang et al., 2019;
Hadiyanto et al., 2022) and nutrients (Do et al., 2018; Yang et al.,
2018), the use of clean and efficient technology (Jatoi et al.,

Nowadays, over 90% of energy is created using fossil fuels
(coal, natural gas, and petroleum), and around 10% is generated
from renewable energy sources (Maity et al., 2014). The energy
produced by fossil fuels is neither renewable nor sufficiently
abundant to fulfill the world's expanding energy needs (Wang et
al, 2014). Additionally, energy production process contributes
to the greenhouse gases emission that contribute to global
warming and environmental damage (Tebaldi et al, 2021). By
2042, fossil fuels are expected to be depleted (Mohr et al, 2021).
Consequently, an immediate requirement exists for the creation
of a novel renewable energy source, exemplified by biodiesel
(Ahmed, 2015), bioethanol (Tse et al, 2021), and also hydrogen
fuel cells (Singla et al., 2021).

Recently, the microbial fuel cell (MFC) has been hailed as an
exciting future alternative, a novel technology, and a source of
renewable and green energy (Cheng et al.,, 2014; He et al., 2017;
Arun et al., 2024), and it has been rapidly evolving over the last
several decades (Boas et al, 2022; Maddalwar et al,, 2021).
MFCs are bio-electrochemical devices that transform chemical
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2021; Paucar & Sato, 2021a), and the absence of harmful toxic
by-products (Jatoi et al., 2021).

Within a MFC, electrons travel from the anodic chamber to
the anode electrode and subsequently flow to the cathode
through an external circuit. Simultaneously, protons move from
the anode to the cathode through a separator commonly known
as a membrane or proton exchange membrane (PEM) (Shabani
et al., 2020; Sirajudeen et al., 2021). The separator or membrane
plays a crucial role in MFCs by physically dividing the anode
and cathode chambers, facilitating the movement of cations to
the cathode, and thereby sustaining an electrical current (Kim et
al., 2007; Vishwanathan, 2021). Key features and functions of
membranes in MFCs encompass the separation of anode and
cathode chambers, prevention of oxygen back diffusion to the
anode, reduction of substrate flux from anode to cathode,
enhancement of coulombic efficiency (CE) through minimizing
oxygen flux from cathode to the solution in the anode chamber
and ensuring effective and enduring operation. Over the past
decade, MFC research has explored various membrane types,
including cation exchange membranes (CEM), anion exchange
membranes (AEM), bipolar membranes (BPM), microfiltration
membranes (MFM), ultrafiltration membranes (UFM), glass
fibers, porous fabrics, and other coarse pore filter materials.
Canvas (Zhuang et al., 2009), carbon paper (Sonawane et al.,
2019), nylon-infused membrane (Hernandez-Fernandez et al,
2015), microporous filtration membranes (Paucar & Sato,
2021b), UltrexTM (Moharir & Tembhurkar, 2018), ceramics
(Winfield et al., 2016), and Nafion® (NF) 117 (Chakraborty et al.,
2020; Yu et al., 2015) are also examples of PEM. NF 117 type is
the most often employed PEM in MFC because of its proton-
permeable selectivity, capacity to facilitate ion transfer, and
good ionic conductivity (Guo Kun et al, 2012). Conversely,
nanofiltration (NF) membranes present several drawbacks such
as cathode-to-anode oxygen leakage, water permeability,
crossover, and substantial cost (Idris et al., 2016) (costs up to
$1400/m? and the updated price is approximately $1733/m?)
(Xia et al., 2013), which has a significant impact on the overall
production cost of MFC in field applications (Hernandez-Flores
etal, 2015).

Among the several membrane materials, starch is one of the
most recently used materials in the MFC area for membrane
separators. Starch has garnered substantial interest owing to its
unique qualities, the most notable of which are its abundance,
renewable nature, low cost, environmental friendliness
(biodegradable), and cytocompatibility (Bertuzzi et al, 2007;
Talja et al., 2007; Zhong et al., 2020).Additionally, starch, which
contains around 30% amylase, 70% amylopectin, and less than
1% lipids and proteins from plants, is an ideal addition for
membrane formation due to its insoluble nature (F. Liu et al,
2009). However, starch has a number of disadvantages,
including poor physical characteristics (Abdou & Sorour, 2014),
a high degree of hydrophilicity, and poor mechanical
capabilities when compared to typical synthetic polymers
(Ahmed et al, 2020). Carrageenan, a water-soluble polymer
composed of partly sulphated galactans, has been suggested to
increase the characteristics of starch and is therefore likely to be
employed as a film-forming material (Sandhu et al, 2020).
Carrageenan is a group of sulphated linear polysaccharides
found in the cell walls and intercellular matrix of a variety of red
seaweed species (Sandhu et al., 2020). Carrageenan is frequently
used in the food industry in a variety of products due to its
gelling, stabilizing, and thickening properties, as well as its
capacity to form thermo-reversible gels (Castafio et al., 2017).
The combination of starch and carrageenan is utilized to create
biofilms that have a number of benefits over those created using
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synthetic material (Castafio et al,, 2014; Galus & Kadzinska,
20186).

