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1Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of
Technology, Delft, Netherlands, 2Department of Materials Science and Engineering (MSE), Faculty of
Mechanical Engineering (ME), Delft University of Technology, Delft, Netherlands, 3Department of
Biotechnology, Faculty of Applied Sciences, Delft University of Technology, Delft, Netherlands

Biodegradable membranes are crucial for environmental applications, offering
sustainable and low-impact solutions. These membranes play a vital role in
biodegradable batteries by separating the anode and cathode while facilitating
protonmovement. The aim of this study is to develop a biodegradablemembrane
using biodegradable polymers such as chitosan (CS) and polyvinyl alcohol (PVA),
reinforced with filter paper. In this research, a cost effective, biodegradable
membranes using CS, PVA, and a 1:1 CS/PVA composite through solution-
casting method were synthesized. The membranes were reinforced with
cellulose filter paper and coated with water-resistant graphene conductive
ink. Performance metrics, including swelling ratios, water uptake, ion
exchange capacity, oxygen diffusion, proton conductivity, and degradation in
compost tea, were evaluated. Uncoated CS membrane exhibited the highest
water uptake (94.10%), while uncoated PVAmembrane demonstrated the highest
swelling ratio (150%) and ion exchange capacity (3.94 meq/g). Coated CS/PVA
membrane showed the lowest oxygen diffusion coefficient (0.058 × 10−5 cm2/s)
and the highest proton conductivity (1.74 mS/cm). All membranes exhibited slow
degradation over 100 days. The findings of this research have significant
implications beyond the laboratory, presenting a biodegradable, cost-
effective, and environmentally sustainable alternative to conventional
membranes. These membranes can be utilized in the construction of
biobatteries, which, in turn, can be employed to power low-cost devices.
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1 Introduction

For environmental applications, biodegradable membranes are crucial, as they offer an
environmentally sustainable approach for addressing pollution, while conserving natural
resources (Janakiraman et al., 2024). Applications include water electrolysis and wastewater
treatment, gas separation, bioenergy, and biobatteries production (Ehsani et al., 2022; Osman
et al., 2024). Biobatteries are part of the broader initiative to develop environmentally
sustainable energy storage solutions, which are essential for supporting renewable energy
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systems (Bertaglia et al., 2024). They represent a promising avenue in
sustainable energy technology, utilizing biological processes to
generate electrical energy (Fraiwan et al., 2016). These biobatteries
harness the power of microorganisms or enzymes to convert organic
matter into electricity through biochemical reactions (Gao et al.,
2020). Biobattery consist of an anode, a cathode, an electrolyte,
and a membrane (Hassanzadeh and Choi, 2015; Hassanzadeh and
Langdon, 2023). Membranes serve to keep the positive and negative
half-cells apart, preventing themixing of electrochemically active ions.
At the same time, they allow the necessary ionic conductivity for
specific ions that are not electrochemically active, such as H+(Fraiwan
and Choi, 2014; Long Doan et al., 2015; Yogesh and Srivastava, 2022).
Also, they are impermeable to fuel and oxidizing gases (Vilela et al.,
2019). Proton exchange membranes (PEM) are specialized
membranes that facilitate the passage of protons across their
surfaces (Fraiwan and Choi, 2014). This proton transfer through
the PEM, occurring between the anode and cathode, is essential for
maintaining electroneutrality (Lee and Choi, 2015). Commercially
available PEMs are costly and non-degradable (González-Pabón et al.,
2019), because they are fabricated using nafion, sulfonated
polybenzimidazole, polysulfone, and sulfonated poly (ether ketone)
(Wang L. et al., 2019; Sharma et al., 2024). In addition, nafion exhibits
poor durability and low power density, and upon disposal, it releases
numerous perfluorinated compounds, including toxic
perfluorocarboxylic acids and other environmentally persistent and
bioaccumulative substances (Brito dos Santos et al., 2024). Due to
these aforementioned limitations, these membranes are not suitable
for biobattery construction (Sharma et al., 2024). Hence, there is a
need of alternative membranes which can be suitable in the
construction of such biobatteries.

Biopolymers can be utilized for membranes preparation in
biobatteries, owing to their sustainability, environmental benefits,
and functional properties (Galiano et al., 2018; Muhamaruesa and
Isa, 2020; Joshi et al., 2024; Patra et al., 2024). These biopolymers also
provide a low-cost alternative to traditional membranes, contributing
to cost reduction, biodegradability, and high strength owing to their
robust intramolecular and intermolecular hydrogen-bonding
networks. These properties makes them as valuable materials for
applications requiring durability and stability (Cox and Litwinski,
1979; Wang L. et al., 2019; Wang L. et al., 2023). Various biopolymers
are available in market, such as Chitosan (CS), Polyvinyl Alcohol
(PVA), Polylactic acid (PLA) etc., as described in (Ghanbarzadeh
et al., 2013; Alday et al., 2020; Reddy et al., 2021), which can be
employed for the preparation of membranes. CS is a naturally
occurring polysaccharide in animal based biomass resources that
has various advantages, such as an eco-friendly nature, flexibility
for structural modification, high hydrophilicity, cost efficiency,
improved chemical stability, and the ability to form a membrane
(Mukoma et al., 2004; Dharmadhikari et al., 2018; Muhmed et al.,
2020; Zhao et al., 2020; Sheth et al., 2024). CS based membrane has
been fabricated by blending with nanocellulose (nanoscale fibers of
cellulose) and also by combining two or more polymer layers,
particularly with a solid support layer for dimensional stability
(Zhao et al., 2020). For example, Song et al. (2024) has fabricated
CS nanofiber paper membrane via a papermaking process to use in
lithium-ion batteries, Yang et al. (2022) designed CS modified filter
paper separator for aqueous zinc batteries, and Guo et al. (2023) used
CS hydrogel polyelectrolyte-modified cotton pad as dendrite-

inhibiting separators in aqueous zinc-ion batteries. Also, Tian et al.
(2024) fabricated a multifunctional membrane from polydopamine-
modified waste paper and hydrothermal carbonized CS, through
simple vacuum filtration for separating oil-in-water emulsions and
for in situ dye removal under controllable pH conditions.

PVA is a biodegradable and water-soluble synthetic polymer with
reactive chemical functionalities (Halima, 2016). Through appropriate
modifications, in the chemical features of the PVA, it can be used as
membrane (Maiti et al., 2012; Surti et al., 2024). Raja et al. (2022) has
developed a paper-based ceramic separator using a low-cost paper
substrate functionalized by the wet-coating method using duo-
polymer (CS and PVA) and ceramic barium titanate nanopowder.
Ridwan et al. (2024) made conductive solid electrolyte membranes by
mixing potassium hydroxide (KOH), PVA, and glycerol with the
addition of nanocrystalline cellulose paper. Li et al. (2017) prepare the
a membrane by mixing cotton pulp with nylon (polyamide fiber),
vinylon (acetalized PVA fiber), and polypropylene fiber for zinc-silver
battery. Wang et al. (2020) fabricated a PVA/lyocell dual-layer paper-
based separator by dual-layer forming papermaking process for using
in Zinc -air batteries.

