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aniline-coated composite anion
exchange membranes based on polyacrylonitrile
for the separation of tartaric acid via electrodialysis

Khurram,a Abdul Ghaffar, *b Sonia Zulfiqar, cde Muzzamil Khan,b

Muhammad Latif f and Eric W. Cochran *d

The increasing need to tackle major societal challenges such as environmental sustainability and resource

scarcity has heightened global interest in green and efficient separation technologies. The separation of

organic acids, particularly tartaric acid, holds significant industrial importance in the food and pharmaceutical

sectors. Purifying tartaric acid is crucial due to its roles as a chiral catalyst, antioxidant, and stabilizer, which

are vital for ensuring product quality and efficiency. In this study, we synthesized heterogeneous anion

exchange membranes by casting a solution of polyacrylonitrile (PAN) homogeneously dispersed with

micronized anion exchange resin [polystyrene-divinylbenzene-trimethyl ammonium chloride (PS-DVB-TAC)].

These membranes were further coated with polyaniline (PANI) through in situ polymerization at different time

intervals such as 2, 12, and 24 h. Cation exchange membranes were also prepared by solution casting of PAN

dispersed with micronized cation exchange resin, sulfonated poly-styrene-co-divinylbenzene, and SPS-DVB.

These synthesized anion exchange membranes with and without a PANI coating were examined for their

separation performance of tartaric acid, along with the cation exchange membranes in a four-compartment

electrodialyser at a constant voltage. The newly fabricated membranes were characterized by different

techniques, including attenuated total reflectance-Fourier transform infrared spectroscopy for functional

group analysis, scanning electron microscopy for their surface morphology, and the four-probe method for

electrical conductivity. In addition, ion exchange capacity and water uptake have been measured. The

electrodialysis experiments showed that 14.82 wt% of tartrate ions moved into the product compartment

through the uncoated anion exchange membrane within 30 min at a voltage of 30 V. Under the same

conditions, membranes coated with PANI at 2, 12, and 24 h raised the separation efficiency to 21.19%,

34.13%, and 37.21%, respectively. Findings indicate that membranes coated with PANI for extended periods

demonstrate superior separation efficiency for tartaric acid. Consequently, this energy-efficient method

shows significant potential for application in the food and pharmaceutical industries for separating tartaric

acid and other organic and amino acids. This research can advance practical and sustainable separation

technologies, addressing critical societal issues like resource efficiency and environmental sustainability.
1. Introduction

Currently, membrane separation is the most state-of-the-art and
important technology among all types of separation methods
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because of its intrinsic features, such as high permeability and
selectivity for the transportation of particular constituents, ease of
operation, and positive impact on the environment.1 This holds
a key role in various commercial elds such as wastewater treat-
ment,2 petrochemical, metallurgical, bio-separation, and food.3

Breakthrough effects on the performance of composite
membranes have been reported within the realm of wastewater
treatment, for instance, mitigation of fouling, better quality of
permeation, and enhancement of ux.4–11 Recent advances in
membrane technology include the consideration of different types
ofmaterials for the synthesis of thesemembranes, alongwith their
separation efficiency.12–14 The materials used in the synthesis of
membranes are generally composed of robust organic polymers
and their derivatives. Because of their hydrophobic nature, these
conventional polymers may seriously suffer from fouling, which
makes them unattractive for long-lasting separation.15–17
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Intrinsically conducting polymers (ICPs), such as PANI,
conduct electricity through their conjugated polymer chains,
facilitating electron conduction. Electrodialysis driven by elec-
tric elds enhances ion migration, improving ion transport
efficiency acrossmembranes.18,19 This accelerates and optimizes
tartaric acid separation from other charged species, reducing
time and energy consumption and making the process
sustainable and cost-effective. Moreover, ICPs offer high
chemical stability and can be easily modied for specic
applications, ensuring long-term functionality even under
harsh conditions. Chemical modications enhance selectivity
for certain ions or molecules, improving separation efficiency
for targeted compounds like tartaric acid and leading to highly
effective membranes. The most commonly employed
approaches used for the surface modication of membranes
include surface coating, graing, interfacial polymerization,
and radiation exposure.20–26 Recently, intrinsically conductive
polymers (ICPs) with unique electrical and chemical properties
have drawn attention to address the above-mentioned issues.
ICPs are chemically and thermally stable conducting polymers
that can combine their electrical and chemical properties to
improve their separation performance. These ICPs can be
employed as deposited lms that can form a bond or x rmly
to the support membranes and have gained great interest as
a material for membranes. Many ICPs like polythiophene (PTh),
polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene)
(PEDOT) share attributes such as chemical stability and elec-
trical conductivity, making them suitable for sensing and
separation processes.27 For example, PPy is notable for its easy
synthesis and high conductivity, while PEDOT and PTh are
valued for their exibility, stability, and processability.28,29

