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In the present work, Brensted acidic ionic liquid 2-methyl-N,N-disulfoimidazolium chloride [Mdsim]Cl
impregnated chitosan composites were prepared by mixing chitosan with [Mdsim]Cl in different ratios.
The prepared composites were characterized by FT-IR, PXRD, SEM and TGA techniques. The adsorption
behaviour of the prepared composites was efficiently investigated for the removal of methylene blue
(MB), as a cationic model dye compound from aqueous solution. Various concentrations of aqueous MB
dye solutions were used to study the adsorption nature of composites through UV studies. The
adsorption kinetics of MB was well described using a pseudo-second-order model and intra-particle
diffusion model. The adsorption also followed the Langmuir adsorption isotherm and the maximum
adsorption capacity was 2.3 mg g*1 among the prepared composites. The adsorption capacity of the
composite was also compared with three other dyes, namely methyl orange, crystal violet and methyl

rsc.li/rscsus green.

Sustainability spotlight

The discharge of wastewater containing various organic pollutants into the environment without treatment from different industries like textile, printing,
leather tanning, cosmetics, food processing, etc. poses many health hazards to human, animal and aquatic lives. Dyes are one of the toxic pollutants and cause

direct threat to both aquatic lives and lives on land when come into contact. Here, a sustainable composite material is developed through combination of cheap
and available biopolymer chitosan with functionalized ionic liquids as recyclable adsorbents for organic dyes. Thus, our work can help to fulfil the Sustainable

Development Goals (SDGs) 6, 14 and 15 of the United Nations.

1. Introduction

Dyes are usually discharged into water bodies as waste materials
used in industries such as textile, printing, leather tanning,
cosmetics, food processing, etc."* This can lead to significant
environmental problems when they interact with aquatic life
and cause serious health hazards in human beings like hyper-
tension, blurred vision, abdominal pain, dizziness, abnormal
urine, asthma, nausea, itching, staining of skin, carcinogenic
effects, etc.® So, removal of these dyes from aquatic regions is of
great demand and various chemical, physical, and biological
methods have been developed for this purpose. These include
chemical oxidation,* electrochemical oxidation,” photo-
degradation,® reduction,” biological treatment,® adsorption,®
coagulation-flocculation' and membrane separation.'* Most of
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these methods suffer from drawbacks like generation of toxic
sludge and high operation and maintenance costs. Among
these methods, the adsorption techniques have several advan-
tages like cost effectiveness, simple design and operation, no
production of toxic by-products, possibility for regeneration of
adsorbents, removal of different pollutants under varied
conditions including pH, temperature, initial dye concentra-
tion, contact time, adsorbent dose, etc.* For the removal of
wastewater dye pollutants, various adsorbents like carbon-
based materials, polymer-based materials, bio-adsorbents,
metal oxides, clays, etc. have been employed efficiently, but
some of them have drawbacks because of their difficulty in
regeneration and high cost.>*>*?

Natural biopolymers are considered as potential adsorbents
for treatment of wastewater due to their abundance and cost-
effectiveness, specific structures with functional groups to
design new adsorbents, chemical stability, unique physico-
chemical properties, ecofriendliness, biodegradability, and
ability to bind different pollutants through physical and
chemical interactions.* ¢ Chitin and chitosan are such natural
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polysaccharides with definite physical, chemical, and biological
properties. Usually, the chitosan is derived as a partially
deacetylated derivative of biopolymer chitin, i.e. poly(B-(1-4)-N-
acetyl-p-glucosamine), containing repeating units of N-acetyl-p-
glucosamine and p-glucosamine.'”*® The existence of -OH, -
NH, and -NHCOCH; functionalities on the surface of chitosan
provides adsorption capabilities of organic pollutants through
H-bonding, intermolecular interaction, and electrostatic
attraction. Despite this, it suffers from disadvantages including
low adsorption capacity, poor mechanical strength, and low
recyclability because of poor physicochemical properties such
as morphological nature, surface area, thermal stability, func-
tional groups, etc.*