However, the incorporation of the above biopolymers into
cellulose paper, whether through impregnation or other methods,
results in increased vulnerability to swelling, water absorption, and
deterioration (Sahu and Gupta, 2022; Mohammed et al., 2023). This
susceptibility is particularly pronounced when the paper is stored in
highly humid environments or exposed to conditions of elevated
moisture making it not suitable for biobattery construction. To
address these issues, surface treatments such as sizing and coating
are often employed to enhance the water resistance properties of
cellulose paper. Modifying the wettability of the cellulose paper surface
with sizing agents or by applying hydrophobic coatings a water barrier
can be created to protect the paper frommoisture damage (Rhim et al.,
2006). Several significant studies have recently explored the use of
hydrophobic coatings. These coatings have been crafted from lignin-
based carbon nanospheres (Wen et al., 2024), ORMOCER®s, which
are inorganic–organic polymers (Solberg et al., 2023), diblock
copolymer PMMA-b-P (MA-FPOSS) (Pan et al., 2021), Photothiol-
X Ligations (Bretel et al., 2018), emulsions made from carnauba wax
and alcohol with Nano-TiO2 particles (Wang et al., 2017),
polyvinylidene fluoride (PVDF)/SiO2 microspheres (Gao et al.,
2017), polyhydroxybutyrate (PHB) particles mixed with
nanofibrillated cellulose (NFC) and plant wax (Rastogi and Samyn,
2017), and catechol (adhesive) moieties (García et al., 2014). Coated
paper can provide enhanced features by reducing the porosity and
roughness and improve the moisture barrier properties. If a barrier
coating layer is applied, the cellulose substrate becomes resistant to
humidity changes and as well as to dimensional instability (Agate et al.,
2018). However, only a limited number of studies have investigated the
application of conductive hydrophobic coatings on cellulose paper.
Coatings are often employed as a simple and cost-effective method to
improve the properties of paper substrates used in membrane
preparation. Some studies has coated membranes using conductive
inks such as by Li et al. (2022), where they have utilized carbon-based
conductive inks as coatings on membranes. Veerubhotla et al. (2017)
have applied coatings onWhatman filter paper, which served not only
as a support for electrode fabrication but also as a membrane in the
biobattery. They employed commercially available eyeliner containing
carbon nanoparticles and Fe3O4 as a conductive ink without any
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binder for the preparation of the membrane. Jenkins et al. (2012) have
used filter paper coated with conducting carbon ink in the biobattery
setup. As can be seen that there are a few studies done in which
membrane has been prepared using biopolymers impregnated with
cellulose paper coated with conductive ink. The cellulose filter paper is
utilized as reinforcement because it serves as a porous base for
membranes, providing a structure that can be easily saturated and
coated with casting solutions. The fibrous nature of filter paper results
in a complex and uneven surface, which is beneficial for membrane
applications. It improves lamination strength and membrane
performance without causing the support to swell or dissolve.
Additionally, the high crystallinity of filter paper ensures a stable
and durable structure for reinforcement (Prambauer et al., 2015; Tran
and Ulbricht, 2023). Also, the graphene conductive ink provides
exceptional electrical conductivity, flexibility, and potential for
environmentally sustainable formulations. In comparison to other
coatings, it demonstrates superior adhesion, high printing resolution,
and the ability to enhance conductivity (Saidina et al., 2019; Ashok
Kumar et al., 2022).

While biodegradable polymers like CS and PVA have been widely
studied, the integration of cellulose filter paper as a reinforcing
scaffold for these membranes remains underexplored. Notably, the
application of water-resistant graphene conductive ink as a coating on
biodegradable polymer membranes has not been previously reported.
Hence, in this study, eco-friendly and sustainable biodegradable
membranes were synthesized from cellulose filter paper by
impregnation with CS, PVA and 1:1 CS/PVA, followed by the
coating with the mixture of graphene conductive ink and
respective polymer CS, PVA and 1:1 CS/PVA. This study will help
to create a membrane for biobatteries. they can power low-energy
devices like soil moisture sensors. They can also be used in fuel cells
that conduct protons, in water treatment to clean or remove salt, in
eco-friendly packaging because they break down naturally, and in
medical devices like temporary implants or systems that deliver drugs.

2 Experimental materials and methods

2.1 Materials and chemicals

All chemicals were analytically pure and used without further
purification. Cellulose filter paper, with a 7.5 cm diameter and
200 μm thickness, and an average pore size of 1.5 μm, was
purchased from Ahlstrom (Helsinki, Finland), Polyvinyl alcohol
(molecular weight - 146,000–186,000, 99+% hydrolyzed), and
Chitosan (high molecular weight) were purchased from Sigma-
Aldrich. Conductive ink with graphene was purchased from
FWG Limited, United Kingdom. PK booster compost tea was
purchased from Biotabs (Netherlands).

2.2 Membrane synthesis

Membranes were prepared using the solution casting method.
Initially, the polymers were dissolved in the solution, subsequently,
the filter paper was immersed in it, and then dried in an oven at 60°C.
Following this, the conductive ink was applied on the membrane
using a paint brush. The detailed procedure is described in the

subsequent subsections. Figure 1 illustrates the schematic of the
membrane preparation method.

2.2.1 CS membrane
An aqueous solution of CS at a concentration of 2% (w/v) was

prepared by dissolving 4 g of CS in 200 mL of acetic acid aqueous
solution containing 2% (v/v). The mixture was stirred for 12 h at
room temperature at 1000 rpm. To reduce the thickness of the
solution, 150 mL of acetic acid was added to the previously prepared
solution, and the mixture was stirred for one more hour. The
solution was then filtered and stored at 4°C for 24 h.
Subsequently, a 6 cm × 6 cm filter paper was immersed in the
CS solution for 2 min to allow the CS solution to be absorbed by the
filter paper, which was then left to dry at room temperature for 24 h.
The filter paper was then dehydrated at 60°C for 6 h in an oven. The
dry weight of the membrane was then measured to determine the
amount of solution that had been absorbed by the filter paper.

The membrane was neutralized with 2 M NaOH for 5 min and
washed with Milli-Q water. It was then crosslinked by immersion in
0.5 M H2SO4 for 24 h at room temperature. To remove excess cross-
linking agent, the membrane was dipped in Milli-Q water and
allowed to dry for 24 h at room temperature. The weights of the
membranes were measured after cross-linking.

2.2.2 PVA membrane
PVA (10 g) was added to 100 mL of Milli-Q water (10% (w/v)

aqueous PVA solution) and allowed to hydrate for 24 h. PVAwas then
dissolved by stirring at 500 rpm at 80°C for 2 h. The filter paper of size
6 cm × 6 cm, was then dipped in the PVA solution for 2 min, allowing
the PVA solution to be absorbed by the filter paper. The filter paper
was left to dry at room temperature for 24 h, and then at 60°C for
another 6 h. The dry weight of the membranes was measured to
determine the amount of solution absorbed by the filter paper.