Nonetheless, these polymers oen face challenges related to
processability, cost, or specic application requirements. In
contrast, in addition to its cost-effectiveness, and ease of
synthesis at large scale, PANI is preferred for its distinctive
chemical and electrical properties. PANI can be synthesized in
various oxidation states, including emeraldine, leucoemer-
aldine, and pernigraniline, with solubility and conductivity
adjustable through acid doping.30 This versatility allows the
customization of membrane properties for optimal separation
performance. PANI's excellent electrical conductivity, which can
be modulated via doping/dedoping, enhances ion transport in
electrodialysis applications, leading to efficient separations.31

Moreover, among ICPs, PANI is distinctive due to its environ-
mental stability in both doped (conducting) and de-doped
(insulating) states, alongside its acid-base chemistry. Impor-
tantly, undoped PANI is hydrophobic, while doped PANI is
hydrophilic, making it suitable for separation applications.32 In
the last few decades, various membranes with PANI as a con-
ducting material have been intensively studied.33–42 Owing to
the intractable properties of PANI, its dissolution in many
solvents is difficult. The focus of various publications in
previous years has been on the development of its process-
ability, including the substitution of PANI aromatic ring with
diverse types of functionalities such as –OCH3, –OH, and a long
alkyl chain or –SO3, which resulted in its higher solubility in
organic solvents and even in H2O. Similarly, emeraldine (HCl
© 2024 The Author(s). Published by the Royal Society of Chemistry
salt form of PANI) shows enhanced solubility in common
weakly polar organic or nonpolar solvents. Most of the base
polymers are soluble in these solvents. Thus, the progress in
PANI composites and blends is likely to have a serious impact
on the selectivity and permeability of modied membranes.

Many studies have focused on the fabrication of solid
surfaces with a thin layer of PANI coating, which subsequently
acts as an active component, whereas the support material
provides mechanical strength.43,44 Various approaches to
develop PANI composite membranes have been reported, such
as dip coating, fractional thermal vacuum deposition, drop-
casting, and electrochemical growth by galvanostatic, voltam-
metric, and potentiostatic methods.45 Various studies have
shown that the rate of deposition and the electronic and
morphological characteristics of a thin layer of PANI depends
on the nature of the substrate surface, whether it is hydrophilic
or hydrophobic.46 A substrate with a hydrophobic nature shows
a more uniform deposition of PANI than a hydrophilic one. The
polyacrylonitrile material used in this research is due to its
thermal and mechanical stability and good hydrophobic
nature.47 In this study, polymeric membranes were synthesized
using a micronized (400 mesh) anion exchange resin via the
solution casting method by spreading on a glass plate, followed
by a drying process. Anion exchange membranes with and
without PANI coating were investigated for the separation effi-
ciency of tartaric acid using an electrodialysis technique. Tar-
taric acid is a dicarboxylic acid commonly found in fruits such
as bananas, grapes, and tamarinds. It plays a crucial role in
different industries, including food, beverage, cosmetics, and
pharmaceuticals.48 In all these industries, the ability of elec-
trodialysis to provide high purity, selective separation, and
efficient operation makes it an attractive choice for various
applications.49 Electrodialysis is known for its lower energy
consumption and operational simplicity, making it a more
justiable option. Electrodialysis is a superior method for the
separation of tartaric acid, especially in comparison to more
traditional techniques like crystallization, solvent extraction,
and distillation, where a lot of energy and chemicals are
required.50–52 The uniqueness of this research is in its innovative
membrane synthesis, demonstrated performance in electrodi-
alysis, potential for industrial application, and its alignment
with critical societal challenges. The study presents a novel
approach to synthesizing heterogeneous anion exchange
membranes by incorporating micronized anion exchange resin
within a polyacrylonitrile (PAN) matrix. The additional coating
of these membranes with PANI through in situ polymerization
further distinguishes this work from existing studies. The use of
PANI, a conducting polymer, in varying coating durations is
particularly noteworthy, as it directly impacts the separation
efficiency of tartaric acid, showcasing an innovative enhance-
ment of membrane functionality. The research focuses on the
application of these novel membranes in a four-compartment
electrodialyser, specically targeting the separation of tartaric
acid. The signicant improvement in separation efficiency,
particularly with PANI-coated membranes, underscores the
practical advantages of this approach. The detailed comparison
of separation efficiencies under identical conditions provides
RSC Adv., 2024, 14, 29648–29657 | 29649
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compelling evidence of the superiority of the PANI-coated
membranes, particularly those coated for longer durations.

