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The global scarcity of irrigation-grade water poses severe concerns in the agricultural sector. Desalination
techniques including reverse osmosis, electrodialysis, capacitive deionization, membrane filtration, and
multi-stage flash are some dynamic solutions to mitigate this challenge. In this study, novel bio-filter
materials were explored and developed for the application of membrane-based electrodialysis. Firstly,
a series of composites were synthesized comprising different compositions of carboxymethyl cellulose
(CMCQC), graphene oxide (GO), and Aloe vera to serve as cationic-selective membranes. Then desalination
abilities of the composite series were assessed through permselectivity and ion exchange capacity (IEC)
studies. Membrane matrix developed by integrating all the above three materials exhibited the highest
permselectivity and IEC. The composites were characterized using Fourier Transform Infrared
Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD). It was determined
that the designed composites can function effectively as cationic-selective membranes, while dried
banana leaves can serve directly as an anionic-exchanger in an electrodialysis apparatus. Optimal
performance was achieved when the pH of the system was maintained between 4.5 and 8.1. This system
successfully desalinated a 3.5% (w/v) sodium chloride solution, achieving ~75% desalination within 20

minutes. The potential to use banana leaves as a bio-filter material was explored in a parallel study. The
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Accepted 19th January 2025 results revealed that banana leaves dried for over 28 days at room temperature have high potential to

function as anionic-selective membranes effectively in the electrodialysis desalination process.
Altogether, this innovative approach offers a sustainable, eco-friendly and cost-effective solution for
electrodialysis based water desalination.
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1. Introduction

Despite water covering most of the Earth's surface, the world is
currently facing an escalating water scarcity crisis due to
insufficient access to potable and freshwater resources. Alarm-
ing statistics show that over two billion people struggle with
water shortages, while the agricultural sector accounts for more
than 70% of global water withdrawals." As a result, securing
adequate water resources for crop cultivation has become an
increasing challenge, particularly as the global population
continues to rise and the demand for food escalates. Desali-
nation techniques, which purify seawater and brackish water,
present a promising solution to address these challenges.
Traditional desalination technologies, such as reverse
osmosis (RO) and multi-stage flash distillation, are widely used
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but face significant challenges. These methods are energy-
intensive, expensive, and often rely on fossil fuels, contrib-
uting to environmental concerns. The high operational pres-
sures and maintenance costs associated with RO further limit
its feasibility, particularly in resource-constrained settings.
Electrodialysis (ED), on the other hand, presents a promising
alternative due to its lower energy consumption, operational
simplicity, and potential for energy optimization. ED operates
by applying a voltage across ion-exchange membranes to
selectively separate ions dissolved in water.” ED already
addressed many of the limitations associated with traditional
desalination technologies. Ion-selective membranes are essen-
tial for efficient electrodialysis (ED), but traditional and
commercially available synthetic membranes, often derived
from petrochemicals are costly, associated with high a ecolog-
ical footprint, and require complex manufacturing processes.*”
Innovative solutions are needed to balance high desalination
efficiency with reduced preparation costs and minimized envi-
ronmental impact, ensuring the broader applicability of ED in
addressing global water scarcity.*®

To address the challenges associated with existing synthetic
membranes, biofilter materials are being explored as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sustainable alternatives. This study explores novel bio-filter
materials, including Carboxymethyl Cellulose (CMC), Gra-
phene Oxide (GO), Aloe vera, and dried banana leaves, as
sustainable alternatives to synthetic membranes.

In this study bio-based cation selective membrane
membranes are composed of carboxymethyl cellulose (CMC),
graphene oxide (GO), and Aloe vera extract, combining to offer
an eco-friendly, cost effective and efficient alternative to tradi-
tional synthetic membranes. CMC, a biocompatible polymer
with intrinsic cation-exchange properties, serves as the struc-
tural framework for the membrane matrix.'® The carboxylate (-
COO™) groups in CMC create a high-density negative charge,
which attracts cations such as Na* and Mg”>* while repelling
anions like CI~ and SO,>". The hydroxyl (-OH) groups in its
cellulose backbone further enhance the hydrophilicity of the
membrane, facilitating water uptake and creating hydration
layers that support efficient ion transport.*>*

The incorporation of GO and Aloe vera extract into the CMC
matrix improves the membrane's properties. GO, a functional-
ized derivative of graphene, enhances the negative charge
density and forms strong electrostatic interactions with cations,
which improves ion selectivity.’*** Additionally, GO provides
excellent mechanical reinforcement to the polymer matrix,
enhancing the structural integrity of the membrane. The
oxygen-containing functional groups of GO can interact via
strong hydrogen bonding with CMC and electrostatic interac-
tions with charged species, allowing for tunable surface chem-
istry that enables the development of a more robust and
selective membrane.”'® Aloe vera extract, rich in poly-
saccharides and hydrophilic compounds, increases the negative
charge density and supports water retention, further enhancing
ion transport and hydration. Aloe vera also contains bioactive
ingredients like acemannan and anthraquinones, which have
natural antimicrobial properties, helping to reduce biofouling
in membranes and increase their lifetime and efficiency during
water treatment processes.'’?° These materials further improve
the mechanical strength, conductivity, and thermal stability of
the membranes, making them suitable for the demanding
operational conditions of the ED process.*>"”

In addition to cation-selective membranes, the study also
explores the use of bio-based anion-selective membranes. These
membranes typically rely on cationic functional groups in the
matrix to facilitate anion selectivity. In this study, dried banana
leaves (Musa spp.) were investigated as natural ion-exchange
membranes.*** Despite limited prior research on banana
leaves for membrane applications, studies have highlighted
their natural ability to regulate ions such as sodium (Na*) and
chloride (Cl7), suggesting inherent selective permeability.”*
Experimental analyses in our study revealed that banana leaves
dried for more than 21 days exhibited optimal permselectivity
with significantly high anion exchange capacity. Consequently,
banana leaves dried for 28 days were utilized as anion-selective
membranes in the ED desalination process.