The membranes were then treated with a 10% (v/v) solution of
hydrogen peroxide for 1 h, washed, and crosslinked with a 10% (v/v)
solution of sulfuric acid for 12 h. The weights of the membranes were
measured after crosslinking.

2.2.3 CS/PVA membrane
Aqueous solutions of PVA and CS were mixed at a 1:1 (v/v) ratio

(Ambili et al., 2019) and stirred for 2 h at 500 rpm. After mixing, the
solution was stored at 4°C for 24 h. Filter paper, measuring 6 cm ×
6 cm, was dipped in the CS/PVA solution for 2 min to allow the CS/
PVA solution to be absorbed. The filter paper was left to dry at room
temperature for 24 h and then dehydrated for 6 h in an oven at 60°C.
The dry weights of the membranes were measured to determine the
amount of solution absorbed by the filter paper.

The obtained membranes were neutralized with 2 M NaOH for
5 min and washed with Milli-Q water. Cross-linking was performed
by immersing the membrane in 0.5 M H2SO4 for 24 h at room
temperature, followed by dipping in Milli-Q water to remove excess
cross-linking agent. The membranes were then allowed to dry at
room temperature for 24 h. After crosslinking, the membrane
weights were measured.

2.2.4 Graphene conductive ink solution
5 g of conductive graphene ink is mixed with 5 g of polymer

solution of CS, PVA, and CS/PVA to prepare the conductive ink
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solution. The conductive ink solution mixture was stirred for 24 h at
200 rpm using a magnetic stirrer which results in 1:1 (Graphene ink:
of CS, PVA, and CS/PVA) conductive ink solution. Subsequently,
these 1:1 mixtures were coated on the polymer membranes using
paint brush in two layers on one side of the membranes.

2.3 Membrane performance studies

2.3.1 Swelling ratio and water uptake capacity
2.3.1.1 Swelling ratio

The swelling ratios of the prepared membranes were calculated
using the procedure described by González-Pabón et al. (2019) and
the following equation:

Swelling ratio %( ) � Twet − Tdry

Tdry
× 100 (1)

where Twet represents the thickness of the wet membranes obtained
after soaking inMilli-Q water for 24 h and Tdry is the thickness of the
respective dry membranes. The thickness of the membranes was
measured using a digital vernier caliper (range: 0–150mm; accuracy:
0.2 mm; resolution: 0.1 mm). Measurements were taken at various
locations on the membranes, and the average thickness was
subsequently calculated.

2.3.1.2 Water uptake capacity
The water uptake capacity was determined by measuring

membrane weight changes during the hydration process
(González-Pabón et al., 2019). The membranes were first dried in

an oven at 30°C for 15 h, and then weighed (Wdry). After drying, the
membranes were immersed in Milli-Q water for an initial period of
1 min, wiped with tissue paper, and immediately weighed (Wwet).
The procedure was repeated for several times. Finally, the
membranes were stored in Milli-Q water and maintained at
room temperature for 24 h to avoid the warping of the
membrane and use them for subsequent experiments. The water
uptake (W%) was calculated using the following equation:

Water uptake capacity %( ) � Wwet −Wdry

Wdry
× 100 (2)

where Wwet represents the weight of the wet membranes obtained
after soaking in Milli-Q water and Wdry is the weight of the
respective dry membrane.

2.3.2 Ion exchange capacity (IEC)
IEC is a measure of the number of ions that a material can

exchange. IEC was calculated using an acid-base titration method
according to the procedure described by González-Pabón et al. (2019).
Circular membrane pieces (12.57 cm2) were weighed and subsequently
immersed in 1 MH2SO4 aqueous solution for 24 h to saturate the ion-
exchange sites of the membrane with hydrogen ions (H+).
Subsequently, the membranes were thoroughly washed with Milli-Q
water to eliminate any residual H2SO4 and retain only the H+ ions
bound to the ion exchange sites on the membrane. Then the obtained
membranes were subsequently immersed in 50 mL of 1 M NaCl
solution for 24 h. Throughout this time frame, the H+ ions within the
membrane were substituted with Na+ (sodium ions) from the NaCl
solution, thereby allowing H+ ions to be released into the solution, and

FIGURE 1
Schematic diagram of CS, PVA, and CS/PVA membranes prepared by solution casting method.
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making it acidic. The solution containing the released H+ was then
titrated with a 0.01 M NaOH basic solution using phenolphthalein as
an indicator. Phenolphthalein indicator was prepared by adding 1 g of
Phenolphthalein powder in 100 mL solution containing 50 mL of
ethanol and 50 mL of Milli-Q water. This indicator is commonly
employed to evaluate the electrochemical properties (Li et al., 2022).
This colorless indicator underwent a change to pink upon titration as a
result of the H+ ions released from the membrane being neutralized by
the OH− ions from the NaOH solution. When the pH of the solution
reaches 8.2 or above, a color change occurred, resulting in a pink
solution. The IEC (meq/g) values of the dry membranes were
calculated using the following equation.

IEC � VNaOH × SNaOH
Wdry

(3)

where VNaOH is the volume of NaOH spent during titration and
Wdry is the dry weight of the membrane (g).

IEC specifies the number of ions that a membrane can exchange
within a solution. A higher IEC signifies that the membrane can
exchange a large quantity of ions.

2.3.3 Conductivity determination
Understanding the proton conductivity is essential for designing

batteries that ensure efficient energy transfer for improved performance
and higher energy efficiency. The mechanisms to describe proton
transfer across the membranes (usually the main charge transporter)
are related to the “Grotthussmechanism,”where protonsflow fromone
proton carrier to another. In this case, the proton moves through
proton carrier molecules with functional groups, such as -NH2, -NH3

+,

or -SO3H, which dissociate H
+ and form hydrogen bonds. There is also

a second mechanism called the “vehicle mechanism.” In this
mechanism, protons combine with water molecules to produce
hydronium ions (e.g., H3O

+, H5O2
+, and H9O4

+), which can migrate
through a stream of water (González-Pabón et al., 2021).

Electrochemical impedance spectroscopy (EIS) measurements
were carried out using 3 electrode system setup to obtain the
specific conductivities of all the synthesized membranes (Panawong
et al., 2022) and to determine the effect of the conductive ink coating on
proton conduction compared to uncoated membranes. EIS
experiments were performed using an Autolab PGSTAT302N
potentiostat equipped with an FRA impedance module at open-
circuit potential (Rezaei Niya and Hoorfar, 2013; Magar et al.,
2021). The impedance of a material, which is a measure of its
opposition to alternating current (AC), is composed of two
components: resistance (real impedance) and reactance (imaginary
impedance). Conductivity measurements were performed on both
coated and non-coated membranes. The analysis was performed in
the frequency range of 0.1 Hz and 105 Hz with an amplitude of 0.01 V
at room temperature under 100% relative humidity (RH) by immersing
the membranes in Milli-Q water before each measurement.
Conductivity was calculated using the following equation:

σ S
cm

( ) � d
Rs × S

(4)

where σ is the conductivity (S/cm), d is the electrode distance (cm),
RS is the resistance obtained from the impedance data (Ω), and S is
the membrane area (cm2) (Tabata et al., 2022).