To overcome the above limitations of pure chitosan as an
adsorbent, different chemical or physical modifications have
been reported by incorporating reinforcement materials like
carbon-based materials, zeolites, metal oxides and other
biopolymers in the chitosan matrix to develop chitosan
composites.”>*" In this context, functionalized ionic liquids can
be used as reinforcement materials to increase the surface
functionalities of chitosan for improvement of adsorption effi-
ciencies along with other physicochemical properties such as
mechanical strength, thermal stability, pH sensitivity, surface
area, etc. The review on ionic liquid modified composites of
different adsorbents also mentioned improved adsorption effi-
ciencies for water pollutants.”” As functional materials, ionic
liquids (ILs) represent a class of prospective materials with
tunable physicochemical properties, which exist in the liquid
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state below 100 °C. They are non-flammable viscous organic
salts prepared by a proper combination of organic cations with
organic or inorganic anions depending on the desired physi-
cochemical characteristic. Their variable physicochemical
behavior includes viscosity, polarity, hydrophilic/hydrophobic
nature, conductivity, density, surface tension, thermal and
electrochemical stability, moisture sensitivity, ability to dissolve
organic/inorganic or other materials, etc.>>>® The properties of
ionic liquids can also be varied by incorporation of functional
groups like -SO;H, -COOH, -OH, etc. into their constituent
ions, making them suitable for use as greener reaction medium,
catalysts, electrolytes, and surfactants, in separation and puri-
fication technology such as liquid-liquid extraction, liquid-
solid phase extraction, microextraction, etc. It has been
observed that chitosan provides a biocompatible matrix for
immobilization of functionalized ionic liquids by physical and
chemical modifications with transfer of specific properties of
ionic liquids to the chitosan-ionic liquid composites leading to
enhancement of overall stability, making them suitable for
a wide range of applications. These include the design of new
catalysts, pollutant scavengers, chemical sensors, drug delivery
systems, adsorption of heavy metal ions, antimicrobial activity,
biomedical fields, etc.?¢

From these prospectives, it was aimed to develop (Scheme 1)
various composites of chitosan impregnated with different
amounts of Bregnsted acidic ionic liquid 2-methyl-N,N-disul-
foimidazolium chloride [Mdsim]Cl*” to investigate their
adsorption efficiencies for the removal of the cationic model dye

é
i i IL + chitosan
Acetic acid sol. — —
2 a 2 E ] 2 -
e e - | E——————
Q
&
é
— NaOH sol.
Filtered, washed
and air dried
> L]
[

Scheme 1 Representative procedure for preparation of chitosan—IL composites.
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Fig. 1 Structure of organic dye molecules.

methylene blue (MB) (Fig. 1) in aqueous solution with various
adsorption parameters as well as adsorption isotherm, kinetic,
and thermodynamic analysis.

2. Materials and methods

2.1. Materials

All required analytical grade chemicals were procured from
chemical suppliers Merck, Rankem Chemicals, Sisco Research
Pvt. Ltd (India), SD Fine Chem Ltd and Loba Chemie in pure
states to prepare the ionic liquid [Mdsim]Cl and the chitosan-
ionic liquid composite material. These included chitosan
(molecular weight: ~193400 g mol '), 2-methyl imidazole
(>99%), chlorosulfonic acid (97%), NaOH, and glacial acetic
acid. All the stock solutions of MB were prepared in freshly
prepared deionized double distilled water to study the adsorp-
tion performances of the composite material.

2.2. Methods

A PerkinElmer MIR-FIR FT-IR spectrophotometer was employed
for recoding the FT-IR spectra of the chitosan-IL composites
within 4000-400 cm ™' using KBr pellets. The morphological
images of the composites were determined using a scanning
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electron microscope (SEM), model: JEOL JSM-6390LVSEM.
Thermogravimetric analysis of the composites was conducted
using a Shimadzu TGA-50 analyzer. A Shimadzu UV-1800 UV
spectrophotometer was employed to measure the MB concen-
trations during adsorption studies.

2.3. Preparation of 2-methyl-N,N-disulfoimidazolium
chloride [Mdsim]Cl

The preparation of the 2-methyl-N,N-disulfoimidazolium chlo-
ride [Mdsim]Cl ionic liquid was done as per a standard
method.”” The procedure involved dropwise addition of
20 mmol of chlorosulfonic acid at 0 °C to a solution of 10 mmol
of imidazole in 15 mL of dry dichloromethane (DCM) in
a 100 mL round bottom flask with continuous stirring for
30 min to form a DCM immiscible viscous layer of the ionic
liquid. The viscous layer of IL was washed three times with
dichloromethane (3 x 5 mL) after removal of the initial solution
of DCM by decantation. The crude ionic liquid was dried in
a vacuum oven at 60 °C for 3 h to obtain the pure ionic liquid.