The objective of this study is to develop and evaluate bio-
based membranes for sustainable desalination. Specifically, it
aims to (i) synthesize and characterize -cation-selective
membranes incorporating CMC, GO, and Aloe vera extract, (ii)
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assess their permselectivity and ion-exchange capacity, (iii)
explore dried banana leaves as anion-selective membranes, and
(iv) establish an electrodialysis apparatus to test the desalina-
tion efficiency of these bio-filter materials.

The significance of this study lies in its demonstration that
biofilter materials can achieve higher ion removal rates (desa-
lination efficiency) compared to systems using commercially
available synthetic membranes.>*? It also revealed that the ion
exchange capacity of the cation-selective membrane exceeds
that of some commercial membranes, positioning it within the
commercial range.® Furthermore, this study uniquely utilized
dried banana leaves as anion-selective membranes for desali-
nation without any chemical pretreatment, relying solely on
a 28 day drying process, highlighting a sustainable, cost-
effective and novel approach.

2. Experimental and methods

2.1 Synthesis of carboxymethyl cellulose polymer

CMC (5.00 g, low viscosity, Sigma-Aldrich) was added to 100 mL
of water heated to 80 °C and stirred until fully dissolved. Citric
acid (1.20 g, assay 99%, HiMedia Laboratories Pvt. Ltd) and
glycerol (3.80 g, assay 99.5%, SRL) were then added while stir-
ring and maintaining the above temperature. The solution was
then heated up to 100 °C, while stirring for 30 min. Subse-
quently, the temperature was raised to 120-130 °C and main-
tained with continuous stirring for 1 h. The polymer solution
was poured into Petri dishes and oven-dried at 60 °C for 24 h.

2.2 Synthesis of graphene oxide

Graphite powder (3.00 g, Bogala vein graphite) was mixed with
100 mL of 98% sulfuric acid (Qualikems Lifesciences Pvt. Ltd)
and stirred at 97 °C for 2 h. The mixture was cooled to 15-20 °C,
and potassium permanganate (15.00 g, assay 99.5%, Techno
Pharmchem, India) was added slowly over 1 h. The solution was
stirred for 30 min, then heated to 97 °C. Cooled distilled water
(150 mL) was added dropwise over 30 min, followed by 500 mL
of distilled water and 15 mL of 30% hydrogen peroxide
(Breckland, UK), resulting in a yellowish-gold solution. The
solution was filtered, washed twice with 10% HCI (assay 35.0%,
DAEJUNG Chemicals & Metals Co., Ltd) and distilled water, and
centrifuged at 3000 rpm for 30 min. The final GO stock solution
was added into Petri dishes dried at 80 °C for 2 h.

2.3 Synthesis of carboxymethyl cellulose/Aloe vera polymer

Aloe vera gel (15.00 g, Wadula gardens, Piliyandala, Sri Lanka)
extracted and was blended into a solution. Then, a portion
(10.00 mL) of this blended solution was mixed with distilled
water (90.00 mL) and heated to 80 °C. CMC (5.00 g) was intro-
duced to this solution instead of 100 mL of water at 80 °C as
described in the previous step of synthesis of CMC polymer, and
the identical procedure was followed afterwards.

2.4 Synthesis of carboxymethyl cellulose/GO polymer

Graphene oxide (130.00 mg) was dissolved in distilled water
(250.00 mL) and stirred for 2 hours, followed by sonication for
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90 min. Afterwards, the solution was stirred for 1 h. A portion
(40.00 mL) of this solution was mixed with distilled water (60.00
mL). The mixture was stirred for 15 min, and the temperature
was increased to 80 °C. CMC (5.00 g) was added to the mixture
and stirred until fully dissolved. Then, citric acid (1.20 g) and
glycerol (3.8 g) were added while stirring. The temperature was
then raised to 100 °C and maintained for 30 min with contin-
uous stirring. Subsequently, the temperature was increased to
120-130 °C and stirred for 1 h. The final solution was poured
into Petri dishes and oven-dried at 60 °C for 16 h.

2.5 Synthesis of carboxymethyl cellulose/GO/Aloe vera
composite

Graphene oxide (130.00 mg) was dissolved in distilled water
(250.00 mL) and stirred for 2 h, followed by sonication for
90 min. Afterwards, the solution was stirred for 1 h. A portion
(40.00 mL) of this solution was then mixed with blended Aloe
vera gel solution (10.00 mL) and distilled water (50.00 mL).
Again, it was stirred for 1 h and the temperature of the mixture
was increased up to 80 °C. CMC (5.00 g) was introduced to the
mixture and stirred until completely dissolved. Citric acid (1.20
) and glycerol (3.8 g) were added while stirring. The tempera-
ture was then raised to 100 °C and maintained for 30 min with
constant stirring. Then, it was heated up to 120-130 °C and
stirred for 1 h. The final composite solution was poured into
Petri dishes and oven-dried at 60 °C for 14 h. This composite
was synthesized with different percentages (v/v%) of graphene
oxide (30%, 40%, 50%) and the thickness of all the membranes
were consistently maintained between 0.28-0.30 mm.