At the moment, researchers are focused on replacing and
decreasing the cost of NF membranes via the use of innovative
alternative materials. Sulphonated polyether ketone (SPEEK)
was created for usage in MFC (Ayyaru & Dharmalingam, 2011).
Their setup achieved peak volumetric powers of 5.7 and 3.2
W/m?® using influents of wastewater and residential wastewater,
respectively. In the comparison with NF, the SPEEK membrane
demonstrated a power density of approximately 55% higher.
Nonetheless, the prohibitive cost of the SPEEK membrane
remains a challenge (Galus & Kadzinska, 2016). Additionally,
agar was used to create a low-cost organic membrane (LCM),
which is a viable option for usage as separators in MFC
(Hern&ndez-Flores, et al., 2015). The maximum power density
(MPD) of LCM and NF were 2146 and 14246 mW/m?
respectively. The MPD delivered by LCM was 15% of that
supplied by NF. The cost ratio of LCM to NF was 0.8 %
($14/m?)/($1733/m?). These findings indicate a trade-off
between some loss of cell power (85%) and exceptional cost
reductions (99.2 %) on membranes (Hernandez-Flores, et al.,
2015). Additionally, the nonwoven fabric Polypropylene (PP80)
may be used as a substitute. The highest voltage of 0.477 V (with
1000 Q) was comparable to NF (0.481 V). The MPD of PP80 and
NF were 121 mW/m? and 118 mW/m?, respectively. PP80 had
a material cost ratio of 0.57 $/m?, whereas NF had a material
cost ratio of 2300 $/m? (Kondaveeti et al., 2014). The research
conducted has indeed demonstrated commendable
performance in MFCs. However, it is worth noting that the
production costs remain relatively high, presenting a challenge
for broader-scale applications. This cost consideration suggests
that further exploration and optimization may be needed to
enhance the suitability of these technologies for larger-scale
implementation.

This research aims to showcase the efficacy of a membrane
composed of starch and carrageenan in Microbial Fuel Cells
(MFCs). Until far, no researcher has used starch carrageenan as
a membrane material in MFC applications, so this is an
academic novelty in this research. This study performed a
thorough examination, comparing the starch-carrageenan
membrane to commercially available Nafion® (NF) membranes
in terms of their structure, performance, electrochemical
properties, and economic factors. The development of
affordable membranes has significant relevance not only in the
scientific field but also for society and industry. Within the larger
framework of society, the endeavor to find membrane solutions
that are economical corresponds with objectives related to
sustainability, hence enhancing the availability and affordability
of clean energy technology. The results of this research have the
potential to advance economic efficiency, scalability, and
environmental sustainability in industries focused on renewable
energy and microbial fuel cell applications. This could lead to
the development of more practical and widely adopted clean
energy solutions.

2. Materials and method
2.1 Low-Cost Membrane Preparation

Modifications were made to the method described in previous
studies (Christwardana et al., 2021; Christwardana, Ismojo, et al.,
2022) in order to produce membranes at a reasonable cost or
Low Cost Membrane (LCM). Cassava starch (Dwilab Mandiri,
Bandung, Indonesia) was added to 60 mL of distilled water,
followed by 60 seconds of stirring. Following the addition of 5
mL of glycerol (=99.0%, Sigma Aldrich, St. Louis, USA), the
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mixture was stirred for 60 seconds. The 5% v/v acetic acid
(98%, ROFA Laboratory Center, Bandung, Indonesia) was then
added to the solution and agitated for an additional 60 s. This
process involved heating and stirring for ten minutes at 60 °C.
Following the cessation of heating, an additional 60 s of stirring
were carried out to minimize foam formation. The resulting
solution was then applied to the glass mold's surface and
subjected to a seven-day oven-drying period at 30 °C. The
outcome was a bioplastic membrane derived from starch known
as a starch-based low-cost membrane (SB-LCM). Conversely, a
starch-carrageenan-based low-cost membrane (SCB-LCM) was
produced using the same procedure with the addition of 1 g of
carrageenan (=95.0%, Research Products International Corp.,
Illinois, USA) to the mixture.

