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The present research focuses on the ameliorated chitosan membrane (ACM) in which chitosan based membrane has been
developed by optimization of different synthesis parameters such as the amount of solvent, amount of monomer and amount
of initiator in which maximum percentage grafting of 812% is achieved. The synthesized membrane is further investigated
for the evaluation of spectroscopic, water barrier and thermal characteristics. The spectroscopic studies are carried out using
FTIR spectroscopy and UV-visible-NIR absorption spectroscopy which is used for evaluating the chemical characteristics.
Water barrier characteristics are evaluated using a water absorption test and water contact angle in which water absorption
of 1175% in 180 min and water contact angle of 77.59° indicating a hydrophilic nature whereas the thermal characteristics
are evaluated using TGA and DSC studies which confirmed the thermal stability of 22.92% at 800°C.
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Introduction

The pursuit of sustainable and efficient materials
has generated considerable interest in membranes
made from biopolymers, namely those derived from
chitosan. Chitosan is an extensively explored
membrane material that shows tremendous potential'.
Chitosan can be extracted from several sources such
as crab shells, shrimp shells or fungal chitin and the
choice of source of chitosan might affect the
characteristics of the material®®. Chitosan exhibits
numerous distinctive characteristics due to its unique
attributes that render its diverse applications such as
membranes, hydrogels, beads, nanoparticles, sponges,
interpenetrating and semi-penetrating networks which
have numerous usages in industries such as
wastewater treatment™*°, drug delivery’, wound
healing®, antimicrobial materials’, food packaging'’,
textiles'', coatings'’, and energy storage materials'
The chitosan based materials are synthesized using
different techniques such as template assisted
synthesis'’, solution mixing or blending” , melt
mixing'®, spray drying'’, in-situ synthesis'®, sol gel
method'’, emulsion method’, layer by layer
assembly”,  electrospinning®',  co-precipitation®,
hydrothermal synthesis® and green synthesis **

The recent developments in membrane technology
have concentrated on enhancing the effectiveness of

chitosan membranes using several approaches. These
methods involve integrating chitosan with different
materials such as bio-active molecules, polymers,
inorganic materials, metal ions and nanoparticles to
improve its thermal, wettability, permeability and
spectroscopic characteristics. These technological
advances are designed to address the inherent limits
of chitosan membranes such as modest thermal
characteristics and vulnerability to degradation under
specific conditions.

The water absorption behaviour of the polymer is
influenced by different factors such as charge density,
chemical composition, level of cross-linking,
microstructure  (porosity) of the polymer, the
interaction between the polymer and water and
environmental circumstances in which the polymer is
placed *°. Water absorption is a dynamic phenomenon
that involves the simultaneous occurrence of mass
movement and mechanical deformation. This
phenomenon refers to the gradual change from a
glassy or partial viscoelastic state to a viscoelastic
(rubbery state)*®. Diffusion refers to the movement of
water molecules into the vacant areas between the
polymeric chains. The diffusion of solvent molecules
occurs at a slower pace compared to the relaxation of
polymeric chains. As a result, the diffusion of solvent
molecules regulates the swelling process, which
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follows Fickian transport’’. The network parameters
such as mesh size, significantly influence the swelling
behaviour of the membrane. The investigation on the
graphene oxide and chitosan based mixed matrix
membrane was developed in which it was observed
that the water flux indicated an initial increase
followed by a decrease as the concentration of
graphene oxide was varied. The maximum flux was
obtained for the 1 wt% which was attributed to the
influence of the free volume of the membrane and
hydrophilicity of the membrane®®. The thermal and
water barrier characteristics were investigated for the
cellulose nanocrystals incorporated into the chitosan
membrane through mechanical mixing and solution
casting methods®. The swelling percentage indicated
that it enhanced with time whereas the decreased as
the concentration of cellulose nanocrystals content
i.e., the pristine chitosan and 5 wt% composite
showed a percentage of 1025.8% and 535.3%,
respectively”’. Another aspect of the water barrier was
investigated using contact angle studies and the
pristine membrane showed a contact angle of 67.9°
whereas the contact angle was enhanced as the
concentration of cellulose nanocrystals enhanced due
to which at 5 wt% indicated a contact angle of 90.03°
indicated a hydrophobic nature of the membrane®.
With the increase in the cellulose nanocrystal content,
there was a reduction in the carbon residue and an
enhancement in the rigidity, crystallinity and heat
resistance of the composite membranes”. The
chitosan and TiO, based membranes were developed
using simple casting in which it was observed that the
higher concentration of TiO, indicated a lower water
retention capacity whereas the composite membrane
exhibited a lower mass loss in comparison to the
pristine chitosan membrane®. The spectroscopic
studies help to determine the chemical analysis,
polymer composition, identification of functional
groups, structural analysis, interaction studies,
degradation studies and quality control®'.