Additionally, its potential for sustainability and cost-
effectiveness further enhances its appeal to industries seeking
innovative separation technologies.53–55 This technique has the
most signicant potential applications in the chemical, phar-
maceutical, and food industries. This energy-efficient approach
may potentially be employed for the separation of organic and
amino acids in the food and pharmaceutical industries.

2. Experimental
2.1. Materials

Polystyrene-divinylbenzene-trimethyl ammonium chloride (PS-
DVB-TAC) anion exchange resin and sulfonated polystyrene
divinylbenzene (SPS-DVB) (mucolite PC003 ID) were obtained
from the local market and used aer crushing and sieving
through a 400 mesh. Polyacrylonitrile (PAN) was purchased
from Sigma-Aldrich, USA. Tartaric acid (99.5%) was obtained
from Sigma-Aldrich, USA. Ferric chloride (FeCl3), aniline, N-
methyl-2-pyrrolidone (NMP), and phenolphthalein were
purchased from Merck® (USA). Sodium hydroxide (NaOH) and
hydrochloric acid (HCl) were purchased from Sigma-Aldrich,
USA. All reagents were of analytical grade and used as
received. Deionized water was used for the solution preparation
during the experiments.

2.2. Characterization

Scanning electron microscopy (SEM) images were recorded
using a JSM-6480LV (JEOL, Japan) microscope at different
magnications. For the determination of the particle size of
anion exchange resin, a Litesizer-500 particle size analyzer
(Anton Paar GmbH, Germany) with a measurement range from
0.3 nm −10 mm was employed. FTIR-ATR analysis was per-
formed using an FTIR 4100 spectrophotometer (JASCO, Japan)
with a 650–4000 cm−1 range. Electrical conductivity measure-
ments were performed using four probe method (Keithley,
Fig. 1 Proposed route for the synthesis of the composite anion exchan

29650 | RSC Adv., 2024, 14, 29648–29657
6220-Precision current source, 2182-Nanometer). A DC power
supply (Adiget PS 3030DD) was used as a potential source. The
mechanical testing of the membranes was performed using
a Universal Testing Machine (LLOYD LS1).
2.3. Synthesis of anion exchange membranes

The anion exchange resin (PS-DVB-TAC) was ground in
a grinder and immersed in deionized water for more than 24 h.
Aer 6 h of drying at 50 °C, it was ground again with a mortar
and pestle to obtain a very ne particle size (300–400 mesh). In
this study, a 12 (w/w%) casting solution of PAN in N-methyl-2-
pyrrolidone (NMP) was prepared by dissolving 1.2 g of PAN in
8.8 g NMP. Aer vigorous stirring for 4 h, it was subsequently
loaded with 1.2 g anion exchange resin (50 : 50 w/w% of PAN),
respectively, and stirred for another 4 h for uniform dispersion.
The resin-dispersed doped solution was cast onto a glass plate
using a casting blade. The coatedmembranes were immersed in
a coagulant bath containing deionized water at 25 °C for phase
inversion. The wet membranes were dried in a fume hood for
24 h at 25 °C (ambient temperature).

PANI was dip-coated onto the surfaces of the synthesized
membranes. FeCl3 (0.3 M) and aniline (0.4 M) solutions were
separately prepared in aqueous HCl (0.4 M). Then, anion
exchange membranes [PAN + (PS-DVB-TAC)] were dipped into
a solution of anilinium chloride, and FeCl3 solution was added
dropwise to the solution for in situ polymerization. This PANI
coating process was executed for different pieces of the same
membrane for 2, 12, and 24 h. Aer coating, the membranes were
washedwith a 1MHCl solution to remove the oligomers and then
rinsed again with deionized water. Similarly, cation exchange
membranes were prepared by loading the cation exchange resin
(SPS-DVB) into PAN. A schematic path for the preparation of
PANI-coated anion-exchange membranes is shown in Fig. 1.