2.2 Membrane water uptake and permeability analysis

For the liquid-vapor permeability assessments, the solutions
examined were distilled water (DW) or a broth solution (BS)
consisting of Yeast extract, Peptone, D-glucose (YPD) medium
with active yeast. The testing methodology for liquid-vapor
permeability, along with calculations for water flux, permeance,
and dry/wet water absorption, drew upon existing literature
(Liu & Logan, 2004; Vishwanathan, 2021). To conduct the tests,
10 mL of the chosen liquid (DW or BS) was placed in a plastic
vial, with a low-cost membrane sample—either Nafion 212 or
Nafion 117—interposed between the vial and the cap. The
pervaporation area was defined by a 5 mm diameter hole, its
perimeter sealed with polymer tape, and the cap secured with
parafilm. The vial's bottom featured an aperture for
internal/external pressure equilibration. Each sample and liquid
underwent duplicate testing to ensure reproducibility. The
inverted vials were positioned in a controlled environment, and
water loss was measured using a precision scale every 60
minutes over a 24-hour period (Frattini et al., 2020). The total
uptake (Utwt), wet uptake (Uwe), and dry uptake (Uay) of all
membrane samples were computed as follows:

Upor = ’"i;l’_”w x 100 (1)
Ugry = "4 % 100 ()
Uwet = Utor — Udry (3)

In the given equations, m; represents the initial dry weight of the
samples, my is the final weight of the samples following a 24-
hour soaking period, and maq signifies the dried weight of the
samples after 24 hours of testing and subsequent vacuum drying
to eliminate all traces of water, leaving only the solid residue
representing the biofilm. The net water intake, Uwet, is
calculated as the disparity between total and dry uptake, as
expressed in equation (3). The permeability experiments were
conducted at a temperature of 27 °C (300 K) and a relative
humidity (RH) of 50%. To account for this, slight adjustments to
the chemical potentials were necessary, as per the following
equations (4) for water flux, chemical potentials, and permeance
(Adachi et al., 2010).

(M=) X60X1000
LVP = (PMy,0xALypxAt)X3.6

(4)

In the provided context, Juve denotes the molar liquid-vapor
permeation flow (molm?2s'), mm and mwm+ represent the
relative weight losses (g) at tn and tn+1, PMu2o stands for the
molecular weight of water (18.015 g mol!), ALVP signifies the
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exposed pervaporation area (mm?), and t corresponds to the
time period (60 min) between tn and tn+1.

2.3 Electrochemical measurement

The acrylic single-chamber Microbial Fuel Cell (MFC) reactor,
procured from Phychemi Co. Ltd. (Beijing, China), was
employed in the conducted experiment. The anode chamber
was filled with a 28-ml anolyte comprising fresh YPD medium,
consisting of 2.5 mg/mL of peptone (Himedia, Mumbai, India),
5 mg/mL of yeast extract (Merck, Darmstadt, Germany), and 14
mg/mL of D-glucose (Merck, Darmstadt, Germany) as a
substrate. Additionally, 14 mg/mL yeast Saccharomyces
cerevisiae served as the biocatalyst (Christwardana et al., 2022,
2023). The cathode was exposed directly to ambient air, with
the membrane separator being treated NF (treated with 3%
w/w H20;, 0.5M H:SO4, and DI water). The plain carbon felt
(CF) was utilized as both an anode and a cathode, possessing a
projected surface area of 7 cm?, appropriately positioned in their
respective locations. A stainless-steel wire functioned as the
current collector, and the experiment was conducted in an
open-air setting at a temperature of approximately 25 °C. The
crucial parameters for assessing the MFC's performance were
voltage and power density. For voltage measurement, a UNI-T
UT61E multimeter (Dongguan, China) and a 1000 Q external
load were employed in conjunction with the MFC reactor. The
output voltage was recorded every 15 minutes using a data-
collecting device over a 48-hour period (Christwardana et al.,
2022). To determine the MFC discharge power density, loads
ranging from 5 MQ to 10Q (Elenco RS500 Resistance
Substitution Box, Illinois, USA) were applied between the anode
and the cathode. The current density (J) was calculated by
dividing the voltage by the resistance and the anode's projected
surface area. The maximum power density (MPD) was obtained
by multiplying the current density by the voltage. Each
measurement was repeated three times, and the average with
its standard deviation was recorded.

2.4 Dehydration and SEM Analysis

The membrane weight during the drying process is monitored
hourly to obtain a value indicating the dehydration of the low-
cost membrane. The percentage dehydration is calculated by
taking the difference between the initial weight and the weight
at time t, dividing it by the initial weight, and then multiplying
by 100%. The surface morphology of the low-cost membranes
was examined wusing a scanning electron microscope,
specifically the FEI Inspect F50 (Oregon, USA), in a high
vacuum environment.

2.5 Techno-economic Analysis

In the techno-economic analysis, the evaluation included the
calculation and analysis of membrane costs within the system.
Additionally, the examination of the power-to-cost ratio and
cost-to-power ratio provided a comprehensive understanding of
the economic feasibility and efficiency of the developed
technology. This thorough assessment of techno-economic
factors contributes valuable insights into the economic
implications and viability of the membrane-based system for
MFCs.

3. Results and Discussion
3.1 Chemical Interaction in LCM

In the realm of membrane technology, the interaction
between different types of membranes plays a crucial role in
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Fig. 1 Structure of SB-LCM and SCB-LCM

determining their overall performance and applicability. In this
context, interactions between two distinct kinds of membranes:
SB-LCM and SCB-LCM, based on their chemical structure was
delved into the thermodynamic and shown in Figure 1.