2.6 Adopting banana leaves

Banana leaves (sourced from Padukka, Sri Lanka) were dried for
varying durations, up to a maximum of 28 days (4 weeks), under
controlled ambient conditions in a temperature-humidity
chamber. These differently aged leaves were then adopted for
the study.

2.7 Materials, and membrane characterizations

All samples were analyzed using a FTIR-PIKE spectrometer:
Spectrum Two 950243, at Techno Solutions, Sri Lanka. The
materials were characterized using an X-ray diffractometer
model: smart lab SE, Cu-Ka radiation, at CAMD, Department of
Chemistry, University of Colombo. The SEM analysis for mate-
rials were carried out by SEM model: ZEISS EVO 18, at the
Department of Material Science, University of Moratuwa.

2.8 Permselectivity study

A double-chambered wooden apparatus, equipped with
a membrane-fitting hole on its separating wall, was employed
for the permselectivity study. Two chambers of the apparatus
were filled with differently concentrated potassium chloride
solutions (0.1 M and 0.01 M, assay 99.5%, Techno Pharmchem,
India) which was separated by the specific ion selective
membranes. Then, identical calomel electrodes were immersed
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in each chamber and the voltage difference across the
membrane was measured with a multimeter.

2.9 Ion exchange capacity (IEC)

2.9.1 For cationic selective membranes. A titration method
was used for the task. Dried membranes were cut into (1.00 g)
small-flat pieces, and immersed in HCI (0.0025 M, 30.00 mL)
respectively. After shaking the samples for 24 h at 100 rpm and
room temperature, the membranes were washed with deionized
water. Subsequently, the acid-form membranes were converted
to sodium ion form by soaking in NacCl (1.00 M, assay 99.5%,
Techno Pharmchem, India) solution for another 24 h. The
released hydrogen ions were then titrated using NaOH (0.01 M,
assay 98%, Sisco Research Laboratories).

2.9.2 For dried banana leaves. The spectroscopic method
was employed for the process. Differently aged dried banana
leaves were cut into 2 cm X 2 cm pieces, and immersed in KNO3
(1.00 M, 20.00 mL) (99.50%, HiMedia Laboratories Pvt. Ltd)
respectively. After shaking the samples for 24 h at 90 rpm and
room temperature, the samples were washed with deionized
water. Subsequently, the samples were soaked in NaCl (1.00 M,
20.00 mL) solution for another 24 h. Absorbance values of each
sample (NaCl solution) were measured using a UV-visible
spectrometer.

2.10 Water uptake study for banana leaves

Differently aged dried banana leaves were prepared in 2 cm x
2 cm pieces, with each piece weighed individually. Each piece
was then placed in a vessel containing deionized water (30 mL)
and shaken at 25 °C for 24 hours at 100 rpm. After shaking, the
samples were removed, blotted dry, and reweighed. The differ-
ence in weight before and after immersion was recorded to
assess water uptake.

2.11 Desalination test

A triple-chambered wooden apparatus equipped with
membrane-fitting holes on its separating walls, was used for the
test. To maintain charge neutrality, the end chambers were

Cathoagii

il

Fig. 1 Electrodialysis experimental model apparatus.
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connected at their lower sections and a model diagram of the
apparatus is presented in Fig. 1.

The end chambers were filled with distilled water, while the
middle chamber was filled with a 3.5% (w/v) sodium chloride
solution. Further, the experiment utilized the Xilong XL-666/
777A Mini Pumping System, operating at a flow rate of 300 L
h™" as per the product specifications. The positive terminal with
a carbon electrode was placed in the chamber separated by
a banana leaf dried for 28 days, and the negative terminal was
placed in the chamber separated by synthesized cationic
selective membranes. The DC current supply was set to 30.0 V
and switched on. After 20 minutes, the final conductivity of
NacCl solution was recorded (at room temperature of 27 °C), and
the desalination percentage was calculated using the conduc-
tivity difference.

2.12 Point zero charge analysis

The point of zero charge pH for the membranes were calculated
by the pH drift method. Solutions of NaCl (0.005 M, 20 mL) was
adjusted to pH 3, pH 5, pH 7, pH 9, and pH 11 separately using
HCI (1.00 M) and NaOH (1.00 M). Then the membranes (0.050 g)
were immersed respectively. Then the suspensions were shaken
at 25 °C for 24 h at 100 rpm. After 24 h, the solution was vacuum
filtered. The final pH value of the filtrate was measured. ApH vs.
PHi (initial pH) was plotted to detect point zero charge of the
adsorbent.