2.3.4 Oxygen diffusivity determination
Oxygen diffusivity play a significant role in battery design

because oxygen is an electron acceptor (Ucar et al., 2017). It is
essential to avoid competition between the electron acceptor used in
the battery and oxygen. The tests were performed in an H-type
reactor. Oxygen concentrations were measured in the anode
chamber using a dissolved oxygen (DO) probe (G1610,
Greisinger, Germany) (precision ±0.2 mg/L). Prior to the
measurement, the DO probe was inserted into the anode
chamber containing water (250 mL) and was made airtight after
purging with pure N2 gas to remove dissolved oxygen from the
anode chamber. The concentration of dissolved oxygen in the
anodic chamber was periodically recorded to observe oxygen
diffusivity from the cathode chamber to the anode chamber.

The oxygen mass transfer coefficient kO2 (cm/s), which
characterizes oxygen permeability, was calculated from the
cathode to the anode chamber over time using the mass balance
in Equation 5 (González-Pabón et al., 2019):

kO2 �
−V

A × T
× ln

CO2 − C
CO2

( )[ ] (5)

where V is the volume of the anode chamber (300 mL i.e 300 cm3), A
is the cross-sectional area of the membrane (12.57 cm2), CO2 is the
saturation concentration of oxygen in the water (assumed to be
7.8 mg/L), and C is the concentration of oxygen in the anode
chamber at time ‘T (sec)’ (mg/L).

The oxygen diffusion coefficient (D0, cm
2/s) was calculated

using the wet membrane thickness (Twet) (González-Pabón
et al., 2019):

D0 � kO2 × Twet (6)

2.3.5 Linear sweep voltammetry (LSV) studies
The performance of the circular membranes (12.57 cm2) was

evaluated by polarization studies. The membrane was used as a
separator in an H-type reactor, where the anodic and cathodic
compartments were 300 mL each, respectively. Platinum electrode
(1 cm × 1 cm) and carbon felt (1 cm × 2 cm) were used as anode and
cathode, respectively. The anode compartment was filled with
300 mL of Milli-Q water, whereas the cathode compartment was
filled with 150 mL of a phosphate buffered (0.1 M, pH 7) solution
containing potassium ferricyanide (150mL, 0.1M), in order to avoid
cathodic limitations. Linear sweep voltammetry (LSV) was
performed in the potential range of 0–2 V at a scan rate of
1 mV/s using a Squidstat Potentiostat.

2.3.6 Degradation testing in compost tea
Biodegradation tests of membranes were performed in 100%

composted tea. First, compost tea was prepared according to (Marín
et al., 2013; Atreya et al., 2023), with a 1:3 (v:v) compost: water ratio
in a 0.9 L PET flask. Non-aerated compost tea was used, in which the
compost was suspended inMilli-Q water at the proportion indicated
and stored at 20°C for seven days in the dark with periodic
homogenization. After 7 days, the compost tea was filtered
through a sieve and used for testing. In total 6 samples of size
2 cm × 1 cm were cut from the main membrane. They were then
dried in an oven at 50°C for 1 h, and their initial weight was

Frontiers in Membrane Science and Technology frontiersin.org05

Meshram et al. 10.3389/frmst.2025.1552368

https://www.frontiersin.org/journals/membrane-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frmst.2025.1552368


measured (mi), after which two samples were immersed in three
bottles, each of 25 mL of compost tea, for the desired days under
airtight conditions. After 5, 50, and 100 days, the samples were
removed and dried at 50°C, and the final weight (mf) of the
membranes were measured. The degradation is calculated by
finding out the percentage weight loss by the formula,

Percentage weight loss(%) � mi −mf( )
mi

[ ] × 100 (7)

where mi is the initial weight and mf is the weight remaining after
immersing the membranes in the compost tea.

2.3.7 Characterization of membranes
The hydrophobicity/hydrophilicity of the prepared membranes

was quantified by measuring the contact angle of a water droplet
with an optical tensiometer (Theta Lite, TL100-TL101) by using the
sessile drop method. The contact angle was measured immediately
after putting water droplet on the membrane surface (t = 0). The
water droplet was left undisturbed for 5 min on the CS membrane
and 10 min for PVA and CS/PVA membranes before remeasuring
the another contact angle. The surface morphology and
microstructure characteristics of membranes were studied using a
scanning electron microscope (SEM, JSM-IT800). The thermal
stability of membranes was investigated using thermogravimetric
analyzer (TGA, Netzsch STA 409 C/CD) instrument under argon
(Ar) atmosphere, in the range of 25°C–600°C and heating rate was
20°C min−1. The mechanical properties of the membranes were
assessed using a Z010 material tester (Zwick, Ulm, Germany). Test
specimens were excised frommembranes that had been immersed in
Milli-Q water for 7 days, with dimensions of 60 mm in length and
10 mm in width. Prior to testing, the specimens were dried using
tissue paper. The tensile measurement were performed on strips
with dimensions of 10 mm × 60 mm at room temperature with a
crosshead speed of 2 mm/min. Subsequently, the mechanical
properties (tensile strength, young’s modulus, and elongation at
break) were determined.

All experiments were performed in triplicate, and descriptive
statistics were applied using Origin software to calculate the mean
and standard deviation values.

3 Results and discussion

3.1 Swelling ratio and water uptake capacity

Figures 2A–C illustrate the water uptake capacity (%), swelling
ratio (%) (based on thickness), swelling based on area (i.e., in-plane
direction) of the CS, PVA, and CS/PVA membranes, wherein
uncoated samples are represented as plain and ink coated
samples as hatched. These values were calculated using Equations
1, 2 and has been shown in Table 1. The CS membrane exhibited the
highest water uptake capacity (94.10%), followed by PVA (63.87%)
and CS/PVA (54.44%) in uncoated samples. CS membrane exhibits
significantly higher water absorption capacity than PVA membrane
because of its distinctive structure and the presence of ionotropic
cross-links. Whereas PVA membrane exhibits lower water
absorption owing to its differing chemical structure and cross-
linking behavior, which constrains its hydrophilicity relative to

CS-based materials (Sangeetha et al., 2022). In addition, the
absorption of water in PVA membrane is lower due to the
formation of intramolecular hydrogen bonds between adjacent
hydroxyl (OH) groups, which effectively reduces the number of
water molecules that can be hydrated per OH group.While each OH
group can attract water, PVAs retain only approximately
2–2.2 water molecules in aqueous solution (Satokawa and
Shikata, 2008).