Starch is constructed from glucose units linked by a-1,4 and
a-1,6 glycosidic bonds (Cui et al., 2021). The glucose units in
starch repeat and contain hydroxyl (-OH) groups, imparting
high polarity and the ability to form hydrogen bonds,
particularly with water molecules (Xu & Shi, 2019). Upon
contact with an aqueous environment, SB-LCM engages in
hydrogen bonding between the hydroxyl groups and water
molecules (B. Liu et al, 2020). This interaction results in
membrane swelling as water is absorbed into the polymer
matrix. The swelling behavior of starch-based membranes is
important to consider in practical applications. While it can
enhance the membrane's permeability to some solutes,
excessive swelling might compromise the membrane's
mechanical stability and long-term performance (Cui et al,
2021). Thus, controlling the degree of swelling becomes a
critical aspect of designing starch-based membranes for specific
separation processes.

Carrageenan consists of repeating galactose units, some of
which are sulfate groups (Guo et al., 2022). These sulfate groups
introduce additional charged sites on the carrageenan molecule,
making it more hydrophilic and capable of forming even
stronger hydrogen bonds with water and other polar solutes
(Shrgawi et al, 2023). When starch and carrageenan are
combined to create an SCB-LCM, their respective interactions
with water and other solutes create a complex thermodynamic
environment. Both starch and carrageenan contain numerous
hydroxyl (-OH) groups in their molecular structures. The polar
hydroxyl groups possess the ability to establish hydrogen bonds

with each other. Hydrogen bonding, a robust and specific
interaction, occurs between the hydrogen atom of one hydroxyl
group and the oxygen atom of another hydroxyl group. The
existence of hydrogen bonding between starch and carrageenan
molecules enhances their mutual solubility and compatibility,
enabling the formation of a blend or mix-based membrane. The
hydrogen bonding ability of both starch and carrageenan is
amplified in the mix-based membrane, resulting in enhanced
hydrophilicity and affinity for water-based solutions. This
increased hydrophilicity may lead to further swelling of the mix-
based membrane compared to the pure starch-based
membrane. Carrageenan contains negative sulfate groups in its
molecular structure, while the hydroxyl groups in starch are
generally uncharged (Qureshi et al., 2019). The difference in
charge generates electrostatic interactions between the
positively charged hydrogen atoms in starch and the negatively
charged sulfate groups in carrageenan. These electrostatic
interactions serve to reinforce the binding between starch and
carrageenan, thereby augmenting their compatibility in a mix-
based membrane. The combination of hydrogen bonding and
electrostatic interactions allows starch and carrageenan to
create a cohesive structure when blended together, resulting in
a stable and functional mix-based membrane. This blend of two
different polysaccharides with complementary properties offers
better selectivity compared to starch-based membranes.

3.2 Physical characterization of the low-cost membrane

The membrane dehydration mechanism and the membrane
thickness are crucial to the analysis. This procedure resulted in
a dehydration rate of 98.34 + 0.06 percent over five hours of SB-
LCM, while the dehydration rate of SCB-LCM, as seen in Figure
2a, was 98.87 £ 0.07 % over six hours. The water evaporated on
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Fig. 2 a) Dehydration of SB-LCM and SCB-LCM over the time, while b) is the thickness of commercial and synthesized
membrane

SB-LCM one hour faster than SCB-LCM is likely due to SB-LCM
having more pores. An abundance of pores might have negative
consequences when used as an MFC separator. This occurs
because the electrolyte solution in the anode chamber has the
ability to pass through the holes of the membrane and leak into
the opposite side, known as the cathode side, which is not
desirable. The dehydration time in SB-LCM is comparable to the
LCM dehydration time carried out by several previous
researchers where the average dehydration time was 5-6 hours
(Hernandez-Flores et al, 2015a; Hernandez-Flores, et al,
2015b). The dry membrane thicknesses for SB-LCM and SCB-
LCM have been respectively 0.321 * 0.122 mm and 0.302 £
0.078 mm as shown in Figure 2b. The thicknesses measured
were 0.053 + 0.000 mm and 0.177 £ 0.005 mm respectively, as
regards the commercial membranes of the Nafion 212 and 117.

SEM photographs are used to demonstrate the evaporation
analysis in the previous section as seen in Figure 3. Figure 3a is
a SEM image of the SB-LCM, in which the membrane surface
has several pores. The pores are high in count, uniform and

N\ S NN AR -
00 02 04 06 08 10 12 14 16 18 204
Pore Diameter (um)

around 0.9 ym in dimension. In contrast, no pores have been
detected on the surface in SCB-LCM (Figure 3b). The pores on
the membrane surface are covered by carrageenan, which
makes the process of water evaporation slower. The presence
of pores in the SB-LCM is indicative of the membrane's void
volume. According to Figure 3b, the empty area is filled with air,
which causes the SB-LCM to be somewhat thicker than the SCB-
LCM.