3. Results and discussion
3.1 Synthesis of carboxymethyl cellulose polymer

Cross-linking of carboxymethyl cellulose (CMC) creates, chem-
ical bonds between polymer chains forming a three-
dimensional network that resists degradation and prevents
dissolution in water.”” Citric acid (CA) reacts with hydroxyl
groups of CMC to form ester bonds, while glycerol forms ether
bonds with remaining hydroxyl groups. The structure of CMC
and the associated reaction process between CMC and CA are
depicted in Fig. 2.7

This cross-linked network of CMC polymer, not only
improves mechanical properties and water resistance of the
polymer but also introduces functional groups that facilitate
cation exchange. Further, it enhances ion-exchange capacity
and selectivity due to its hydrophilicity, biocompatibility, and
high charge density. CMC is cost-effective compared to alter-
natives like alginate and chitosan, as it requires minimal
modifications and provides inherent film-forming capabilities.
Its compatibility with simple cross-linking techniques further
reduces costs, making CMC a superior choice for efficient ion
transport and challenging separations, such as Na*/Mg?1+122°

3.2 FT-IR analysis of CMC polymer

FT-IR analysis of synthesized CMC polymer is shown in Fig. 3.
The bands between 2500-3500 cm " from the spectrum in Fig. 3
could be attributed to the carboxylic hydroxyl and intermolec-
ular bonded hydroxyl groups of CMC. Peaks at 2932.78 cm ™"
and 2887.48 cm ™" are likely due to the asymmetric stretching of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure of CMC and cross-linking of carboxymethyl cellulose
and citric acid.
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Fig. 3 FT-IR spectrum of the synthesized CMC polymer.

the -CH, groups in carboxymethyl cellulose. Typically, peaks at
1588.707 cm ' and 1412.517 cm ' are associated with the
symmetric and asymmetric stretching of carbonyl groups.***
The peak at 1717.12 cm™ ' can be assigned to the C=0
stretching of the carboxylic group, which might indicate
a dimerized carbonyl stretching bond.*!

During the cross-linking process, the formation of an ester
bond is suggested by peaks at 1735-1750 cm ', though it
overlaps with other peaks in this range and cannot be differ-
entiated in this spectrum (Fig. 2). The band at 1153 cm ™' is
likely due to aliphatic ether groups in carboxymethyl cellulose
and possibly the cross-linked glycerol undergoing etherification
with carboxymethyl cellulose.*?

RSC Adv, 2025, 15, 2632-2644 | 2635
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Fig. 4 XRD analysis of the synthesized CMC polymer.

3.3 X-ray diffraction analysis of CMC polymer

Characteristic peaks for CMC compound are expected to appear
around 20° to 22° in XRD analysis, and the XRD patterns
observed in Fig. 4 are consistent with these values,* confirming
a successful synthesis.

3.4 Synthesis and characterization of GO

Graphene oxide (GO) was synthesized using a modified
Hummers' method, which typically functionalizes graphite with
a high density of oxygen-containing functional groups
including hydroxyl (-OH), carbonyl, and epoxide (C-O-C),
across its basal plane.”® This modified form of GO is shown in
Fig. 5,* and these functional groups enable GO to act as
a cation-selective material, attracting positively charged ion
species. Moreover, its large surface area offers a higher number
of coordination sites, further enhancing its ability to facilitate
cation exchange.*
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Fig. 5 Structure of synthesized graphene oxide.
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Fig. 6 FT-IR spectrum of synthesized GO by modified Hummers'
method.
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Fig. 7 XRD analysis of synthesized GO by modified Hummers'
method.

3.5 FT-IR analysis of GO

According to the FT-IR analysis of GO in Fig. 6, the peaks at
3363 em™" and 2832 em ™" correspond to the hydroxyl and
aliphatic C-H groups in graphene oxide respectively. The peak
at 1739 cm ™' is indicative of carboxylic vibrations, while the
peak at 1635 cm™ ' represents C=C stretching in the graphene
oxide. The band at 1242 cm ' can be attributed to C-O
stretching of the C-OH group in graphene oxide. Additionally,
the peak at 1083 cm ™" is related to the C-O-C band of epoxy
grOupS.36’37

3.6 X-ray diffraction analysis of GO

The XRD patterns for synthesized graphene oxide illustrated in
Fig. 7 align well with previously reported data,*® validating the
quality and accuracy of the synthesis. The prominent peak
around 11.7° is indicative of the layered structure and interlayer
spacing unique to graphene oxide.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM analysis of synthesized GO by modified Hummers'
method.

3.7 SEM analysis of GO

The SEM analysis of synthesized graphene oxide is presented in
Fig. 8, and it reveals a double-layer structure with a flat surface.
The planar surface exhibits characteristic wrinkles, indicative of
the typical morphology of GO.*”*

3.8 Synthesis and characterization of CMC/Aloe vera
composite

During the synthesis, Aloe vera solution obtained by blending
the natural gel from the leaves was mixed with CMC (as
mentioned in the Experimental and methods section) prior to
the cross-linking step of CMC. This approach aimed to ensure
the uniform dispersion of Aloe vera components within the
CMC polymer matrix.*"*>*

3.9 FT-IR analysis of CMC/Aloe vera composite

FT-IR spectra of Aloe vera, CMC polymer, and the synthesized
CMC/Aloe vera composite are shown together in Fig. 9. It is
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Fig. 9 FT-IR spectra of Aloe vera, CMC, and CMC/Aloe vera
composite.
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prominent that characteristic peaks at 3435 cm ' and
1642 cm™ " which correspond to hydroxyl groups and stretching
vibrations of COO™~ have intensified in CMC/Aloe vera
composite.*® These observations specifically indicate that the
extent of anionic functional groups presents in the matrix has
been enhanced with the integration of Aloe vera into to the CMC
polymer, which is beneficial for effective cation exchange.®'"*