PVA membrane (150%) showed the highest swelling ratio
compared with CS membrane (2%) and CS/PVA membrane
(111.67%) in the uncoated samples. Interestingly, the swelling
ratio of the CS uncoated membrane was found to be almost
negligible in comparison to the other membranes. This
phenomenon can be attributed to the cellulose filter paper in CS,
which, when exposed, exhibits a robust network structure formed by
extensive hydrogen bonding among cellulose fibers. This structure
effectively prevents swelling despite significant water uptake. The
cellulose filter paper fibers are clearly depicted in Supplementary
Figure S2A. Also, the compact arrangement ensures mechanical
integrity and stability, enabling the membrane to function efficiently
without excessive expansion (Li et al., 2021). The data depicted in
Figures 2A,B indicate that the ink coated membrane (hatched lines)
exhibited a lower water uptake capacity [CS (59.62 %), PVA (59.06
%), and CS/PVA (17.08 %)], and a lower swelling ratio [CS (1.50 %),
PVA (127.27 %), and CS/PVA (10 %)] compared to the uncoated
samples (plain lines). This suggested that the ink coating impeded
the ability of the samples to absorb water. The water uptake and
swelling ratio are low in the coated membranes because graphene is
hydrophobic and repels water (Sun et al., 2023), creating a physical
barrier on the cellulose fibers. This makes it harder for water
molecules to penetrate (Wang J. et al., 2019) and acts as a
structural reinforcement for this study. As the ink dries, it forms
a network of interconnected flakes that strengthen the paper matrix.
This reinforcement helps the paper to resist the internal pressure
caused by the absorbed water, thereby reducing swelling (Gambhir
et al., 2015).

To assess the swelling of the membrane based on area (i.e., in the
plane direction), a rectangular strip of membrane measuring 10 mm
in width and 60 mm in length was excised from the membrane, and
the rectangular area was calculated. The swelling of the membrane
was observed to be negligible, potentially due to the cellulose paper,
which restricts the membrane’s swelling in both length and width
directions (i.e., in-plane) (Lee et al., 2016). Cellulose fibers in filter
paper exhibit anisotropic swelling behavior, with greater expansion
in the thickness direction than in-plane. This structural arrangement
of aligned and bonded fibers restricts the membrane’s swelling in the
in-plane direction (Bloch et al., 2024; Hubbe et al., 2024).

3.2 Ion exchange capacity (IEC)

Figure 3 illustrates the IEC of the uncoated (plain) and ink
coated (hatched) CS, PVA, and CS/PVA membranes in terms of
milliequivalents per gram (meq/g). The IEC values were calculated
using Equation 3 and are shown in Table 1. In the bar graph, the
x-axis represents the membrane, and the y-axis represents the IEC.
The plot indicates that the uncoated PVA (3.94 meq/g) membrane
has the highest IEC, followed by the CS (1.82 meq/g) and CS/PVA
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(1.50 meq/g) membranes. While for the coated membranes, IEC
values decreased for all the three membranes: CS (0.61 meq/g), PVA
(2.88 meq/g) and CS/PVA (0.71 meq/g). This could be because the
ink coating acted as a barrier, preventing the ions from reaching the
exchange sites on the membrane. The difference in performance
between the coated and uncoated membranes was minimal for the

PVA membranes. The IEC values in theory are approximately
3.1 for CS, around 11.6 for PVA, and about 7.36 meq/g for the
CS/PVA.

Among the uncoated membranes, PVA exhibited the highest
IEC at 3.94 meq/g, followed by CS at 1.82 meq/g, and the CS/PVA
at 1.50 meq/g. The application of a graphene ink coating resulted
in a reduction of IEC across all membrane types: CS decreased
from 1.82 to 0.61 meq/g, for PVA from 3.94 to 2.88 meq/g, and for
CS/PVA from 1.50 to 0.71 meq/g. This coating likely acted as a
barrier, impeding ions from accessing the exchange sites on the
membrane, potentially obstructing pores or functional groups
involved in ion exchange. Other factors influencing IEC include
the chemical structure, where PVA’s configuration provides more
ion exchange sites than CS, crosslinking, which can affect the
availability of these sites, and hydrophilicity, as more hydrophilic
materials generally exhibit higher IEC. Additionally, graphene’s
hydrophobic nature might reduce the water uptake necessary for
ion transport. The smallest difference between coated and
uncoated membranes was observed in PVA, suggesting its
structure might still permit ion exchange despite the coating.
Theoretical IEC values exceeded measured ones, indicating that
not all potential exchange sites are accessible. Further experiments
are necessary to gain a deeper understanding of the behaviour of
these membranes. This could involve measuring IEC with
different coating thicknesses, examining the membrane surface
chemistry before and after coating, testing various coating
materials to evaluate their effects, and investigating ion
movement through coated membranes.

FIGURE 2
(A) Water uptake capacity, (B) Swelling ratio (based on thickness), and (C) Swelling area (in in-plane) of the membrane (plain graph -uncoated,
hatched graph - ink coated).

TABLE 1 Average water uptake, swelling ratio, ion exchange capacity and proton conductivities of CS, PVA, and CS/PVA membranes.

Membrane Water uptake (%) Swelling ratio (%) Ion exchange capacity
(meq/g)

Proton conductivity
(S/cm)

Uncoated Coated Uncoated Coated Uncoated Coated Uncoated Coated

CS 94.10 59.62 2.00 1.50 1.82 0.61 7.8 μ 0.73 m

PVA 63.87 59.06 150.00 127.27 3.94 2.88 31.8 μ 1.51 m

CS/PVA 53.44 17.08 111.67 10.00 1.50 0.71 5.87 μ 1.74 m

FIGURE 3
Ion exchange capacity of CS, PVA, and CS/PVAmembranes (plain
graph -uncoated samples, hatched graph - ink coated samples).
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3.3 Conductivity determination

Supplementary Figures S3A, S3B shows the electrochemical
impedance spectra of the CS, PVA, and CS/PVA membranes for
both uncoated and ink coated membranes respectively. The real
impedance, represented on the x-axis in ohms, and imaginary
impedance, represented on the y-axis in ohms, are illustrated in
Supplementary Figure S3. The EIS spectra indicated that the real
impedances of all three membranes were higher at lower frequencies.
This is because, at lower frequencies, the ions in the electrolyte havemore
time to diffuse into the membrane, which increases the resistance. At
higher frequencies, the ions have less time to diffuse and the impedance
decreases (Saghafi et al., 2023). The CS/PVA membrane exhibited the
highest impedance among the uncoated membrane samples, whereas
the CSmembrane showed the highest impedance for the coated samples.
The utilization of ink coating has a profound impact on the impedance
of themembranes. Notably, the impedance of the coatedmembrane was
lower than that of the uncoatedmembrane. This can be attributed to the
fact that the graphene-based conductive ink applied to membranes
improves the electrochemical properties, generates more interconnected
channels for proton transfer, and facilitates efficient proton transfer
across the membrane (Ahmed et al., 2023; Kushwaha et al., 2023;
Muhmed et al., 2023).