3.3 Permeability and biofouling behavior of low-cost membrane

For DW and BS, permeability and biofouling tests were
prepared with two types of NF: NF 212, NF 117, SB-LCM and
SCB-LCM membranes. Weight loss and molar flux values have
been reported for each repeated test. DW was used to assess
the permeability of the four samples, as in Figure 4a-b. In DIW,
owing to the liquid-vapor permeation phenomenon, it transports
only water across the sample. In this situation, the inside of a
sample contact with the fluid directly, while the outside of the
sample was exposed to air, meaning that the fluid eventually

Fig. 3 SEM images of a) SB-LCM and b) SCB-LCM. Inset is pores diameter distribution. Arrows show the pores of membrane
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Fig. 4 Permeability results with DW for a) relative weight losses; b) water flux of commercial and synthesized membrane, while
(c-d) permeability results with BS

diffused side by side and gradually evaporated into the air. This
is due to the discrepancy between the concentration gradient
on the sample and the environmental air.

Two low-cost membrane separators exhibit promising
weight loss compared to NF 117 and NF 212 in Figure 4a. The
weight loss in SB-LCM is higher than SCB-LCM, NF 212, and
NF 117 as its porosity is higher so the water evaporates into the
air more rapidly. The loss in weight is around -0.390 g in the SB-
LCM after 25 hours. SCB-LCM weight loss is lower compared
to other membranes as carrageenan closes the pores in the
membrane surface. Carrageenan prevents the access and
evaporation of water so that the water weight loss has a sluggish
rate of -0.090 g and is usually stagnant for 25 hours. A
considerable loss of weight on NF 117 was observed which was
marginally faster than the SCB-LCM, i.e., -0.115 g in 25 hours.
Although NF 212 weight loss was over NF 117 in 25 hours, i.e,,
-0.157 g.

In the meantime, the water molar flux of the four samples
shown in Figure 4b indicates the distinct activity of every
specimen. The SB-LCM was hydrated immediately and after 10
hours achieves a nearly steady flow of water, and decreases
after the 20th hour. NF 117 shows relatively slow hydration
properties, as NF 212, but this isn't overcome entirely, and
molar flux flow slightly declines with time and after eight hours

enter an almost steady flow. SCB-LCM has a very sluggish,
minimally reduced flux compliance behavior because of the
possibility of limited porosity and a much thicker than other
samples, which makes water transport longer time.

These phenomena, taken together, are linked to many
aspects, such as various porosities and varying wetness of the
sample's internal surface that is exposed to the liquid. Hydration
is a key step in the transport mechanism in the proton
conductive polymer. Concerning the surplus porosity and pore
size of the SB-LCM, water transport was described as nearly
unrestrained and unpredictable. In contrast, the water transport
in the SCB-LCM was more manageable due to the encapsulation
of carrageenan within the membrane pores.

When DW was changed to BS, this theory was verified. The
permeability test with BS seen in Figure 4c-d was carried out.
During the vial test, additional sealing was performed during the
use of BS to mitigate the fluid escape. In this case, BS is the
medium in MFC that contains an active biocatalyst yeast that
alters the glucose substrate to generate protons, electrons, CO:
gas and additional H2O (Christwardana et al., 2021). Water flux
and weight loss data vary significantly in the presence of BS. As
shown in Figure 4c, a considerable loss of weight on NF 117, NF
212, SB-LCM, SCB-LCM were observed i.e., -0.165, -0.207, -
0.265, and -0.165 g in 25 hours, respectively. The vial was
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Table 1
Absolute final and dry uptakes of commercial and synthesized membrane with DW and BS.
Nafion 212 Nafion 117 SB-LCM SCB-LCM
Stage Weight (g) Awt(g) Weight (g) Awt (g) Weight (g) Awt(g) Weight(g) Awt(g)
DW
Initial 0.032 - 0.080 0.072 - 0.071 -
Final 0.052 0.020 0.126 0.046 0.223 0.151 0.133 0.062
Dry 0.033 0.001 0.081 0.001 0.070 0.002 0.070 0.001
Initial 0.031 - 0.082 0.048 - 0.102 -
Final 0.051 0.037 0.118 0.036 0.136 0.098 0.169 0.067
Dry 0.041 0.010 0.088 0.006 0.064 0.016 0.110 0.008

inverted, positioning the liquid in direct contact with the sample
to simulate the most severe biofouling condition. Additional
water and CO: gas byproducts were produced to create
excessive pressure, facilitating the forcing of water and/or gas
through the membrane. In cases where the sample exhibits high
porosity, large pore diameter, and good wettability, the
membrane sample can effectively disperse water. These
characteristics in the presence of BS contribute to free
percolation and do not facilitate regulated water leaks when real
YPD medium and yeast are used in MFC. Based on the
information provided earlier, it has been confirmed that SB-
LCM is not a suitable material to be used as a separator in a
microbial fuel cell (MFC). In contrast, materials such as NF 212,
NF 117, and SCB-LCM have demonstrated the ability to
withstand high levels of water and CO: pressure, especially
when an external pressure, referred to as BS, is applied to the
membrane's inner side. And as the flux rises, the liquid cannot
be percolated to the outside membrane.