3.10 Synthesis and characterization of CMC/GO composite

As in the previous procedure, a solution of GO was mixed with
CMC before the cross-linking stage of the CMC polymer to
ensure even dispersion of the synthesized GO particles across
the composite.***

3.11 FT-IR analysis of CMC/GO composite

According to the obtained FT-IR spectrum for the CMC/GO
composite as presented in Fig. 10(a), the peaks at 3339 cm ™"
and 2941 cm ™ represent the hydroxyl and aliphatic C-H groups
from both CMC and graphene oxide.*"** The peak at 1733 cm ™"
corresponds to carboxylic vibration in graphene oxide.*” Peak at
1596 cm ' represent the symmetric vibration of carbonyl
groups in CMC.***" Overlapping peaks appearing in the FT-IR
spectra in Fig. 10(b) of the CMC/GO composite could be due
to the ATR mode, which detects molecular vibrational events on
a shallow surface layer. The surface sensitivity of the technique
gave information about interactions among carboxylate (-
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Fig. 10 FT-IR spectrum of synthesized (a) CMC/GO composite (b)
CMC, GO, CMC/GO.
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COO™), hydroxyl (-OH), and carboxylic acid (-COOH) functional
groups, thus leading to peaks which were broadened and
overlapped by hydrogen bonding and because of the amor-
phous nature of the material.***"37%°

3.12 Synthesis and characterization of CMC/GO/Aloe vera
composite

A solution of GO and Aloe vera was mixed together (as
mentioned in Section 2) and then introduced to CMC before the
cross-linked polymer formation of CMC to achieve better
dispersion of GO and Aloe vera in the matrix.?"3>4%
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Fig. 11 FT-IR spectrum of synthesized (a) CMC/GO/Aloe vera
composite (b) Aloe vera, CMC, GO, CMC/Go/Aloe vera.
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3.13 FT-IR analysis of CMC/GO/Aloe vera composite

The FT-IR spectrum of CMC/GO/Aloe vera composite is pre-
sented in Fig. 11(a). The spectrum primarily confirms the
presence of hydroxyl (3339 cm ') and carbonyl (1639 cm
1588 cm ') functional groups.’’***> As an example, when three
components are combined, the region between 1580-1735 cm ™
often appears overlapped (Fig. 11(b)) due to contributions from
the carbonyl regions of carboxylic groups in Aloe vera, lateral
free carboxylic ends of carboxymethyl cellulose, free carboxylic
ends of graphene oxide, and the double bonds between carbon
atoms in graphene oxide—all of which lie within this range.’**
When compared to the previous FT-IR spectra of CMC/Aloe vera
and CMC/GO, it is evident that the combination of both
components enhances the intensity of these functional groups,
which is complementary for efficient cation exchange.®® This
observation supports the high ion exchange capacity of the
composite, where the high density of carboxylate groups plays
a critical role."™*?

3.14 Permselectivity study and ion exchange capacity study
of cationic-selective composites

Experimental results of permselectivity and ion exchange
capacity for each of the developed composites are tabulated in
Table 1. Permselectivity refers to the selective permeability of
a membrane, allowing specific ions to pass through while
blocking others.*® This is a crucial characteristic in the desali-
nation process as it directly impacts the membrane's perfor-
mance in filtering and separating desired ions.® According to
the Table 1, the CMC/GO (50%)/Aloe vera composite exhibited
the highest permselectivity compared to other synthesized
materials. Also, there observed a prominent enhancement in
permselectivity when the dosages of GO increased in the
composite.*

Ion exchange capacity represents the total binding site for
the relevant charged species within a membrane matrix.* The
results from (Table 1), demonstrate that incorporation of GO
and Aloe vera into the CMC polymer has significantly improved
the ion exchange capacity of the membrane. This improvement
can be attributed to the increased amount of cation binding
sites provided by the GO and the functional group contributions
from Aloe vera along with the porosity modifications''®*>*#* a5
evident from the SEM analysis (reference to Fig. 12). For
comparison, Table 2 summarizes the ion exchange capacities
(IEC) of several commercially available cation exchange

Table 1 The permselectivity percentages and ion exchange capacities of the developed CMC-based composites

Type of composite

Permselectivity% (percentage relative to 58 mV) + SD

Ton exchange capacity (mmol g~*)

CMC 30.12 £+ 0.07
CMC/Aloe vera 39.48 + 0.03
CMC/GO 43.62 £+ 0.07
CMC/GO (30%)/Aloe vera 50.00 + 0.11
CMC/GO (40%)/Aloe vera 52.41 + 0.12
CMC/GO (50%)/Aloe vera 85.68 + 0.15

2638 | RSC Adv, 2025, 15, 2632-2644

0.93 + 0.03
1.04 £+ 0.06
1.43 £ 0.05
1.47 £ 0.05
1.67 4 0.06
1.88 + 0.07

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 SEM analysis of synthesized composites (a) CMC (b) CMC/Aloe
vera (c) CMC/GO (d) CMC/GO (50%)/Aloe vera.