The objective of the present study is to develop a
chitosan membrane which was further characterized
to study different characteristics such as spectroscopic
characteristics, water barrier characteristics and
thermal characteristics. The spectroscopic
characteristics were evaluated using FT-IR and UV-
visible-NIR absorption spectroscopy whereas the
thermal characteristics were evaluated using TGA and
DSC studies. The water barrier characteristics of the
membrane were observed using the water absorption
test and water contact angle.

Experimental Section

Materials

The following chemicals were utilized without
additional purification: chitosan (analytical grade)
from Hi-media, Mumbai, India. SD Fine Chemicals,
Mumbai provided acetic acid and acrylic acid.
Thiourea and potassium sulphate were provided by
Merck and Loba Chemie. Millipore water was utilized
for the formation of solutions and other polymeric
processes. All chemicals were used without further
purification.

Methods

Chitosan solution was prepared by dissolving 0.5 g
chitosan flakes in 20 mL of 3% acetic acid solution
which was kept overnight at room temperature.
The viscous solution obtained was used for the
synthesis of the ACM. A requisite amount of
acrylamide (5 mol/L) was added dropwise to the
filtered, homogenized, viscous chitosan solution
under continuous stirring. The mixture was stirred for
10-20 min at room temperature. Subsequently, an
appropriate amount of potassium persulfate was
added to the homogeneous mixture to initiate the
reaction with continuous stirring for another 20 min.
Thiourea, serving as the crosslinker, was then added
dropwise to the milky white solution. The mixture
was maintained at 120°C for 60 min* ®. The resulting
gel was washed with Millipore water to remove any
homopolymer and ACM was dried in an oven at 60°C
until constant weight was achieved.

Optimization of different synthesis parameters

The synthesis of the ACM was carried out by
optimizing different parameters such as the effect of
the amount of solvent, the amount of monomer and
the amount of initiator in terms of percentage grafting
(P,) which is also depicted using Fig. 1.

Effect of amount of solvent

The impact of the amount of solvent on the P, was
stidied by altering the volume of a 3% acetic acid
solution, ranging from 5 to 25 mL. During the study,
the amount of chitosan (0.5 g), amount of monomer
(10 mL), amount of initiator (5 mL) and cross-linker
(0.0025 mol/L) stayed the same. There was an
increase in the P, upto 15 mL i.e., 300% but on
increasing the amount further there was a decrease in
the P,. It might be attributed to the polymerization
reaction taking place with the help of OHe free
radicals, the formation of SO, * and the movement of
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Fig. 1 — Effect on P, w.r.t. amount of (a) initiator concentration, (b) monomer concentration and (c) solvent

ions towards the acrylic acid and backbone parts™ ** *.
This process generates additional active sites on both
vinyl monomer molecules and chitosan, assisted by
the solvent volume. So, it made it easier for active
poly(acrylic acid) chains to move to the active
parts of the chitosan backbone, which resulted in a
great rise in P,.

Effect of amount of monomer

The impact of tailoring the amount of monomer on
P, was studied by varying the amount of monomer
(5 mol/L) for a range of 10 to 45 mL at predefined
parameters such as the amount of chitosan (0.5 g),
amount of initiator concentration (5 mL), crosslinker
(0.0025 mol/L) and amount of solvent (15 mL). It was
observed that there was an increase in the P, from 300
to 812% for the increase in the amount of monomer
from 10 to 30 mol/L but on increasing the monomer

amount further there was a decrease in the P, which
might be due to the enhanced inter and intra
molecular  self-crosslinking  through secondary
binding forces with diminished porous gel structure
which developed the accumulation into the polymer
matrix**,

Effect of amount of initiator

The effect of the amount of the initiator
(0.025 mol/L) w.r.t. P, at predefined parameters such
as the amount of chitosan (0.5 g), crosslinker
(0.0025 mol/L), amount of solvent (15 mL) and
amount of monomer (30 mL) was studied. It was
observed that there was an increase in the P, from 232
to 812% for the amount of initiator of 1 to 5 mL. On
increasing the amount further, it was observed that
there was a decrease in the P,. The initiator’s primary
function is to trigger the polymerization reaction
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by generating SO4 ° in the reaction medium. These
species lead to the formation of numerous active sites
on both chitosan backbone and monomer molecules.
This ultimately leads to a higher degree of grafting of
grafting of living polyvinyl chains onto chitosan,
thereby achieving a high P, value*®. Even so, when
the amount of initiators went up, homopolymerization
rather than graft copolymerization became more
common which was due to the active polyacrylic acid
chains being made in the reaction medium.