In particular, where the liquid is transformed from DW into
BS, the SCB-LCM has the highest apparent permeability as any
other membrane sample (Figure 4d). When tested with BS, the
permeance of SB-LCM, NF 212, and NF 117 was almost the
same. Therefore, water and gas transport through SB-LCM is
more likely to occur under BS than under DW. SCB-LCM is a
promising biopolymer separator material for MFC and therefore
may be an alternative choice.

Figure 5 compares the relative drawings of the four samples.
As expected, the water contribution in DW only absorbs water
and is removed after drying almost entirely as shown in Figure
5a. When DW was replaced by BS, the situation was slightly
different (Fig. 5b). BS includes dissolved solids and yeast cells
that are likely to settle on the membrane and be absorbed in
pores and cannot be lost even after washing and drying. The
relatively high rate of absorption of SB-LCM and biofouling
occurrence was about 29% of total absorption, with a seventh of
total absorption of BS from a relative standpoint. The
contribution of biofouling to the SCB-LCM membrane is almost
a tenth of the total absorption and is somewhat closer to NF
117's performance. In the meanwhile, NF 212 is about half of the
overall absorption by the biofouling contribution. This indicates
a moderately high resistance to biofouling in the SCB-LCM
biopolymer membrane as seen in Table 1.

The rate of water diffusion through the SB-LCM and SCB-
LCM is contingent on the extent of swelling and the pathways
accessible for water molecules to traverse the interconnected
pores and voids within the polymer structure. SB-LCM, being

hydrophilic, feature polar hydroxyl groups in their molecular
structure. Upon contact with water, hydrogen bonding ensues
between the hydroxyl groups in starch and water molecules.
This interaction facilitates water uptake, causing the membrane
to swell as it absorbs water (Gao et al., 2021). The swelling of
SB-LCM creates pathways for water molecules to diffuse
through the polymer matrix. The rate of water diffusion through
the SB-LCM depends on the degree of swelling and the available
pathways for water molecules to move through the
interconnected pores and voids in the polymer structure. In
SCB-LCM, water diffusion is influenced by the combined effects
of both starch and carrageenan components. As mentioned
earlier, carrageenan is highly hydrophilic due to the presence of
sulfate groups, which enhance its interaction with water
molecules through stronger hydrogen bonding. When water
comes into contact with the mix-based membrane, it is readily
absorbed by both the starch and carrageenan regions. However,
the reduced porosity of the membrane results in lower water
uptake and swelling compared to starch-based membranes.
Consequently, water diffusion through SCB-LCM is typically
slower than in SB-LCM, aligning with the findings depicted in
Figure 5. Moreover, the presence of carrageenan also impacts
the selectivity of the membrane, potentially influencing the
transport of solutes alongside water (Yadav et al., 2022).

The phase change at the membrane-air interface is an
important aspect that can influence the performance of
membranes, especially in applications where the membrane is
exposed to air or gas phases. SB-LCM, being hydrophilic in
nature due to the presence of polar hydroxyl groups, tend to
interact strongly with water and readily absorb moisture from
the surrounding environment. When these membranes are
exposed to air or a gas phase, they tend to adsorb water vapor
from the air, leading to a phase change from a dry state to a
hydrated or swelled state. As the membrane absorbs water
vapor from the air, it undergoes swelling, which affects its
overall structure and properties. The increase in moisture
content at the membrane-air interface can lead to changes in
membrane thickness, porosity, and pore size distribution. This,
in turn, can influence the permeability of the membrane to
different gases and vapors. Moreover, the phase change at the
membrane-air interface can impact the selectivity of the
membrane towards certain gases. The existence of water
molecules at the interface could influence the interaction
between the membrane and particular gas molecules,
potentially modifying their transport behavior through the
membrane. SCB-LCM, is even more hydrophilic than SB-LCM
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Fig. 5 Relative wet and dry water uptakes of commercial and synthesized membrane with a) DW and b) BS

due to the presence of carrageenan with its sulfate groups.
However, the less pores number exhibit decreased moisture
uptake when exposed to air or gas phases. Similar to SB-LCM,
when the SCB-LCM comes into contact with air or a gas phase
containing water vapor, it undergoes a phase change from a dry
state to a hydrated or swollen state. The phase change at the
SCB-LCM results in insignificant swelling, which can not affect
both its structural integrity and gas transport properties.
Additionally, the presence of water molecules at the interface
may lead to preferential interactions with specific gases,
influencing their transport behavior through the membrane
(Diawara et al., 2021).