Table 2 lon exchange capacities of commercially available ion
exchange membranes®

Membrane IEC (mmol g )
FK-40 (FuMA-Tech GmbH, Germany) 1.2-1.4
CR61-CMP (Ionics Inc., USA) 2.2-2.5
Nafion N-117 (Dupont Co., USA) 0.8-0.9
Neosepta CM-1 (Tokuyama Co., Japan) 2.0-2.5
TWCED (Tianwei Co. Ltd, China) 1.4-1.6

“ The measurement conditions are reported by companies.®

membranes,® commonly used in applications such as electro-
dialysis, fuel cells, and water treatment.

According to the Table 1, developed membranes in our study
have demonstrated promising IEC values, with the CMC/GO
(50%)/Aloe vera composite showing a notable IEC of
1.88 mmol g~ ". This performance is competitive in contrast to
commercial membranes such as FK-40 and TWCED (Table 2).?
Overall, the synthesized membranes exhibit substantial poten-
tial for ion exchange applications, highlighting their effective-
ness and viability for practical implementation.
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3.15 SEM analysis of synthesized cationic-selective
composites

SEM analysis of the synthesized composites of CMC, CMC/Aloe
vera, CMC/GO, and CMC/GO/Aloe vera are presented in the
following Fig. 12.

According to the Fig. 12(a), CMC polymer membrane
exhibits a relatively smooth surface with a uniform texture and
the membrane appears to have a nature of low porosity. This is
likely due to the compact and tightly packed structure of the
CMC polymer.**”*> The CMC/Aloe vera composite in Fig. 12(b)
displays a rougher surface with a more heterogeneous texture
compared to pure CMC polymer®”*° which can be attributed to
the hydrophilic components of Aloe vera, such as poly-
saccharides and glycoproteins. Additionally, these components
could significantly increase the water retention capacity of the
CMC matrix, which may cause localized swelling and shrinkage
during drying, leading to visible cracks and larger pores in the
membrane.”"® Visible pores and crevices are scattered across
this surface, indicating a higher level of surface irregularities,
which may enhance the observed material's permeability and
ion exchange capabilities.*® The CMC/GO composite refer to the
Fig. 12(c) showcases a surface characterized by both smoother
and rougher areas. This variation is likely due to the presence of
graphene oxide particles, which are dispersed throughout the
CMC matrix in irregular shapes and a range of particle sizes,
contributing to the composite's more complex surface struc-
ture.*** The SEM analysis of the CMC/GO (50%)/Aloe vera
composite in Fig. 12(d) reveals a highly porous surface with
a rough texture,**** where the features appear to be more
uniformly distributed and smaller in size. This indicates that
the integration of Aloe vera and graphene oxide into the CMC
matrix results in a significantly porous structure that enhances
ion transport and separation efficiency.*>*"***” GO sheets could
stabilize the structure by preventing the formation of large
cracks, which would otherwise be caused by the swelling and
hydrophilic interactions of Aloe vera. Instead, the addition of
Aloe vera to the CMC/GO system have formed small controlled
pores rather than large cracks. The functional groups of Aloe
vera, such as carboxylic and hydroxyl groups, enhance water
retention while creating small hydrated voids, without causing
significant structural deformation, primarily due to the stability
provided by GO.*?>* The uniform distribution and smaller
features suggest an enhanced surface area, which may
contribute to improved ion transport and separation efficiency,

Table 3 The permselectivity percentages, ion exchange capacities and water uptake values of banana leaves dried for various durations®

Dried period
of banana leaves

Permselectivity%
(percentage relative to 58 mV)

Water uptake
(g) £ 0.0005 (g)

Ion exchange capacity
(average absorbance)

Day 1 25.16 =+ 0.04
Day 7 27.79 £ 0.05
Day 14 47.34 £ 0.12
Day 21 59.12 + 0.10
Day 28 80.17 + 0.12

1.260 0.0322
2.023 0.0476
2.210 0.1028
2.415 0.0846
2.751 0.0586

¢ All the measurements were conducted with two trials at a temperature of 27 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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making the material more effective for the applications of
desalination.®**%49

3.16 Permselectivity study, ion exchange capacity and water
uptake study of banana leaves

The explored parameters of permselectivity, IEC, and water
uptake for banana leaves dried for various durations are pre-
sented in Table 3. The permselectivity study for the banana
leaves confirmed their potential to serve as an effective anionic-
selective membrane on a commercial scale. According to the
results in Table 3, the permselective ability and IEC of the
banana leaf improved with the increased drying period, which
are essential factors for efficient desalination.®*°

In Table 3, the absorbance measurement for ion exchange
capacity refers to the utilized spectroscopic method to calculate
the IEC. An increase in the absorbance of nitrate ions suggests
a higher degree of replacement by chloride ions, indicating an
increase in ion exchange capacity.”