The proton conductivities of the membranes were calculated
using Equation 4 and are illustrated in Figure 4 and are reported in
Table 1. The PVA membranes exhibited higher conductivities than
the CS and CS/PVAmembranes. These results are in agreement with
the IEC data, where the highest IEC values were obtained with PVA
membrane as the IEC and the proton conductivity was directly
related (Wei et al., 2023). As reported in a previous study (Maiti
et al., 2012), the proton permeability of the CS/PVA membrane was
11.2 mS/cm. However, in our study, the proton conductivity was
found to be significantly lower 5.87 μS/cm when uncoated. This
difference may be due to the cellulose filter paper used as
reinforcement in the membranes, which may have impeded the
proton flow. However, when coated, the conductivity increased to
1.74 mS/cm, even when cellulose filter paper was used as the

reinforcement. This is in agreement with the study performed by
Khan et al. (2015), where they have shown that the graphene
enhances proton conductivity when blended with polymer.
However, in case of PVA these values are 31.8 μS/cm in
uncoated and 1.51 mS/cm in coated condition. The reduction in
proton conductivity in the PVA membrane after coating with
graphene can attributed to the high content of graphene
nanofillers blocking ionic channels, which restricts the free
movement of ions, thus hindering conductivity (Das et al., 2019).
The IEC of a membrane depends on its material composition,
structure, and surface treatments (Haldrup et al., 2016). CS
membrane with abundant amine groups and hydrophilic
properties, offers moderate proton exchange potential but has
low density of exchangeable sites, resulting in reduced
conductivity when uncoated (Palanisamy et al., 2023). When
coated with ink containing acidic groups, the IEC improves,
increasing conductivity. PVA forms flexible, water-retaining films
but lacks strong acidic groups for high IEC. Its high conductivity
indicates effective proton mobility, with coating providing slight
enhancement. The CS/PVA membrane shows decreased
conductivity when uncoated, likely due to phase separation (Aziz
et al., 2017). However, coating significantly improves performance
by introducing ion-exchange functionality and enhancing proton
transport. The coating boosts IEC by adding proton-conducting
groups and improving hydration, particularly in membranes with
lower intrinsic ion exchange potential, demonstrating the
importance of surface engineering for proton exchange applications.

3.4 Oxygen diffusivity measurement

The average oxygen concentration (mg/L) in the anode
chamber, measured for 5 h, is shown in Figure 5A (uncoated)
and Figure 5B (ink coated). These data are also given in Table 2,
along with the oxygen diffusion, oxygen mass transfer coefficient,
and oxygen diffusion coefficient which were calculated using
Equation 5, 6, respectively. The average membrane thickness for
the uncoated membranes is 0.01 cm for CS, 0.0183 cm for PVA, and
0.01 cm for CS/PVA. On the other hand, for the coated membranes,
the thickness is 0.01 cm for CS, 0.025 cm for PVA, and 0.0125 cm for
CS/PVA. The average oxygen concentration in the anode at the end
of 5 h was the highest for PVAmembrane (0.167 mg/L), whereas CS
and CS/PVA membranes exhibited the same value of 0.100 mg/L
when uncoated. However, in the coated membranes, these values
were 0.100 mg/L, 0.067 mg/L, and 0.033 mg/L for CS, PVA, and CS/
PVA, respectively. It can be seen that when the proton membranes
are coated, the oxygen concentration in the anode chamber is less
than that when uncoated because the graphene ink coating reduces
oxygen diffusion (Topsakal et al., 2012). This is because the
graphene coating creates a high-energy barrier that impedes the
movement of oxygen atoms, making it difficult for them to penetrate
through the membrane (Topsakal et al., 2012). The accuracy range
of the oxygen diffusion probe was found to encompass the oxygen
diffusion rates for all membranes, which was ±0.2 mg/L. Hence, no
definitive conclusions could be drawn regarding the accuracy of the
membranes based on data collected over a period of 5 h. To draw any
meaningful conclusions regarding the accuracy of the membranes, it
is necessary to conduct oxygen diffusion experiments over an

FIGURE 4
Proton conductivities attained for CS, PVA and CS/PVA
membranes. Plain graph - uncoated (left y-axis), hatched graph - ink
coated (right y-axis).
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extended period of time or utilize an instrument that can measure
significant variations in the oxygen diffusion rates more precisely.

When uncoated, PVA membrane has the highest value for the
oxygenmass transfer coefficient, which is 2.391 × 10−5 cm/s followed
by CS and CS/PVA membranes having the same value of 1.425 ×
10−5 cm/s. Compared to the uncoated membranes, the coated

membranes showed lower values for PVA (0.953 × 10−5 cm/s)
and CS/PVA (0.468 × 10−5 cm/s), but for CS, it was the same as
for uncoated membranes, which was 1.425 × 10−5 cm/s. The oxygen
diffusion coefficient was the highest in PVA membrane (0.437 ×
10−5 cm2/s) under uncoated and coated conditions (0.238 ×
10−5 cm2/s). In general, the coating reduces the oxygen mass

FIGURE 5
Average oxygen concentration (mg/L) of CS, PVA, and CS/PVA membranes. (A) uncoated, (B) ink coated.

TABLE 2 Oxygen diffusion, oxygen mass transfer coefficient and oxygen diffusion coefficient of CS, PVA, and CS/PVA membranes.

Membrane Oxygen diffusion (avg at t = 5 h)
(mg/L)

Oxygen mass transfer
coefficient kO2 (cm/s) (10–5)

Oxygen diffusion coefficient Do

(cm2/s) (10–5)

Uncoated Coated Uncoated Coated Uncoated Coated

CS 0.100 0.100 1.425 1.425 0.142 0.142

PVA 0.167 0.067 2.391 0.953 0.437 0.238

CS/PVA 0.100 0.033 1.425 0.468 0.142 0.058
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transfer and diffusion coefficients, with coated CS/PVA membrane
demonstrating the lowest values.

It is noteworthy that although the viscosity of the polymer
solutions (CS, PVA, and CS/PVA) likely affected the membrane
coating and thickness (Zong et al., 2021), quantitative viscosity
measurements were not conducted during membrane
preparation. This constitutes a limitation of the present study,
and future research will incorporate systematic viscosity
characterization to more accurately correlate solution properties
with membrane performance.