2.4. Preparation of chitosan-[Mdsim]Cl composites

For the synthesis of chitosan-[Mdsim]Cl composites, 0.50 g of
chitosan was dissolved in 50 mL solution of acetic acid (2% v/v)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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taken in a 100 mL beaker, followed by addition of 0.50 g of
[Mdsim]Cl to the solution with continuous stirring for 2 h. The
obtained solution was then added dropwise to an aqueous 1 M
NaOH (100 mL) solution and stirred for 2 h to obtain a solid
precipitate. It was then filtered and washed with distilled water
2-3 times and dried in air for 24 h. By using this procedure
(Scheme 1), the chitosan composites of the ionic liquid were
made in three ratios (1:1,1:2 and 1: 3) by taking 0.50 g, 1 g and
1.5 g of [Mdsim]Cl, respectively, against 0.50 g of the chitosan.

2.5. Adsorption experiments

To evaluate the adsorption properties of the composites,
adsorption experiments were performed in batch mode
(Scheme 2) by adding specific amounts of the chitosan-[Mdsim]
Cl composites (5-40 mg) to each 10 mL of the MB stock solution
(2.5, 5, 10 and 20 mg L") and stirred at room temperature for
a specific period. In the next step, the sorbent was separated,
and the concentration of MB solution was determined using
a UV-Vis spectrophotometer at the maximum wavelength A, =
664 nm by plotting the absorbance value of MB versus concen-
tration with a linear relationship through the Beer-Lambert

>

40mg of the composite

IRE MIgE=Y|

Stirred for 3 h
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law. The removal percentage R (%) and adsorption capacity at
equilibrium g. and ¢ time g, (mg g~ ') of the sorbent were
calculated from eqn (1)—(3), respectively.?®

R(%) = %x 100 1)
0
Co — C.
= %V 2
q o X (2)
=" Oy ®)

Here, Cy, C. and C; are the concentrations of the MB stock
solution at the initial, equilibrium and time ¢, respectively. V is
the volume of MB solutions, and m is the amount of absorbent
in grams.

2.6. Study of adsorption kinetics

To investigate the adsorption kinetics of MB adsorption on the
chitosan-IL composites, three kinetic models eqn (4)-(6) were
employed to fit the experimental data (Table S1t) for pseudo-
first-order, pseudo-second order and Weber and Morris

Sorbent separated

IA- RE MIB=V\

Scheme 2 Representative method for adsorption of MB dye solution using chitosan—IL composites.
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Table 1 Calculated adsorption kinetic parameters for MB adsorption
Intra-particle
Pseudo-first order (linear) Pseudo-second order (linear) diffusion model

CO (mg Lil) qe,exp (mg gil) Ge,cal (mg gil) kl RZ Ge,cal (mg gil) kZ R2 Kil KiZ Kis
10 1.95 2.43 0.0078 0.042 1.705 5.573 0.977 3.230 0.197 —0.40
Table 2 Calculated isotherm model parameters

Langmuir (linear) Freundlich (linear)
T (OC) dm,exp (mg gil) Gm,cal (mg gil) K, R Ry Kg n R?
25 2.35 2.67 0.75 0.993 0.062-0.347 0.99 2.22 0.838
35 1.45 1.80 0.32 0.981 0.136-0.559 0.44 1.93 0.880
45 2.35 4.17 0.12 0.928 0.294-0.769 0.48 1.46 0.988

models, respectively. The calculated parameters of the three
models are included in Table 1.

In(g. — g,) = Ing. — kit (4)

where k; (min") is the rate constant of the pseudo-first order
model and this value was determined from the slope of the
linear plot of In(g. — g,) versus time (¢).>*>°

i_ 1 +i (5)
@ kg qe

Here k, (g mg~' min™") is the rate constant of the pseudo-

second order model.** Using eqn (5), the rate constant value
k, and the amount of MB adsorbed at equilibrium (g.) were
calculated from the intercept (1/k,q.>) of the straight line by
plotting ¢/q, versus time (¢) with a slope of 1/¢e.

The intraparticle diffusion model of Weber-Morris** eqn (6)
was employed to observe the diffusion mechanism of MB
adsorbed at different time intervals with the intraparticle
diffusion constant K; (mg g~ min'/?) involving various steps of
adsorption including bulk diffusion, film diffusion, particle
diffusion and chemical reactions.?

g, = KII/Z +C (6)
The slope of the straight line of g, versus "> provided the
intraparticle diffusion constant K;.