3.4 Electrochemical analysis

The use of a low-cost membrane on a single-cell MFC was
investigated, and its performance was evaluated based on its
resulted voltage and the MPD. Figure 6a depicts some of the
behaviors that can be seen. A similar phenomenon was seen on
the voltage curve of the MFC employing NF 117, NF 212, and
SCB-LCM. For SB-LCM, the rise in voltage was not too
significant from 0 to 42 hours since yeast entered the lag phase
(from 0.002 to 0.03 V), but there was a considerable increase in
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voltage from 42 to 60 hours as yeast underwent quick growth or
entered the logarithmic phase (from 0.03 to 0.06 V).
Furthermore, the voltage curves at NF 212 and 117 became
stationary, while at SCB-LCM, the voltage dropped owing to a
leak in the membrane caused by SCB-LCM absorbing too much
anolyte and breaking. In the meanwhile, a similar occurrence
occurred in SB-LCM, albeit at a quicker rate. When the
membrane was damaged at the 27th hour, the voltage
decreased dramatically. This demonstrates that SB-LCM easily
absorbs water and reduces the membrane's strength
(Christwardana et al., 2021).

Figure 6b demonstrates the MPD values for four different
membrane types used in MFCs. The highest MPD was achieved
by MFC using NF 117 at 61.74 + 6.73 mW/m?, followed by MFC
using NF 212 at 26.84 *+ 2.73 mW/m?2. Meanwhile, MFCs using
SCB-LCM achieved MPDs of about 15.77 + 4.34 mW/m?, while
MFCs using SB-LCM achieved the lowest MPD of around 6.77
+ 1.24 mW/m? This implies that the usage of SCB-LCM on
MFC has the ability to rival the NF 212, but it still has the
disadvantage of lower stability. Table 2 gives the complete
findings of the polarization analysis parameters Rint, MPD, the
current density at MPD, the voltage at MPD, and OCV.
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Fig. 6 a) Potential and b) power curves of MFC adopting commercial and synthesized membrane as separator
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Table 2
MPD, current density at MPD, voltage at MPD, and OCV of MFC adopting commercial and synthesized membrane as separator

Parameters Nafion 212 Nafion 117 SB-LCM SCB-LCM

MPD (mW/m?) 26.84+2.73 61.74+6.73 6.77 £ 1.24 15.77 £ 4.34

Current density at MPD (mA/m?) 390.71 420 283.93 237.36

Voltage at MPD (V) 0.069 £ 0.011 0.147 £ 0.035 0.024 + 0.003 0.066 + 0.035

OCV (V) 0.327 £ 0.010 0.560 £ 0.020 0.203% 0.021 0.223 £ 0.020

SCB-LCM might exhibit superior ionic conductivity in
comparison to SB-LCM. This heightened ionic conductivity
promotes more efficient proton transport and electron transfer
between the anode and cathode, resulting in increased power
generation. The swelling behavior of the membrane is crucial in
MFCs, as excessive swelling can lead to a decrease in ion
transport and membrane stability. SCB-LCM may exhibit more
controlled swelling behavior, maintaining a stable proton
exchange environment and optimizing power generation. The
unique combination of starch and carrageenan in SCB-LCM
could lead to synergistic interactions that enhance its
properties, resulting in higher power densities.

3.5 Techno-Economy analysis (TEA)

It is important to analyze the data from the Table 3 to
understand the techno-economic aspects of the four
membranes: Nafion 212, Nafion 117, SB-LCM, and SCB-LCM.
Regarding cost, SB-LCM and SCB-LCM stand out as the most
cost-effective options with costs of $0.34/g and $0.44/g,
respectively. On the other hand, Nafion 212 and Nafion 117 are
more expensive, with costs of $10.83/m? and $20/m?
respectively. The lower costs of SB-LCM and SCB-LCM suggest
potential advantages for large-scale applications where cost
reduction is crucial. The cost variations stem from the
differences in raw material prices and the manufacturing
processes of the membranes. Nafion membranes, being well-
established and commercially available, often come with a
higher price tag due to their production complexity and demand
in various industries. SB-LCM and SCB-LCM, being relatively
newer and less commonly used, might benefit from lower
material costs and simplified production methods, resulting in
more cost-effective options. The ratio of power-to-cost provides
insights into the cost-effectiveness of power generation for each
membrane. SB-LCM shows the highest power-to-cost ratio at
19.91 mW/m2USD, followed by SCB-LCM at 35.84
mW/m2USD. Nafion 212 and Nafion 117 demonstrate lower
power-to-cost ratios of 248 mW/m2USD and 3.09