3.5 Linear sweep voltammetry (LSV)

The findings from the LSV curves, as illustrated in Figure 6A
(uncoated) and Figure 6B (ink coated), reveal that there is a
negligible current density between 0 and 1 V, indicating an
electrochemical reaction in which no electrons are involved
within this potential range for both the uncoated and coated
membranes (i.e., CS, PVA, and CS/PVA). However, when the
voltage was increased to more than 1 V, a considerable increase
in the current flow was observed for the membranes, suggesting the
onset of an electrochemical reaction. Previous studies have shown
varied potential levels at which the current starts increasing, around
the values reported here. For example, CS (1–1.3 V) (Shukur and
Kadir, 2015), PVA (4.5 V) (Xiao et al., 2015), PVA - CS (1.70 V)
(Kadir and Arof, 2011), CS - PVA and potassium hydroxide (KOH)
(2 V) (Poosapati et al., 2021), CS with NH4SCN and glycerol
(2.09 V) (Aziz et al., 2021b), CS with DXN3 (1.54 V) (Aziz et al.,
2021a), PVA–CS with NH4I (1.33 V) (Shahab Marf et al., 2020), CS
with NH4NO3 and ethylene carbonate (1.8 V) (Ng and Mohamad,
2008), and PVA with dextran and NH4I (1.3 V) (Aziz et al., 2020)
were noted. If the current remains stable below 1 V, without any
sudden increase in current density, it can be considered as a positive
indicator because it helps to minimize solvent evaporation and
leakage within the electrochemical system. This is particularly
beneficial for preventing any potential issues that may arise
owing to solvent loss (Aziz et al., 2021a). For the uncoated and
coated membranes, there was no variation in the current density

between 0 and 1 V. For all the membranes (uncoated and coated),
the current started rising after 1 V, hence it can be concluded that
these membranes can be used in practical applications without
undergoing any damage. These results suggest that the coating
does not have a significant impact on the current density of the
membranes, as there is only a slight decrease in the highest current
density achieved by the coated membranes at a final potential of 2 V.

3.6 Degradation test

To create biodegradable batteries suitable for soil moisture
sensors, it is essential that they have a functional lifespan of at
least 100 days, as the typical growth period for crops ranges from
100 to 120 days (Wang et al., 2010). Given the significance of
biodegradable membrane as a crucial component of batteries, it is
vital to be aware of its degradation time. The study conducted on
degradation of the membranes yielded degradation values, in terms
of percentage of mass loss are listed in Table 3. These values were
found out using Equation 7. It can be seen that the membranes
degrade very slowly in 100 days at room temperature in compost tea
(in between 2 wt% - 5 wt%), which is in agreement with the results
shown in (Chiellini et al., 2003). Multiple factors may be responsible
for the reduced degradation of these membranes, such as the
polymer morphology, structure, chemical treatment,
environmental conditions, and molecular weight (Chiellini et al.,
2003; Samir et al., 2022). Previous studies have tested the
degradation of CS, PVA, and CS/PVA membranes at various
temperatures (Murmu et al., 2022; Vera et al., 2022) and have
shown that degradation occurs beyond 250°C (Ambili et al.,
2019; Vera et al., 2022). The degradation of CS occurs in the
temperature range of 200°C–300°C and 500°C–600°C (Schaffer
et al., 2018), and for PVA, it occurs at more than 50°C with a
99.9% degree of hydrolysis (Zhu and Ge , 2021). Based on these
results, it can be inferred that the CS, PVA, and CS/PVAmembranes
exhibit stability at room temperature and in the presence of compost
tea, membranes are not going under any degradation. Consequently,
these membranes can be utilized for extended periods under normal
environmental conditions without any degradation.

FIGURE 6
H-type reactor performance LSV curves of CS, PVA and CS/PVA membranes. (A) uncoated, (B) ink coated.
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3.7 Characterization

3.7.1 Contact angle
Contact angle measurements were conducted to determine

whether the membranes exhibit hydrophobic or hydrophilic
properties. Figure 7 shows the mean contact angle versus time of
all the three membranes at beginning and after 5/10 min waiting
time. Figure 8 shows photographs of contact angle measurements of
all the three membranes. It was observed that the water droplet was
gradually absorbed by the membranes, resulting in decreasing
contact angles after waiting time. The absorption rate was found
to be higher on CS membrane compared to on PVA and CS/PVA,
membranes. The hydrophobicity of the membranes exhibited the
following order for the membrane: CS/PVA > PVA > CS. The lower
contact angle of CS membrane is attributed to the water uptake
observation (Figure 2A), which illustrates that CS membrane
exhibits a higher water uptake capacity compared to PVA and
CS/PVA membranes. Study done by Tran et al. (2025) shows
that the contact angle of the CS/PVA composite blended with

graphene is significantly higher than the pure PVA, indicating
the improved hydrophobicity in the composite films. Notably, the
contact angle of all membranes decreased with time, regardless of
the polymers used. Increasing the PVA percentage reduces the
contact angle and hydrophilic characteristic of PVA in
comparison to CS (Campa-Siqueiros et al., 2020).

3.7.2 SEM
Figure 9 presents the SEM images of CS, PVA, and CS/PVA

membranes, each coated with a mixture of graphene ink and the
corresponding polymer blend. The SEM images of CS membrane
(Figures 9A1,A2) reveal that graphene flakes are readily observable.
The graphene dispersed within the CS solution exhibits irregular
wrinkled like structures. It can been that there are some uncovered
areas, where cellulose of filter paper is exposed. Long Cellulose fibers
are clearly visible in SEM images of CS shown in Supplementary
Figure S2. The SEM images of PVA membrane demonstrate that a
layer of graphene nanoparticles adheres to the surface of PVA
molecules, where a smooth surface can be seen suggesting that
the ink is uniformly distributed on the surface of the PVA
membrane. The SEM images of CS/PVA membrane display a
rough surface. Similar to CS membrane, there are some
uncovered areas on CS/PVA membrane as seen in Figure 9C1,
but smaller in area. Nano cellulose fibers are visible in both the CS
and CS/PVA membranes as observed by Li et al. (209), Younas et al.
(2019). To assess the coating thickness of the ink, SEM images were
takes on the cross section of membranes. Upon examining the cross-
section of the membranes, two distinct morphologies are evident:
one associated with the ink and the other with the polymer. The
absorption of ink into the CS membrane is observed to be non-
uniform. This variation is attributed to the thickness of the graphene
layer, where a thinner layer appears brighter and a thicker layer
appears darker (Park et al., 2012). The thin layer of graphene ink
exposes the underlying cellulose fiber, which is seen as brighter areas
in the cross-section. In the case of PVA, the absence of bright areas
indicates that the graphene ink blend is evenly distributed on the
PVAmembrane, forming a large dense layer (Eljaddi et al., 2021). In
the CS/PVA membrane, two distinct, evenly distributed layers are
visible, the upper darker layer is due to the graphene ink blend, while
the lower brighter layer is attributed to the CS/PVA membrane. The
absorption of the ink into the filter paper follows an increasing
order: CS < CS/PVA < PVA. Analysis of the SEM images indicates

TABLE 3 Degradation of CS, PVA, and CS/PVA membranes in compost tea (100% concentration).