Characterization techniques

Thermal gravimetric analysis was carried out using
the Shimadzu DTG 60 TGA/DTG model. Differential
scanning calorimetry (DSC) analysis was carried out
using Waters TA instruments Q200 modulated DSC.
Absorption spectroscopy was carried out using
Agilent Cary 5000 UV-visible-NIR  spectro-
photometer. Fourier transform infrared spectroscopy
(FTIR) was carried out using Thermo Fischer
Scientific Nicolet iS50 FTIR tri-detector. FESEM
micrographs were carried out using Zeiss Gemini
SEM 500. The water contact angle of the membrane
was obtained using Kruss DSA100. The water
absorption of the membrane was studied over a period
of time in which the initially dry weight of the
membrane was obtained and after that, the weight
submerged membrane was obtained at different
intervals. The water absorption of the ACM was
calculated using the formula given below™ ™.

Y% 100 ...2)

Percentage water absorption =

4

Results and Discussion
Spectroscopic studies

Fig. 2 shows the FTIR spectra of the chitosan and
ACM in which it was observed that a prominent
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Fig. 2 — FTIR spectra of chitosan and ACM

T
200 400 600

absorption peak at 3394 cm™, can be attributed to
symmetrical stretching vibration of the -OH
group. The distinctive absorption peaks of 1636 and
1551 cm™, are a result of the stretching vibration of
the amino group*®. A peak of 2846 cm’,
corresponding to the symmetric -CH, stretching
vibration of the pyranose ring, is found. The small
peak observed at around 894 cm™ corresponds to the
oscillation of the saccharide arrangement in chitosan.
In the case of ACM, a change in the absorption band
occurs at 3318 cm™, which corresponds to the -OH
group. It could be attributed to the heightened
magnitude of this peak in the membrane to the
polymerization of acrylic acid chains onto chitosan °.
The distinct peak at 1067 cm™ was seen, indicating
the stretching of the C=S bond in the membrane. The
peaks at 685 and 600 cm’ are indicative of the
bending vibration of the N-H and CH, rocking,
respectively.

The UV-visible absorption spectra for the chitosan
and ACM show absorption bands at 285 and 293 nm
respectively, as shown in Fig. 3. It might be attributed
to the n—m transition which involves the amine
groups™®. The peak at 285 nm and 293 nm peak are
highlighted with the dashed line in Fig. 3.

Additionally, Fig. 4 illustrates the NIR absorption
spectra of the chitosan and ACM. It was observed that
the ACM showed major peaks at 1482 and 1969 nm
whereas the chitosan showed peaks at 1532 nm,
1936 nm and 2025 nm. The intense peaks observed at
1482 nm, 1936 nm and 2025 nm might be attributed
to the stretching and deformation of the O-H group
whereas the absorption band observed at 1969 nm in
ACM might be attributed to the hydrogen bonding
and deacetylation of chitosan®**’.

ACM

Transmittance (%)

Chitosan

W

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 — Absorption spectra of chitosan and ACM
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Fig. 4 — NIR absorption spectra of the chitosan and ACM

Morphology

FESEM micrographs of ACM are depicted in
Fig. 5. It can be observed that the flower-like
structures. When the micrographs were obtained at
higher magnifications, the flower structure indicated a
rod-like structure which might be attributed to the
polymerization and grafting process which is also
confirmed using FTIR spectra. Additionally, the
presence of rod-like structures showed a specific
arrangement  of  chitosan molecules in the
microstructure which could be attributed to the
obstruction of certain segments of chitosan during the
synthesis process*. Interestingly, these rod structures
are also capable of developing interconnected networks

that generate multiple empty spaces and pathways,
which results in increased porosity*”. The gaps between
the rods create more void space within the membrane,
which encourages fluid or gas passage through the
material which is depicted in the FESEM micrographs
and also confirmed using the water absorption studies.