Cation exchange membranes (CEM) were also prepared
through solution casting, comprising PAN along with a cation
exchange micronized resin [sulfonated poly(styrene-co-
ge membranes coated with PANI.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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divinylbenzene) (SPS-DVB)] to just follow the standard procedure
of electrodialysis using the method reported in the literature.46

2.4. Water uptake

Tomeasure the percentage of water uptake, membranes with an
area of approximately 2 cm2 were immersed in deionized water
at room temperature for 24 h for equilibration. Aer removing
excess water with absorbent paper, the membranes were
weighed, dried in an oven at 60 °C for 4 h, and subsequently
weighed again. By taking the weighted difference between wet
(Wwet) and dry (Wdry) membranes, the percentage of water
uptake was calculated using the formula (1).56,57

Water uptakeð%Þ ¼ Wwet �Wdry

Wdry

� 100 (1)

2.5. Assessment of ion-exchange capacity

A 2 cm2 sample of anion exchange membrane without the PANI
coating [PAN + (PS-DVB-TAC)] and PANI-coated membranes was
placed separately into a 50 mL solution of 0.1 M NaOH for 24 h.
The chlorides of the quaternary ammonium portion of the resin
and quinoid portion of PANI were exchanged with OH− ions.
The depleted OH− ions were calculated by titration using
a 0.1 M HCl solution and phenolphthalein as an indicator. The
membranes were then washed with deionized water and dried.
The ion-exchange capacity was calculated as milliequivalents
(meq g−1) using the formula (2).56

IECðmeq=gÞ ¼ ½VNaOH � ðN1 �N2Þ�
Wdry

(2)

Where N1 and N2 represents the normality of NaOH before and
aer electrodialysis.

2.6. Electrical conductivity measurement

The electrical conductivities of the membranes with and
without PANI coating were determined. In this method, 3 cm
Fig. 2 Experimental setup for the separation of tartaric acid using
electrodialysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
diameter membrane samples were punched using a puncher.
The electrical conductivity of the membrane was measured
using the four-probe method, and the distance between each
probe was 0.2 cm. The membranes were very thin (140–150 mm)
compared to that of the probe spacing. The electrical conduc-
tivity values were determined using the eqn (3):58

ResisitivityðrÞ ¼ V

I
� Cz

�
d

s

�
(3)

Where I is the value of current and V is the voltage value
obtained from the conductivity data. While C in the equation is
the correction factor, its value was determined by dividing the
diameter (d) of the membrane sample by the probe spacing (s).
Then, the electrical conductivity was determined by taking the
inverse of resistivity using the eqn (4).

Conductivity ¼ 1

Resistivity
(4)

2.7. Electrodialysis process

The electrodialysis process was performed in an electrodialysis
cell with four chambers, as shown in Fig. 2. Titanium plates
were used as the cathode and the anode. The exposed area of
these electrodes was 12.56 cm2 similar to the membrane area.
Self-prepared cation- and anion-exchange membranes were
used for the separation of tartaric acid. A solution of Na2SO4 (0.1
N) was used in the cathodic and anodic chambers, and a 1%
tartaric acid solution was added to the feed and product
compartments separately.

Before the electrodialysis operation, the membranes were
immersed in their respective solutions for 24 h. Deionized water
was used to prepare all solutions. All these experiments were
conducted at room temperature by applying a constant voltage
of 30 V using a DC power supply for 30 min, and the separation
efficiency of tartaric acid was monitored using various forms of
PANI membranes by acid–base titration.59

3. Results and discussion
3.1. Particle size evaluation

The determination of particle size of resin in membrane tech-
nology serves to improve membrane performance by controlling
pore size distribution, increasing separation efficiency, mitigating
fouling, ensuring uniformity in membrane structure, and main-
taining consistency in product quality across batches.60,61 Span is
a measure of the width of the particle size distribution curve and
provides information on the uniformity of the particle size
distribution. It was calculated using the formula (5).