Time
(days)

Membranes CS PVA CS/PVA

mi

(avg)
mf

(avg)
% Mass
loss

mi

(avg)
mf

(avg)
% Mass
loss

mi

(avg)
mf

(avg)
% Mass
loss

5 Coated 0.0255 0.0255 0.00 0.0545 0.0545 0.00 0.0295 0.0295 0.00

50 0.0265 0.0260 1.92 0.0565 0.0560 0.89 0.0280 0.0275 1.82

100 0.0255 0.0250 2.00 0.0555 0.0545 1.83 0.0290 0.0280 3.57

5 Uncoated 0.0240 0.0240 0.00 0.0510 0.0510 0.00 0.026 0.026 0.00

50 0.0265 0.0255 3.92 0.0510 0.0495 3.03 0.027 0.0265 1.89

100 0.0245 0.0235 4.26 0.0475 0.0450 5.56 0.026 0.025 4.00

FIGURE 7
Mean contact angle vs. time for CS, PVA, and CS/
PVA membranes.
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that a uniform ink coating layer cannot be achieved by manually
applying the ink on the membranes. Therefore, it is necessary to
employ the specialized coating technologies for applying graphene.
Furthermore, observations of the PVA membranes reveal that the
graphene ink is absorbed into the PVA. To prevent this absorption,
an additional coating is required between the graphene ink and the
PVA membrane, which will serve as a barrier to avoid ink
absorption.

3.7.3 TGA
Figure 10 shows TGA curves of CS, PVA, and CS/PVA

membranes coated with graphene ink. For CS, PVA, and CS/
PVA the TGA curves showed that at about 100°C, the weight loss
was about 1.5% which could be due to the loss of free water
trapped in the CS, PVA, and CS/PVA molecules. A significant

mass loss occurred at about 235°C, indicating the beginning of
degradation, which was due to with the loss of amino and
hydroxyl groups on CS membranes (Yang et al., 2018) and,
due to the degradation of the main chain of the PVA polymers
(Kandile and Nasr, 2023). At about 410°C, the weight loss was
about 30% and the rate of degradation decreased due to the rigid
and regular ring structure of CS (Yang et al., 2018). Generally, the
temperatures where the biobatteries were used ranges from
4–90°C maximum. The examples of the reported temperature
ranges of biobatteries are 4°C–25°C (Adekunle et al., 2019),
30°C–40°C (Mohammadifar and Choi, 2019), 65°C (Chen et al.,
2016), and 90°C (Cheng et al., 2015). From the TGA curves, it can
be seen that the three membranes investigated are stable below
100°C, hence these membranes can be used in the biobattery
applications.

FIGURE 8
Mean contact angle measurements of CS, PVA, and CS/PVA membranes. (A1) (CS, t = 0min), (B1) (PVA, t = 0min), (C1) (CS/PVA, t = 0min). (A2) (CS,
t = 5 min), (B2) (PVA, t = 10 min), (C2) (CS/PVA, t = 10 min).
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3.7.4 Mechanical properties
Figures 11A–D shows the Stress-strain curve, young“s”

modulus, tensile strength, and elongation at break respectively
which were extracted from the stress–strain curves of CS, PVA,
and CS/PVA membranes, while the Supplementary Table S1 shows
the exact calculated values from the test. The tensile measurements
were performed on strips with dimensions of 10 mm × 60 mm at
room temperature with a crosshead speed of 2 mm/min. The CS
membrane exhibited a tensile strength of approximately 1.28 ±
0.29 MPa, a tensile strain of 6.48% ± 2.47%, and a Young’s modulus
of 0.38 ± 0.23 MPa. The PVA membrane demonstrated a tensile
strength of about 0.58 ± 0.04MPa, a tensile strain of 11.43% ± 1.14%,
and a Young’s modulus of 0.07 ± 0.01 MPa. The CS/PVA
membrane, showed a tensile strength of approximately 3.73 ±
1.30 MPa, a tensile strain of 12.22% ± 0.29%, and a Young’s
modulus of 0.33 ± 0.08 MPa. The CS/PVA membrane showed
the highest tensile strength values compared to CS and PVA
membranes. The tensile strength of the CS, and PVA is lower
which shows that it has higher flexibility and hence the CS and
PVA membranes can be used in flexible biobattery design, as it was

FIGURE 9
SEM images of CS, PVA, and CS/PVA membranes after coating with graphene ink. Panels (A1, A2), (B1, B2), and (C1, C2) depict the surface
morphologies of the CS, PVA, and CS/PVAmembranes, respectively, while panels (A3-C3) shows the cross-sectional morphologies of thesemembranes.

FIGURE 10
TGA analysis of CS, PVA, and CS/PVA membranes coated with
graphene ink.
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shown that the flexibility and tensile strength has a inverse
relationship (Arpa et al., 2021). CS/PVA membrane showed the
highest elongation at break values compared to CS and PVA
membranes. Analysis of the data indicates that the selection of
membranes should be tailored to the specific requirements of the
applications. This is due to the absence of a consistent detectable
trend in the various tensile strength, stress-strain, and elongation at
break values.

4 Conclusion

This study illustrates the feasibility of fabricating biodegradable
membranes utilizing CS, PVA, and CS/PVA composites reinforced
with cellulose filter paper via the solution casting method. These
membranes were subsequently coated with a water-resistant,
conductive graphene ink to enhance their performance. The
uncoated CS membrane exhibited the highest water uptake
capacity at 94.10%, whereas the uncoated PVA membrane
demonstrated the highest swelling ratio (150%) and ion exchange
capacity (3.94 meq/g). Among all samples, the coated CS/PVA
membrane exhibited the lowest oxygen diffusion coefficient
(0.058 × 10−5 cm2/s) and the highest proton conductivity

(1.74 mS/cm). These findings suggest that the graphene-coated
membranes possess superior electrochemical properties compared
to their uncoated counterparts. All three membrane types exhibited
slow degradation over 100 days at room temperature in compost tea,
underscoring their potential for medium-term stability in water-rich
environments. The integration of cellulose filter paper
reinforcement and conductive graphene coating offers a
promising strategy for the development of biobatteries and other
biodegradable electronic devices. Characterization techniques such
as scanning electron microscopy (SEM), thermogravimetric analysis
(TGA), and contact angle measurements provided valuable insights
into membrane morphology, thermal stability, and surface
properties. Expanding the range of characterization tools could
further enhance the understanding of membrane behaviour and
performance. Future research should focus on optimizing
membrane composition by exploring different CS/PVA ratios,
alternative crosslinking methods, and modifications to improve
specific properties such as proton conductivity and mechanical
strength. The coating process could be refined to ensure more
uniform graphene ink distribution, potentially through
techniques such as spray coating, screen printing, or spin coating.
Additionally, varying the properties of the cellulose filter paper (e.g.,
thickness, pore size) and incorporating additives could further tailor

FIGURE 11
(A) Stress–strain curve, (B) Young’s modulus plot, (C) tensile strength plot, and (D) elongation at break plot of CS, PVA, and CS/PVA membranes.
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membrane characteristics. Potential applications of these
biodegradable membranes include biobatteries for low-power
devices such as soil moisture sensors, fuel cells leveraging proton-
conducting capabilities, water treatment utilizing selective
permeability for purification or desalination, eco-friendly
packaging due to their biodegradable nature, and biomedical
devices, including temporary implants or drug delivery systems.
Overall, this research opens promising avenues for the development
of sustainable materials and energy technologies. Balancing key
membrane properties such as water uptake, swelling, and
conductivity will be essential for optimizing performance in
targeted applications.
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