Ensuring minimal water absorption is essential for the
effective performance of ion-selective membranes. Excessive
water absorption can alter the 3-D structure of the membrane,
leading to a decline in ion-exchange capacity and permse-
lectivity by disrupting the interaction between functional
groups and charged ions.** Further, results in Table 3 show
a gradual increase in water uptake for banana leaves up to day
14, followed by a decrease. This trend suggests that modest
water uptake levels in banana leaves dried for over 21 days
support optimal performance, as they allow the membrane to
maintain its structural integrity and selectively pass anionic
species.*® An optimum level of hydration thus aids in the well-
defined development of ion-transport pathways that enhance
the permselectivity along with the ion-exchange capacity.>

For comparison, the permselectivity of commercial anionic
selective membranes typically exceeds 85%.°> Meanwhile,
banana leaves dried for 28 days demonstrated permselectivity
greater than 80%, offering a greater advantage of being pro-
cessed at an extremely low cost and being bio-degradable.
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Fig. 13 FT-IR analyses of banana leaves dried for different time
periods.
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3.17 FT-IR analysis of dried banana leaves

FT-IR spectra of banana leaves dried for various durations are
collectively shown in Fig. 13.

The FT-IR analyses of banana leaves in Fig. 13 reveals several
key functional groups with distinct bands. The broad band at
3336 cm ™' corresponds to the hydroxyl stretching vibrations of
cellulose and hemicellulose,'® while the band at 1733 ecm™" is
attributed to the carbonyl stretching of lignin.** Additionally,
a band at 1634 cm ™" is associated with the hydroxyl stretching
of water molecules.” Over time, the intensity of these bands
decreases, suggesting the degradation of negatively charged
functional groups and a reduction in water content as the
banana leaves mature.* Also, studies'®***” have indicated that
C-N stretching from amine functional groups, commonly found
in protein structures within the anatomy of banana leaves,
typically appears around 1645 cm ‘. From the above FT-IR
analysis in Fig. 13, this characteristic band can be observed in
banana leaves dried for over 21 days, indicating the retention of
amine groups during the drying process. Based on the above
analysis it is suggested that dried leaves may still contain
residual membrane proteins or channels within their struc-
ture,**® and these components could exhibit significant selec-
tivity for chloride ions, potentially allowing dried leaves to serve
as effective anion-selective membranes.*>%
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Fig. 14 SEM analysis of dried banana leaves for (a) day 1 (b) day 28.
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3.18 SEM analysis of banana leaves

Obtained SEM images of banana leaves dried for 1 day and 28
days are presented in the following Fig. 14.

The SEM image of banana leaf on day 1 (Fig. 14(a)) reveals
a smooth and uniform surface, with well-organized cells,
indicative of an intact cutin layer.”* However, by day 28
(Fig. 14(b)), the surface morphology undergoes a significant
transformation, becoming rough, porous, and marked by
discernible gaps, slits, and channels.®” These surface irregular-
ities are crucial as they create microenvironments that enhance
adsorption by concentrating adsorbate molecules in close
proximity to the surface.®**® This structural evolution likely
contributes to the observed improvements in permselectivity
and ion exchange capacity over the drying period of the
leaves.*®®* More precisely, these transformations in micro-
structural porosity may have facilitated the efficient passage of
chloride ions through the banana leaf membrane by creating
pathways that enhanced ion mobility.>***

3.19 Desalination test

Desalination percentages achieved by the series of developed
composites as cation exchangers, with the banana leaf dried for
28 days serving as the anion exchanger for 3.5% (w/v) [35 g L]
NacCl solutions in the apparatus are shown in Fig. 15.
According to the desalination test results shown in Fig. 15,
the CMC/GO/Aloe vera membrane emerged as the most effective
composite to serve as a cationic-selective membrane, while
banana leaf dried for 28 days served as an anionic-exchanger.
The CMC polymer solely achieved only about 40% desalina-
tion, while CMC/Aloe vera, CMC/GO composites exhibited
enhanced desalination performance, consistent with the
previously observed improvements in their respective permse-
lectivity and ion exchange capacities (refer to Table 1). Notably,
the CMC/GO (50%)/Aloe vera composite reached over 70%
desalination within 20 minutes. This higher performance can
be primarily attributed to the increased number of cation-
binding functional sites provided by the graphene oxide and
Aloe vera components.'”*>** Additionally, the morphological
changes in the membrane matrix as revealed (refer to Fig. 12),

Desalination Test

W Triall Trial 2

60
50
40
30
20
10

0

CcMmC

CMC/Aloe vera CMC/GO CMC/GO(50%)/Aloe
vera

Desalination Percentage %

Membrane type

Fig. 15 Desalination percentages of 3.5% (w/v) NaCl solutions for the
developed membranes as cation-exchangers and dried banana leaf as
the anionic exchanger.
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potentially played a crucial role in enhancing the membrane's
overall efficiency in desalination.®*®*%444

The performance of these membranes is particularly signif-
icant when compared to previous studies involving multi-
chambered desalination systems with commercially available
membranes. Those systems required more time to achieve 75%
ion removal efficiency, even at lower salt concentrations (10 g
L™', 5 g L") than seawater (35 g L™ '), where ion removal
requires less effort.”® In contrast, our membrane system con-
ducted desalination tests at the actual salinity level of seawater
(35 g L™1). Furthermore, some studies using commercially
available membranes under similar seawater salinity conditions
(35 g L") unable to achieve 75% ion removal, even with multi-
chambered systems and longer operation times. This demon-
strates the promising energy efficiency of these bio-based ion-
selective membranes in desalination.*

3.20 Statistical analysis

The unpaired ¢-test revealed statistically significant differences
between the groups of desalination efficiencies (Table 4). The
CMC/GO/Aloe vera composite demonstrated superior perfor-
mance compared to CMC (P = 0.0020), CMC/Aloe vera (P =
0.0031), and CMC/GO (P = 0.0172). These findings further
highlight the synergistic effect of incorporating both graphene
oxide and Aloe vera into the CMC polymer matrix, resulting in
a composite with enhanced properties well-suited for desali-
nation applications.