Span ¼ D90�D10

D50
(5)

Where, D10 represents the particle diameter below which 10% of
the particles are present in the distribution curve, and the value
for D10 obtained is 2.32 mm. D50 represents the median particle
size below which 50% of the particles were found in the particle
RSC Adv., 2024, 14, 29648–29657 | 29651
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Fig. 3 Particle size determination of anionic resin (PS-DVB-TAC).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 3
:3

5:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
distribution curve, and the obtained value for D50 was 2.83 mm.
D90 indicates a value below which 90% of the particles occur in
the distribution curve, and the value obtained for D90 is 3.43 mm.
Fig. 4 SEM images of (a) pure PAN membrane (b) [PAN + (PS-DVB-TAC
PANI 12 h, and (e) [PAN + (PS-DVB-TAC)] + PANI 24 h.

29652 | RSC Adv., 2024, 14, 29648–29657
These percentiles provide a quantitative description of particle
size distribution. The calculated span was 0.00039 mm. Which is
closer to zero. This suggests a narrow and uniform distribution of
particle sizes, which affects the morphology of the membrane.
Finer resin particles resulted in a homogeneous and uniform
morphology. Conversely, coarser resin particles lead to a less
uniform and rougher morphology. PAN, a membrane-fabricating
polymer and resin, is infusible and cannot be used to form lms.
Coarser resin particles hindered continuous lm formation. In
this study, the particle size of the resin (PS-DVB-TAC) was nely
controlled to achieve a homogeneous anion exchangemembrane.
A larger span value represents a non-uniform and heterogeneous
particle size distribution (Fig. 3).
3.2. Morphological analysis

The surface morphology of the membranes was evaluated
through high-resolution SEM images. This helps in under-
standing the topography, pore structure, and any defects
present on the membrane surface.62,63 Fig. 4(a) presents an SEM
image of a pure PAN membrane with a porous surface.
)], (c) [PAN + (PS-DVB-TAC)] + PANI 2 h, (d) [PAN + (PS-DVB-TAC)] +

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Radar plot showing a comparison of different performance
characteristics of the fabricated membranes.
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Fig. 4(b) shows the rough texture of the surface of the
membrane designed by compositing PAN with an anion
exchange resin (PS-DVB-TAC). Fig. 4(c) shows the PANI coating
on the surface of the composite membrane aer 2 h of aniline
polymerization. Fig. 4(d) presents the denser character of PANI
coating of 12 h duration of aniline polymerization onto the
composite membrane. Fig. 4(e) shows an even denser coating
for a 24 h duration of aniline polymerization onto the
composite membrane. We anticipated strong interactions
between the quinoid or benzenoid part of PANI (–N = or N–H),
and –CN functionalities in (PAN). Similarly, the interaction
between the quaternary ammonium [C4(N

+)] component of the
anion exchange resin and the functionalities of (PAN) was also
evident. This might have resulted in the formation of [PAN +
(PS-DVB-TAC)] with PANI.
3.3. Water uptake assessment

The percentage of water uptake in membrane technology shows
membrane performance, durability, and optimization poten-
tial. It describes the understanding of transport mechanisms
and intensifying energy efficiency, determining for diverse
applications like desalination, biomedical engineering, and
wastewater treatment.55 The PAN membrane was hydrophobic;
therefore, it did not absorb water (Fig. 5).

The water uptake of the [PAN + (PS-DVB-TAC)] membrane
was (13.66 wt%) due to the quaternary ammonium functional-
ities of the resin in the membrane. In [PAN + (PS-DVB-TAC)] +
PANI 2 h membrane, uptake of water into the membrane
signicantly increased (18.56 wt%) due to the collective effect of
quaternary ammonium, benzenoid, and quinoid moieties.
Nevertheless, in the [PAN + (PS-DVB-TAC)] + PANI 12 h
membrane, the water-uptake (27.33 wt%) effectively increased
with increasing duration of PANI coating. Moreover, in the [PAN
+ (PS-DVB-TAC)] + PANI 24 h membrane, the % age of water
absorption was 32.59 wt%, which indicated that increasing the
polymerization time of the PANI coating further increases its
thickness. The ability of a membrane to absorb water leads to
© 2024 The Author(s). Published by the Royal Society of Chemistry
the formation of channels or pathways, facilitating the migra-
tion of ions. As the water content increases, the diffusion path
becomes more uniform and continuous, leading to more effi-
cient ion transport across the membrane. This makes it easier
for ions to travel through the membrane. The composite
membrane under consideration comprises PAN, a hydrophobic
polymer, dispersed with polystyrene-divinylbenzene-
trimethylammonium chloride (PS-DVB-TAC), an anionic resin,
and coated with ICP (PANI) for varying polymerization times.
The (PS-DVB-TAC) resin contains quaternary ammonium func-
tionality that enhances water uptake but is also crosslinked,
reducing water penetration. PANI is a conducting polymer that
exhibits higher hydrophilicity due to the presence of nitrogen-
containing functional groups, which can form hydrogen
bonds with water molecules. The modication of the anionic
resin with PANI may increase the composite's overall hydro-
philicity, leading to higher water uptake.64