2.7. Study of adsorption isotherms

Two well-known isotherms, Langmuir and Freundlich models,
were employed to evaluate the experimental data of adsorption
of MB dyes (Table S2+) with varied concentrations (2.5, 5,10 and
20 mg L") and temperatures (298, 308, and 318 K) on the
composite using eqn (7) and (8), respectively.?® The calculated
parameters of the two models are included in Table 2.

ge = quL Cc

= —— 7
1+ K.C, @)

e = KfCel/n (8)
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where ¢, is the maximum adsorbent capacity (mg g™ '), Kp
(L ¢ ) is the Langmuir constant, K; is the Freundlich constant
and n is the favorability of the adsorption process.

The linear equations of Langmuir and Freundlich models
can be displayed by eqn (9) and (10) as given below.

1 .G
qm

= 9
qe quL ( )
Here, the slope of the linear plot C./q. versus C./qm, was used to
determine the value of maximum adsorbent capacity (¢,,) and
the Langmuir constant (K;) from the intercept (1/g,,Ky) value.

Ing, = InK; + l/nln C, (10)

From this equation, the intercept of the linear plot of In g,
versus In C. was used to calculate the value of the Freundlich
constant (Ky) and the favorability of the adsorption process (n)
from the slope (1/n).

3. Results and discussion

To perform the adsorption studies of the chitosan-based
composite of [Mdsim]Cl for aqueous organic dye solutions,
initially three different ratios (1:1, 1:2 and 1:3) of chitosan
and ionic liquids were employed for the preparation of the three
types of composites (Scheme 1) using 0.50 g, 1 g and 1.5 g of the
[Mdsim]Cl ionic liquid against 0.50 g of the chitosan,
respectively.

3.1. Characterization of chitosan-IL composites

The structural characteristics and thermodynamic stability of
the composites were determined using FT-IR, SEM, powder
XRD, and thermogravimetric analyses.

Initially, the comparative FT-IR spectra of chitosan, [Mdsim]
Cl and the 1: 3 chitosan-[Mdsim]Cl composite are displayed in
Fig. 2. The various peaks of chitosan can be observed at
3438 cm™ ' (overlapped stretching vibrations of O-H and N-H
bonds), 2924 em ' (C-H stretching), 1412 cm ' (angular
deformation of the -CHj; group), 1561 cm™' (merged N-H

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of chitosan, chitosan—IL and [Mdsim]CL

bending vibration of amide II and C-N stretching vibrations),
1633 cm~ ' (C=O stretching vibration of amide band-I) and
1107 cm™ ' (asymmetric stretching of C-O-C bridge).>* The
spectrum of [Mdsim]Cl showed the existence of -SO;H groups
attached to the organic cation by assigning absorption peaks at
1241-1169 cm™ ', 1070-1030 cm™ " and 581 cm™ ' to S-O asym-
metric stretching, symmetric stretching, and bending vibra-
tions. The N-S stretch was observed at 880 cm™". The C=C and
C=N stretching vibrations of the imidazolium ring can be
observed in similar regions around 1738-1633 cm ™ *. The IL also
exhibited C-H stretching in the same region of chitosan. The
broad O-H stretching peak indicated extensive intermolecular
H-bonding among the IL molecules.?® In contrast, the chitosan-
[Mdsim]Cl (1:3) composite displayed a distinct reduction of
peak intensities for the O-H stretching, N-H bending, S-O

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

stretching, and bending vibrations as well as the C=0O
stretching of the amide I band. A wide peak centered at
1100 cm ™" also evidenced strong intake of the Brgnsted acidic
IL in the chitosan structure. These changes of characteristic
peak positions and intensities can be attributed to the efficient
interactions of the amide, -NH, and -OH groups of chitosan
with the two -SO;H groups of 2-methyl 1,3-disulfoimidazolium
chloride in the chitosan-IL composite. Interestingly, the
composite retains the same peak position and intensity of the
C-H stretching vibrations of the methyl substituent.