Thermal studies

The thermal studies for ACM were evaluated using
thermogravimetric analysis and differential scanning
calorimetry. The thermal characteristics of the
membrane were studied using TGA which is depicted
using Fig. 6. It was observed that the 20% and 50%
thermal degradation of the membrane was observed at
230.66 and 302.10°C, respectively. Additionally,
thermal stability was observed at 22.92% at 800°C.
The TGA curve was used to plot the derivative curve
which was used to calculate the °inflection point, Ty,
(first peak of DTG) and the Ty, (second peak of DTG)
which was found to be 234.54, 128.32°C and
255.40°C, respectively. When assessing the initial
phase of deterioration, which involves the loss, the
DTG curves show that their forms are dissimilar.
Polysaccharides often exhibit a high affinity for water,
making them easily hydrated and leading to the
formation of macromolecules with rather disorganized
structures. The hydration characteristics of these
polysaccharides are dependent on their primary and
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Fig. 6 — (a) TGA and (b) DTG curves of ACM

Table 1 — DSC data for the curve

S. No Peak Heat flow Latent heat Peak
Temp. (°C) (mW)  capacity (7 g) type
1 100.32 -5.067 -120.5 Endothermic
2 199.26 -0.3629 -34.20
3 227.39 -0.1034 -4.456 Exothermic
4 270.28 -0.1305 -11.95

supramolecular structures. The thermal stability of
22.92% was observed at 800°C for the ACM. The
literature indicated that for chitosan in the first phase,
there was a reduction of 6.7% in the weight of the
chitosan at 104°C due to the evaporation of both free
and bound water molecules as well as other volatile
chemicals®. The chemical bonds of the chitosan were
disrupted and displayed a weight reduction of 38% at
a temperature range of 225-325.5°C in the second
stage of the thermal decomposition®. Interestingly, the
final stages of decomposition showed a progressive
reduction in the weight when the temperature of
631.6°C was attained due to the breakdown of the
polysaccharide structure °.

Additionally, the thermal assessment using DSC
analysis as shown in Table 1 and Fig. 7 reveals the
presence of endothermic and exothermic peaks for the
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Fig. 7— DSC curve of the ACM

range of 40-160°C and 210-280°C, respectively. The
evaporation of water in the samples, occurring across a
broad temperature range, causes this endotherm®. The
endothermic peak suggest a larger water content in the
sample which might be due to the introduction of
additional hydrophilic sites into the membrane and
which also corresponds to the water absorption test and
water contact angle results. This is specifically due to
the presence of polar functional groups like
thiocarbonyl and amino groups which are capable of
developing hydrogen bonds with the water molecules*.
The literature showed that the glass transition
temperature for chitosan at 203°C but for the case of
ACM there is a shift towards the higher temperature
which indicates better thermal characteristics and
stability®. Additionally, it has been observed from Fig.
7 that as the temperature is being increased, there is a
reduction in the amount of energy as the material shifts
from endotherm to exotherm region which might be
due to thermal decomposition of the ACM *.

Water barrier studies

The water barrier studies were carried out using
water absorption studies which were further studied
with the help of a water absorption test and the
wettability of the ACM. The water absorption pattern
and water contact angle of ACM are depicted using
Fig. 8 which depicts a water contact angle of 77.59°
and the hydrophilic nature of the membrane. The
enhanced water absorption can be attributed to the
hydrophilicity of the ACM and the development of
rod like structures that are capable of developing
interconnected networks that generate multiple empty
spaces and pathways, which resulted in enhanced
porosity and is also confirmed using FESEM
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micrographs™*.  The chitosan crosslinked ~ with

glutaraldehyde indicated helped in developing the
hydrophobic structures which helped in confirming the
effect of the degree of glutaraldehyde incorporation®®.

Conclusion

The ACM showed effective thermal, spectroscopic
and water barrier characteristics. The development of
the membrane was confirmed using the FTIR and UV-
visible-NIR spectroscopy studies. Thermal studies
such as TGA confirm the thermal stability of 22.92%
at 800°C for the ACM whereas the endotherm and
exotherm for the ACM were confirmed from the DSC
studies. The water barrier studies depicted a water
absorption of 1175% at 180 min and depicted a water
contact angle of 77.59° indicating a hydrophilic
nature of the membrane.
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