A recent report indicates that a membrane with high water
absorption capacity can enhance permeability, thus improving
ltration or separation processes, particularly in wastewater
treatment, desalination, and biomedical applications. The strong
hydrophilicity associated with high water absorption reduces
fouling by preventing hydrophobic interactions between the
membrane surface and contaminants, thereby extending the
membrane's operational life and reducing maintenance or
replacement needs.65 In drug delivery or tissue engineering, such
membranes offer better-swelling properties, crucial for controlled
release mechanisms or creating compatible interfaces with bio-
logical tissues.66 For water purication, ion-exchange membranes
with high water absorption can more effectively capture and
exchange ions, improving pollutant removal tissues.65 Addition-
ally, in aqueous environments, high water absorption ensures the
membrane maintains performance and structural integrity,
essential for long-term effectiveness and stability.67,68 Several
investigations focus on modifying membranes with hydrophilic
polymers, nanoparticles, or additional functional groups to
increase water uptake and overall performance. These studies
mostly employ graphene oxide, zeolites, or other hydrophilic
polymers to improve membrane hydrophilicity and water ux.69–71

The ndings of our study reveal that the water uptake increases in
proportion to the duration of polymerization of PANI coating.
This increase can be attributed to the enhanced hydrophilicity
and increased thickness of the membrane. The trend of % water
uptake with increasing duration of aniline polymerization is
shown in Fig. 5.
3.4. Ion-exchange capacity (IEC)

Membrane ion exchange capacity determines its ability to
selectively adsorb or exchange ions, crucial for applications like
water soening, desalination, and purication. It ensures effi-
cient removal or retention of specic ions, enhancing overall
separation performance.72,73 Fig. 5 presents the ion-exchange
capacity values of the [PAN + (PS-DVB-TAC)] composite
membranes with and without the PANI-modied membranes.
The ion exchange capacity of [PAN + (PS-DVB-TAC)] was (1.165
meq g−1) which was due to the existence of exchangeable chloride
RSC Adv., 2024, 14, 29648–29657 | 29653
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Fig. 7 Electrical conductivity of the [PAN + (PS-DVB-TAC)], [PAN +
(PS-DVB-TAC)] + PANI 2 h, [PAN + (PS-DVB-TAC)] + PANI 12 h, and
[PAN + (PS-DVB-TAC)] + PANI 24 h.
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functionalities on the trimethyl quaternary ammonium. This
tendency for the ion exchange capacity resembles the wt% of
water uptake. The ion exchange capacity of PANI-coated
membranes for 2 h increased to 1.397 meq g−1 because of the
synergistic effect of exchangeable chloride related to quaternary
ammonium (CN+) and quinoid (–N]) functionalities. This is in
good agreement with the enhanced value of water uptake for 2 h
PANI-modiedmembrane. The IEC values for the 12 h (1.997meq
g−1) and 24 h (2.714 meq g−1) PANI-coated membranes further
increased. This was probably due to the thicker PANI coating. A
crucial feature for membranes is a high ion exchange capacity
(IEC), as it signicantly affects their ability to absorb and
exchange ions, which is essential for applications such as desa-
lination, water soening, and purication. A higher IEC ensures
better performance by allowing for more effective removal or
retention of specic ions, thereby enhancing separation efficiency
and selectivity. The reported IEC values for [PAN + (PS-DVB-TAC)]
membranes, which range from 1.165 to 2.714 meq g−1 with
increasing PANI coating thickness, are notably high compared to
other studies. For instance, conventional ion exchange
membranes, such as Naon, typically have IECs in the range of
0.9 to 1.1 meq g−1.74,75 In this study, higher IEC values achieved in
the PANI-coated membranes are due to the increased number of
ion exchange sites, particularly with thicker coatings. This
suggests that the composite membranes offer superior ion
exchange performance compared to other common membranes,
which typically rely on a single type of ion exchange functionality.
It can be inferred that by increasing the thickness of the PANI
coating on the composite membrane, the number of exchange-
able chlorides increased.
3.5. Structural elucidation