Fig. 3 shows comparative FT-IR spectra of the three
composites and showed the existence of NH;" cations through
a N-H stretching at 2354 cm ™" for the 1:1 and 1:2 loaded
composites due to protonation of the free -NH, group of the
chitosan,?®?® whereas this peak was absent in the 1:3 loaded

— (1:3)
— (1:2)
80 (1:1)
3438 2924 2354 1633 1107-1020
O-H and N-H stretching 3438
R ==
= \\ /\ R G aie C-H stretching 2924
v
c
£70- NH,* 2354
g | R "“x\ R P | g C=C and C=N stretching 1738
© 2 gl
E i C=0 stretching vibration 1633
stretching of C-O-C 1107-1020
60 bridge
'_\ /.\ Fea—— PR P $-O symmetric stretching 1070-1030

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

Wavenumber (cm™)

Fig. 3 Comparative FT-IR spectra of chitosan—IL composites.
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Fig. 4 Proposed structure of the chitosan composite with the [Mdsim]Cl ionic liquid.
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Fig. 5 SEM image of (a) chitosan, (b) the chitosan—IL composite (1: 3) and (c) the dye adsorbed chitosan—-IL (1: 3) composite.
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Fig. 6 Comparative PXRD pattern of chitosan—[Mdsim]Cl composites
of different ratios (@) 1:1, (b) 1:2 and (c) 1: 3.

composite. This observation indicated that with increasing
concentration of sulfonic acid functionalized ionic liquid, the
free -NH, groups of chitosan are involved in strong intermo-
lecular H-bonding interactions with one of the -SO;H groups of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA profile of different chitosan—IL composites.
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Fig. 8 (a) N, adsorption—desorption isotherm and (b) BJH plot.
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Fig.9 Effect of [Mdsim]Clamount on the adsorption behaviour of the
composites.

the ionic liquid and thereby modify the surface-active sites of
chitosan instead of forming ammonium cations.

The absence of the peak at 2354 cm ™" due to NH;" for the 1:
3 composite indicated the involvement of all the free -NH,
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groups of the chitosan for maximum electrostatic interactions
with the IL molecules through the -OH groups of the sulfonic
acid functionality. The peak at 2354 cm ™' also supported the
existence of free ammonium cations within the structures of 1 :
1 and 1:2 chitosan-IL composites. Furthermore, the three
composites (Fig. 3) retained all the characteristic assigned
peaks of the 1:3 composites in Fig. 2 with comparable inten-
sities except for slight shifting of the small peak around
500 cm " for the case of 1:3 composites.

The possible structure of the prepared adsorbent of chitosan
with the sulfonic acid functionalized imidazolium [Mdsim]Cl
ionic liquid could be represented in Fig. 4 involving intermo-
lecular H-bonding interactions.

3.1.2. SEM analysis. The morphology of the 1: 3 chitosan-
IL composite was studied using SEM images as a representative
sample as shown in Fig. 5. The chitosan-IL composite showed
a reduction of agglomeration on its surface as compared to the
non-uniform distribution of bigger aggregates for the chitosan
sample. The surface roughness of chitosan was observed to
decrease in the composite with the surface area increasing to
3.490 m*> g (from BET) compared to 2.99 m* g~ ' for pure
chitosan beads,*” thereby enhancing the adsorption of MB dye.
The MB dye adsorbed on the chitosan-[Mdsim]Cl composite
represented a smooth surface morphology with uniform
adsorption of the dye molecules by the chitosan-IL composite.

H-bonding

Scheme 3 Representative plausible interactions between the MB dye and the chitosan—IL composite.

494 | RSC Sustainability, 2025, 3, 486-502

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00501e

Open Access Article. Published on 12 December 2024. Downloaded on 1/18/2026 1:19:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a
(a) .
b
‘ a5
701 —o— R(%)
—=— Adsorption capacity P
2
F4 o
60 E
= >
g F35%
© o
é 50 ]
L3 €
¢
40 e
L2589
-]
<
30 ~
~__ L2
~_
Su
20 T T T T T 15
0 10 20 30 40 50 60
Amount of adsorbent (mg)
(b)
50mg adsorbent (after adsorption)
—— 40mg adsorbent (after adsorption)
34 —— 30mg adsorbent (after adsorption)
] 20mg adsorbent (after adsorption)
10mg adsorbent (after adsorption)
1 5mg adsorbent (after adsorption)
4 10mg/L
2 -
(]
v]
<
]
a
-
-]
]
K-
<
-1 — — — —
400 500 600 700 800
Wavelength (nm)
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composite with increasing amount and (b) UV plots of MB solution
(10 mg L™ after adsorption with increasing amount of the 1:3
composite.