Table 3

mW/m?2USD, respectively. The power-to-cost ratio highlights
the balance between power generation capability and the
associated cost. Nafion membranes, while efficient in power
generation, might not be the most cost-effective option, as the
relatively higher costs reduce the power-to-cost ratio. On the
other hand, SB-LCM and SCB-LCM, with lower -costs,
demonstrate a more favorable power-to-cost ratio, making them
attractive  candidates for cost-sensitive  applications.
Conversely, the cost-to-power ratio quantifies the cost required
to generate one mW of power. SB-LCM and SCB-LCM offer the
best cost-to-power ratios, requiring only 0.05 USD.m?/mW and
0.03 USD.m?*/mW, respectively. Nafion 117 and Nafion 212
have higher cost-to-power ratios of 0.32 USD.m?/mW and 0.40
USD.m?*/mW, respectively. The cost-to-power ratio emphasizes
the economic efficiency of power generation. SB-LCM and SCB-
LCM's lower cost-to-power ratios indicate that they require less
investment to produce one mW of power compared to Nafion
membranes. When considering the electrode area of 0.0007 m?,
the calculated cost-to-power ratios for SB-LCM and SCB-LCM
are 71.43 and 42.86 USD/mW, respectively. Notably, these
values significantly contrast with the findings of Wu et al. (2021),
whose research on immobilized microalgae-based MFCs
reported cost-to-power ratios as high as 490.46 USD/mW. This
comparison underscores the markedly lower cost implications
associated with our studied membranes, providing a distinct
economic advantage in the context of microbial fuel cell
technologies. This cost advantage makes SB-LCM and SCB-
LCM economically attractive for large-scale applications where
reducing the cost per unit of power generated is crucial.

The TEA reveals a trade-off between power generation
efficiency and cost-effectiveness. Nafion membranes offer high
power generation efficiency but may not be the most
economical choice, especially in applications that demand large
membrane surface areas or volumes. On the other hand, SB-
LCM and SCB-LCM offer cost-effective options with acceptable
power generation capabilities, making them suitable for

Ratio power-to-cost and ratio cost-to-power of MFC which adopting commercial and synthesized membrane as separator

Ratio power-to-cost Ratio cost-to-power

Membrane Type MPD (mW/m?) Cost* (USD)

(mW/m?2.USD) (USD.m?*/mW)
Nafion 212 26.84 10.832 2.48 0.40
Nafion 117 61.74 202 3.09 0.32
SB-LCM 6.77 0.34° 19.91 0.05
SCB-LCM 15.77 0.44° 35.84 0.03

*Membrane cost only for 25 cm?

2 based-on sigma Aldrich price and then adjusted based on area of 25 cm?

® based-on local market price

ISSN:

2252-4940/© 2024. The Author(s). Published by CBIORE



M.Christwardana et al

applications with budget constraints or where cost efficiency is
a priority.

4, Conclusion

This study aimed to address the issues associated with costly
and environmentally harmful membranes used in MFCs. The
main objective was to create an affordable alternative
membrane by developing a blend of starch and carrageenan,
known as SCB-LCM. The dominant concerns related to
commercially accessible membranes, such as Nafion, which
include their excessively high prices, limited sustainability, and
negative environmental impacts, have prompted the need to
investigate more economically and environmentally feasible
substitutes. The rigorous synthesis and thorough
characterization techniques used in the development of the
SCB-LCM membrane produced remarkable outcomes. The
membrane demonstrated an exceptional dehydration rate of
98.87% over a span of six hours, exceeding expectations and
indicating its effectiveness in resolving water management
issues in the MFC system. In addition, the examination of the
surface using SEM revealed a smooth shape without any pores,
indicating that the membrane has good integrity and
performance. The SCB-LCM membrane was shown to be
superior than existing membranes, such as Nafion 117 and
Nafion 212, via comparative tests. The SCB-LCM membrane
demonstrated superior endurance by demonstrating little
weight loss throughout a 25-hour testing period, highlighting its
resilience and long-term stability in MFC applications. In
addition, the MFCs that used the SCB-LCM membrane
demonstrated a very competitive maximum power density of
15.77 + 4.34 mW/m? placing it in a favorable position
compared to commercially available alternatives. In addition to
performance measurements, the economic feasibility of the
SCB-LCM membrane was a crucial part of its evaluation. The
cost-to-power ratio for MFCs using SCB-LCM was determined
to be 0.03 USD.m?/mW, demonstrating its cost-effectiveness
compared to Nafion. This discovery has important implications
for the wider implementation of MFC technologies, because
economic factors frequently determine whether they are
feasible and can be scaled up. To summarize, the suggested
SCB-LCM membrane proved to be a versatile solution,
effectively resolving the noted issues linked to traditional
membranes. The impressive performance parameters of SCB-
LCM, including dehydration rate, surface morphology,
durability, and power production, make it a potential, cost-
effective, and environmentally friendly alternative to Nafion in
the field of MFC applications. These results highlight the
effectiveness of the present work and provide a strong basis for
future research efforts to advance sustainable membrane
technology in MFCs and related sectors.
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