Fourier Transform Infrared Spectroscopy (FTIR) analysis serves
to identify chemical bonds and functional groups present in
a sample, aiding in material characterization, quality control,
Fig. 6 FTIR-ATR spectra of pure PAN membrane, [PAN + (PS-DVB-
TAC)], [PAN + (PS-DVB-TAC)] + PANI 2 h, [PAN + (PS-DVB-TAC)] +
PANI 12 h, and [PAN + (PS-DVB-TAC)] + PANI 24 h.

29654 | RSC Adv., 2024, 14, 29648–29657
and understanding molecular structures in various elds like
chemistry, pharmaceuticals, polymers, and environmental
science.76–78 FTIR analysis was applied to identify the function-
alities present in the prepared PANI composite membranes, as
presented in Fig. 6, and all the characteristic absorption bands
of PAN were conrmed by their appearance in the spectra. The
band at 2238 cm−1 conrmed the presence of the C^N func-
tionality;79 however, the band at 1446 cm−1 was attributed to the
C–H bond of CH2 in the PAN structure.80 The band at 1356 cm−1

corresponded to the quaternary ammonium (CN+) functionality
present in the anion exchange resin, and the band at 2919 cm−1

corresponded to the C–H stretch bond.81 The characteristic
bands of PANI appeared at 1630 cm−1 corresponding to C–N
stretching in the quinoid and benzenoid rings.5,82,83 The broader
band at 3635–3221 cm−1 represents H-bonding between the
C^N group of PAN and the N–H of PANI.
3.6. Electrical conductivity measurements

The electrical conductivity of a membrane, measured via the
four-probe method, determines its ability to conduct electricity.
This is crucial for applications like fuel cells and batteries,
aiding in optimizing performance, understanding charge
transport mechanisms, and ensuring material integrity.84–86 The
results in Fig. 7 show that the electrical conductivity of the
membrane ranged from 0.31 × 10−7 to 3.34 × 10−7 S cm−1. The
electrical conductivity of a PANI-modied [PAN + (PS-DVB-TAC)]
composite membrane increases over time due to various
structural and chemical changes that occur during the modi-
cation process. Initially, PANI is deposited onto the [PAN + (PS-
DVB-TAC)] matrix. However, the PANI chains are short and may
not be well-dispersed or well-interconnected. As time goes by,
PANI chains grow longer and become more interconnected
within the composite matrix. This leads to a higher number of
charge carriers (electrons or holes) within the PANI structure,
enhancing conductivity.87 The polymer chains also become
more aligned and organized, which contributes to better elec-
tron transport. Increasing the modication time allows for
better dispersion of PANI throughout the [PAN + (PS-DVB-TAC)]
matrix. This improved distribution means that more of the
membrane's surface area is covered by conductive PANI, leading
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mechanical properties of the different fabricated membranes

Membrane type
Tensile strength
(N mm−2)

Stiffness
(N mm−1)

Young's modulus
(N mm−2)

Elongation at break
(%)

PAN 1.7 0.4 23.6 10.9
[PAN + (PS-DVB-TAC)] 2.1 0.5 30.5 13.8
[PAN + (PS-DVB-TAC)] + PANI 2 h 2.0 0.8 41.6 16.9
[PAN + (PS-DVB-TAC)] + PANI 12 h 1.8 1.2 42.2 15.2
[PAN + (PS-DVB-TAC)] + PANI 24 h 1.6 2.3 44.9 14.3

Table 2 Separation efficiency of the fabricated membranes at 30 V for 30 min using electrodialysisa

Membrane type A* (g/100 mL) B* (g/100 mL) A-B* (g) C* (%)