3.1.3. Powder X-ray diffraction study. The powder XRD
pattern of the three chitosan-IL composites displayed one
prominent peak at 26 = 19.80° in Fig. 6, which could be
assigned to the characteristic peak of native chitosan at 26 =
20.1° (ref. 38) with slight shifting of the peak position to a lower
20 value due to change of their crystalline structures by
increasing d-spacing with respect to the bare chitosan. The
surface modification of chitosan can also be confirmed by the
existence of two medium sized broad humps around 26 = 30°
and 20 = 40° for structural modification of the chitosan
framework through involvement of interactions of various
functional groups of chitosan including amino, hydroxyl and
amide groups with the grafting sulfonic groups of imidazolium
cations of the ionic liquid.*

3.1.4. Thermogravimetric analysis. The thermogravimetric
analysis of the three composites of chitosan-IL in Fig. 7 showed
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composite and (b) UV plots for adsorption of MB solution (10 mg L™
during 6 h adsorption time using the 1: 3 composite.

identical thermal stabilities for the composites of 1:1, 1:2 and
1: 3 ratios and chitosan up to 400 °C. Beyond this temperature,
the 1:3 composite started stepwise decomposition with
a retention of 5% mass residue above 500 °C. As compared to
the 1: 3 ratio, the degradation patterns of both the 1:1and 1:2
ratios and chitosan were almost identical up to 600 °C. The
three composites exhibited 10-15% gradual weight loss up to
250 °C, followed by another fast degradation of around 30%
weight loss within 300 °C. Above 300 °C, for the lower IL loaded
composites (1:1 and 1: 2 ratios), a gradual loss of another 15%
weight till 600 °C was observed instead of stepwise decompo-
sition of the 1:3 composite. The higher degradation of the 1:3
composite at higher temperature may be attributed to the
involvement of an excess amount of the loaded acidic IL for
decomposition of the chitosan framework through interactions
with various functional groups of chitosan.

3.1.5. BET analysis. Fig. 8 exhibited the nitrogen adsorp-
tion-desorption isotherm and the pore size distribution plot of
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the 1:3 composite using Quantachrome Instrument v11.05.
The Brunauer-Emmett-Teller (BET) analysis showed a Type IV
isotherm for the mesoporous structure with an H3 hysteresis
lope, based on IUPAC classification.* Here capillary conden-
sation was accompanied by hysteresis and resulted in
a desorption curve higher than adsorption. The BET surface
area was found to be 3.490 m” g~'. From the BJH pore size
distribution plot (Fig. 8(b)), the pore size and the total pore
volume were determined to be 2.364 nm and 0.004 cm® g%,
respectively.

3.2. Adsorption study

For screening of adsorption efficiency of the three composites
with different loaded amounts of the ionic liquid as compared
to chitosan, 40 mg of each of the sample was used for adsorp-
tion of the MB dye in 10 mL stock solution with 10 mg L~*
concentration by stirring the composite for 30 min at room
temperature. The preliminary study showed rising adsorption
efficiency of the 1: 3 chitosan composite to 32% with respect to
8% adsorption efficiency in the case of chitosan as the bare
adsorbent material (Fig. 9). These observations evidenced
modifications of surface functionalities of the chitosan in the
presence of the acidic imidazolium ionic liquid involving two —
SO;H groups attached to the imidazolium cation for the
generation of a greater number of active sites for adsorption. A
plausible interaction between the active sites of the adsorbent
and the model dye molecule MB is proposed in Scheme 3.
Among the three composites, the 1 : 3 chitosan-IL composite
was chosen for optimization of the amount of composite
needed for maximum adsorption in 3 h for 10 mL of the MB
stock solution (10 mg L") with the gradual rise of the
composite amount to 5, 10, 20, 30, 40 and 50 mg, respectively.
The results are presented in Fig. 10(a) (Table S37) by plotting the
removal% of the dye against the amount of composite as the
adsorbent material. The removal percentage of MB was found to
be 28% for 5 mg of the composite, which increased to 78-79%
corresponding to the amount of 40-50 mg of composite,
respectively. This increasing trend of removal efficiency against
the ascending order of the composite weights can be explained
due to more available adsorption sites on the chitosan-IL
composite after modification of chitosan surface functionalities
for adsorption of the dyes. Beyond the amount of 40 mg, the
increase of the removal percentage is found to be very low as the
concentration of MB both on the surface and in solution may
have reached equilibrium.** So, without further increasing the
amount of composite, the optimum was fixed at 40 mg. Addi-
tionally, the removal efficiency for 20 and 30 mg L™ " of MB dye
solutions was also studied with the optimized amount of
composite (1:3) and found to be 47% and 19%, respectively.
With the optimized amount of 40 mg of composite, the effect
of pH was studied to increase or decrease the removal
percentages of MB at varied pH of the solution. The results
showed the removal efficiencies of MB dye as 1% at pH 3, 80%
at pH 10 and 79% at neutral pH. It was seen that the increased
pH slightly increased the removal percentage of dye compared
to the neutral solution. Therefore, the adsorption capacities of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated thermodynamic parameters for adsorption

Temperature (K) AG°® (J mol ™) AH® (J mol™") AS° (J mol ™)
298 706.31 —72513.38 —245.475
308 2957.42
318 5615.83
6,000
1 | R2=0.997711082657389 .
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Fig. 16 FTIR spectra of fresh and adsorbed composites.

the 1: 3 composite for different doses were calculated at neutral

pH and are represented in Fig. 10(a).