3.21 Point zero charge analysis

The Point of Zero Charge (PZC) analysis (Fig. 16) was conducted
to evaluate the membrane's performance across varying pH
levels, which is crucial for determining the optimal operating
conditions for desalination processes. According to the Fig. 16,
the PZC value for the CMC/GO (50%)/Aloe vera composite was
found to be approximately pH 4.5. At pH values higher than
this, the membrane surface becomes negatively charged,
allowing it to function as a cationic selective membrane. This
occurs because the carboxylic groups in the composite release
their protons as the pH exceeds 4.5, leading to the formation of
a negative charge on the surface, which in turn attracts posi-
tively charged ions (cations).

Table 4 Desalination percentages of 3.5% (w/v) NaCl solutions for the
developed membranes as cation-exchangers and dried banana leaf as
the anionic exchanger

Type of composite Trial number Desalinated percentage (%)

CMC 1 41.18 £+ 0.58
2 38.67 £ 0.55
CMC/Aloe vera 1 47.66 + 0.67
2 49.89 £+ 0.71
CMC/GO 1 61.63 £+ 0.87
2 64.06 £+ 0.91
CMC/GO/Aloe vera 1 75.03 £+ 1.06
2 73.26 £ 1.04

RSC Adv, 2025, 15, 2632-2644 | 2641
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Fig. 16 Desalination percentages of 3.5% (w/v) NaCl solutions for the
developed membranes as cation-exchangers and dried banana leaf as
the anionic exchanger.

On the other hand, the PZC for the dried banana leaf
membrane was determined to be pH 8.1. Below this pH, the
surface of the banana leaf is positively charged and thus can act
as an anionic selective membrane. This could be attributed to
the fact that the amine groups in dried banana leaves, as
revealed from the previous analysis, become protonated giving
a positive charge that attracts negatively charged ions.®®*¢

These findings highlight the significant role of pH in
controlling the ion-exchange properties of both materials.
Within the pH range of 4.5 to 8.1, the CMC/GO/Aloe vera
composite is effective as a cationic selective membrane, while
the banana leaf membrane becomes suitable as an anionic
selective membrane. This pH window aligns well with real-
world conditions commonly encountered in natural environ-
ments, such as in lagoons, estuaries, or agricultural water
supplies, where the pH typically falls within this range. As
a result, the membrane system, without requiring pH
pretreatment, is highly effective for desalination and can oper-
ate efficiently under these natural pH conditions, making it
a practical solution for applications in environmental and
agricultural water treatment systems.>**’

4. Conclusion

In summary, this study introduced a novel approach to desali-
nation using electrodialysis membranes derived from natural
bio-filter materials, including GO/CMC/Aloe vera and dried
banana leaf membranes. The incorporation of graphene oxide
(GO) and Aloe vera into the composite membranes significantly
enhanced their permselectivity, ion exchange capacity, and
desalination efficiency, achieving up to 75% ion removal of
a 35 g per L NaCl solution (salinity of seawater). Notably, the
inclusion of Aloe vera increased the membrane's porosity due to
the properties of its bioactive compounds, which facilitated ion
transport and improved overall efficiency. The GO/CMC/Aloe
vera composite membrane exhibited superior ion exchange
capacity (1.88 mmol g~ '), attributed to the synergistic effects of
hydrophilic functional groups, with a point zero charge (PZC) of
4.5. Similarly, the dried banana leaf membranes demonstrated

2642 | RSC Adv, 2025, 15, 2632-2644

View Article Online

Paper

their potential to serve as effective anionic-selective
membranes, with improved permselective ability and ion
exchange capacity observed with increased drying periods. Over
time, the prominence of amine groups on the surface of the
dried banana leaves increased, contributing significantly to
their anionic selectivity, particularly below the PZC of 8.1. These
properties allow the membranes to operate efficiently in the pH
range of 4.5 to 8.1, which aligns well with the natural pH of
many water sources, including estuaries, lagoons, and seas.
This minimizes the need for pH pretreatment. However,
membranes may require optimization for extreme pH condi-
tions, such as in highly acidic or alkaline waters (e.g., salt lakes),
where their performance may be compromised. Additionally,
long-term performance under industrial conditions, scalability,
and quantitative porosity analyses are areas for future study.
The dried banana leaf membranes, while promising, may face
durability challenges during scaling up due to their brittle
nature, and the lifespan of the membranes under prolonged
operational conditions could also be a concern. Furthermore,
the hydrophilic nature of the cationic-selective membranes may
promote fungal growth, requiring careful consideration in
practical applications. Despite these challenges, the incorpo-
ration of GO and Aloe vera, along with the unique properties of
dried banana leaves, has demonstrated the potential of bio-
filter materials to achieve sustainable and high-performance
desalination. By combining environmental sustainability, cost-
effectiveness, and high efficiency, these membranes offer
a promising pathway for advancing electrodialysis technology
and addressing global water resource challenges.
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