[PAN +(PS-DVB-TAC)] 1.005 0.856 0.149 14.82
[PAN +(PS-DVB-TAC)] + PANI 2 h 1.005 0.792 0.213 21.19
[PAN +(PS-DVB-TAC)] + PANI 12 h 1.005 0.662 0.343 34.13
[PAN +(PS-DVB-TAC)] + PANI 24 h 1.005 0.631 0.374 37.21

a *Initial concentration of tartaric acid in the feed compartment (A), nal conc. of tartaric acid aer electrodialysis in the feed compartment (B),
difference between the nal and initial concentration of tartaric acid (A-B), % age separation of tartaric acid by electrodialysis (C).
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to a more uniform and higher conductivity. As modication
time increases, the interactions between PANI and the [PAN +
(PS-DVB-TAC)] matrix improve. Better bonding at the interface
can lead to more efficient charge transfer between the PANI and
the surrounding matrix, further boosting the conductivity.88 It
was observed that by increasing the duration of the PANI
coating, the electrical conductivity of the composite membrane
increased.
3.7. Assessment of mechanical strength

The mechanical properties such as tensile strength, young
modulus, stiffness, and elongation at break (%) are tabulated in
Table 1. The results showed that the tensile strength of the
blank PANmembrane increases with the incorporation of anion
exchange resin (PS-DVB-TAC) and it is further enhanced with
the deposition of PANI aer 2 h. However, as the deposition
time exceeds 2 h, there is a slight decline in the mechanical
strength of the membranes.89 The stiffness of the membranes
increases gradually with the addition of anion exchange resin
(PS-DVB-TAC) and with gradual deposition of PANI,90 and
a similar trend is observed in the case of Young's modulus.
Moreover, the elongation at break (%) increases with the
loading of anion exchange resin and deposition of PANI aer
2 h; however, it plummets moderately as the deposition time of
PANI increases.91 This difference in mechanical results may be
attributed to the presence of aromatic rings in the PANI.92
3.8. Electrodialysis

Electrodialysis is a membrane-based separation process widely
used in various industries for desalination, water treatment,
food processing, and pharmaceuticals. Its signicance lies in its
ability to selectively remove ions from a solution by applying an
electric eld across ion-selective membranes. Aer the process
© 2024 The Author(s). Published by the Royal Society of Chemistry
of electrodialysis, the concentration of tartaric acid was deter-
mined in the feed chamber against 0.01 N sodium hydroxide
(NaOH) using phenolphthalein as an indicator. Before electro-
dialysis, a blank reading was performed for 1% tartaric acid.
The experimental results obtained for the separation of tartaric
acid are listed in Table 2. This indicated that the composite
anion exchange membrane without PANI coating can separate
the tartaric acid up to 14.82 wt%. Nevertheless, the composite
anion exchange membranes with PANI coating for durations of
2 h and 12 h, had 21.19 wt% and 34.13 wt% separation effi-
ciency, respectively (Fig. 5). Moreover, the separation of tartaric
acid with the 24 h PANI coating was 37.21 wt%. The ndings
from the modied membranes indicated that there was a rise in
the percentage of tartaric acid separation as the coating of PANI
increased.
4. Conclusions

Anion-exchange composite membranes were prepared by
depositing a PANI coating on a heterogeneous [PAN + (PS-DVB-
TAC)] membrane via in situ polymerization using ferric chloride
as an oxidant. The SEM micrographs showed that the thickness
of the PANI coating was dependent on the duration of aniline
polymerization. Consequently, the PANI coating is thicker at
a longer duration of polymerization of aniline compared to the
shorter time. The particular interactions between the [PAN +
(PS-DVB-TAC)] membrane and the PANI coating were also
conrmed by FTIR analysis. The % water-uptake and ion
exchange capacity are affected positively by the PANI coating;
the longer the duration of PANI polymerization, the higher the
% water uptake. The electrical conductivity data indicated that
by increasing the PANI coating, the electrical conductivity was
enhanced. The obtained results revealed that the membrane
with a thicker PANI coating was more capable of separating
RSC Adv., 2024, 14, 29648–29657 | 29655
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tartaric acid via electrodialysis. These membranes could
potentially be implemented as energy-efficient alternatives for
the separation of carboxyl-containing organic compounds from
the fermentation broth and effluents of food and pharmaceu-
tical companies.
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