This observation showed that by lowering the pH of solution,
the surface of chitosan-IL generates protonated amino groups,
leading to increasing repulsive interactions with the cationic
MB dye and thereby lowering the removal efficiencies of MB
dye. It could be expected that at pH 7-10, the surface of the
chitosan-IL composite remains predominantly negatively
charged due to SO;~ groups, which adsorb cationic dye

molecules.*?
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3.3. Adsorption kinetics study

The kinetic study of MB adsorption was carried out by stirring
40 mg of the composite (1:3 ratio) in 10 mL dye solution
(10 mg L") at different time intervals, Z.e. 1h,0.75h,1h,2h,
3 h, 4 h and 6 h, in separate batches with simultaneous
measurement of removal efficiency (%) of the dye. It was
observed that after 3 h of adsorption, the composite enabled the
maximum removal of the dye from the aqueous solution in
Fig. 11. This figure showed that with increasing time from
30 min to 3 h, the removal efficiency rises from 34% to the
maximum value of 78% respectively and again reduces to
around 64% to 65% over a duration of 4-6 h. It can be expected
that due to available adsorption sites in the composite material,
the removal efficiency achieved the equilibrium position after
3 h from the start. Beyond that time, the adsorption equilibrium
shifted to the reverse direction with a lowering of the removal
efficiency value after 3 h.

The above experimental data were fitted with pseudo-first
order (PFO) and pseudo-second order (PSO) kinetic eqn (4)
and (5) as mentioned under the experimental section to find the
adsorption kinetic parameters of MB adsorption on the
composite (1: 3 ratio) in Fig. 12.

The kinetic plot in Fig. 12(b) clearly showed that the
adsorption of MB on the composite was well described by the
pseudo-second order model with a higher regression coefficient

N\ .
v
=
N 8§~ NH,  HN
Ci |
Azure A
N
AN
=
SN §” NH
I Cl |
Azure B
N
~ N S

View Article Online

Paper

of R* = 0.9779 than the pseudo-first order model and also the
experimental value of g. cx, seems to be closer to the calculated
Ge,cal Value of the pseudo-second order model as mentioned in
Table 1. From these results, we can say that the pseudo-second-
order kinetic model furnished the best interpretation of the MB
adsorption mechanism. In this model, the rate limiting step is
the surface adsorption that involves chemisorption in solution
via physicochemical interactions between the adsorption sites
of the adsorbent and the concentration of the adsorbate.*
Furthermore, this model assumes that the rate of adsorption on
active sites is proportional to the square of unoccupied sites of
the absorbent and the number of occupied sites proportional to
the fraction of the adsorbate attached to the adsorbent surface.?

The experimental data were also used to understand the
intraparticle diffusion model of Weber-Morris using eqn (6).
The plot in Fig. 13 showed three stages of adsorption onto the
composite, i.e. bulk, film and intra-particle diffusion. The 1st
stage could be attributed to instantaneous adsorption of MB on
the exterior active sites of the adsorbent till all the sites were
occupied. This was followed by slow diffusion of the MB
molecules into the pores of the adsorbent as observed in the
second and third linear portions of the graph, which evidenced
the existence of the intra-particle diffusion mechanism in the
adsorption process.** The higher value of Kj; than Kj, and Kj;
(Table 1) showed that the adsorption of MB onto the composite
is controlled by the bulk diffusion stage.

N
X
é/ NH
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N
X
Z
HN §7 NH,
Cl
Azure C
0

Methylene violet

Fig. 17 Structures of oxidative degradation products of MB by an alkali.

498 | RSC Sustainability, 2025, 3, 486-502

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00501e

Open Access Article. Published on 12 December 2024. Downloaded on 1/18/2026 1:19:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a)

Removal (%)

0 1 2 3 4 5
No. of cycles

— 10 mg/L
—— 4th cycle
4 3rd cycle
— 2nd cycle
1st cycle

Absorbance

_17

T T T T T T T T T
400 450 500 550 600 650 700 750 800

Wavelength (nm)
—— After 4th cycle
(C) —— Fresh

o) o o
(=] = N
1 1

Transmittance (%)
b4
1

w
©

[
_
T =

56 ——m————m——————————————————————
4,000 3,000 2,000 1,000
Wavenumber (cm'?)
Fig. 18 (a) Bar diagram of the removal% of MB for the reused 1:3

composite, (b) UV-Vis study for the recycled composite and (c)
comparative FT-IR spectra of 1: 3 reused and fresh composites.

3.4. Adsorption isotherm study

To study the adsorption isotherm of the composite material,
40 mg of the composite (1 : 3 ratio) was employed to adsorb MB
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dye solutions of varied concentrations (2.5, 5, 10 and 20 mg L)
in 3 h for determination of the adsorption capacity (g.) of the
composite and the equilibrium concentration of the dye (C.) at
each temperature (i.e. 298, 308, and 318 K) (Table S27). The well-
known adsorption isotherm eqn (6) for the Langmuir model
and eqn (7) for the Freundlich model as given in sub-unit 2.6 of
experimental section were used to evaluate the experimental
data of adsorption of MB dyes (Table S21) with variation of the
MB concentrations and temperature of the adsorption experi-
ment.”® The isotherms of dye adsorptions are included in
Fig. 14.

The isotherm model parameter values (Table 2) obtained
from the isotherms (Fig. 14) showed that the adsorption of MB
on the composites well fits the Langmuir isotherm model,
which suggests that the adsorption occurs on the homogeneous
sites through monolayer coverage.>®

The suitability of the adsorption process can be determined
from the separation factor Ry, using the expression in eqn (11),?®

1

R=—
L 1+ K.Cy

(11)
where Kj, is the Langmuir constant. The value of 0 < Ry, < 1
suggests a favorable adsorption process and the calculated
value of Ry, from Table 2 shows that the adsorption of MB on the
composites is favorable.

3.5. Thermodynamic studies

To find the feasibility, spontaneity, and nature of adsorption,
the values of thermodynamic parameters, i.e., change in Gibbs
free energy, change in enthalpy, and change in entropy, were
determined using the Van't Hoff eqn (12) and (13),?®

AG® = —RTIn Ky,

AG® = AH? — TAS®

(12)

(13)

where T is the temperature (K), R is the gas constant (8.314 ]
mol " K') and K, is the Langmuir constant. The calculated
values in Table 3 obtained from the linear plot in Fig. 15 showed
that the G° value increases with an increase in temperature,
indicating that the adsorption is favorable at lower temperature.
Also, the negative H° value indicated that the adsorption
process is exothermic in nature.

3.6. Mechanism of adsorption study

A plausible interaction between the active sites of the adsorbent
and the model dye molecule MB is displayed in Scheme 3, where
the electrostatic interactions observed between the functional-
ized -SO;H surfaces of the chitosan-IL adsorbent with the
partial positive sites of heteroatoms of cationic dyes. Other
possible binding interactions included H-bonding acceptor
sites of the dye such as Cl™ counter ions with the acidic proton
of sulfonic acid tethered on the surface of the chitosan-IL
adsorbent.

The existence of strong intermolecular H-bonding interac-
tions in the MB adsorbed composite was evidenced from the
comparative FT-IR spectrum of the MB adsorbed chitosan-IL
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(1:3) composite with the fresh 1 : 3 composite (Fig. 16). The dye
adsorbed composite exhibited suppression of the wide peak
position of the fresh composite centered at 1100 cm ™' in
addition to sharpening of peak intensities of the O-H and N-H
merged stretching bands. The increasing intensity of the O-H
peak can be considered as an outcome of partial reduction of
intermolecular H-bonding after the adsorption of the MB dye on

its surfaces.

3.7. Desorption and recyclability

For regeneration of the composite, the used 1:3 chitosan-
[Mdsim]CI composite from the first cycle was kept in 10 mL of
2 M NaOH solution (pH = 14) for 24 hours to leach out the
adsorbed dye from the composite. As the concentration of
NaOH increases, the negatively charged surface of the chitosan-
IL adsorbent*»** would prefer to interact with the smaller sized
Na' cation due to its high charge density as compared to partial
positive charge containing bulkier cationic dye. This may lead
to weakening of electrostatic interactions of adsorbed cationic
MB dye through the active sites of the sulfonic acid group of the
chitosan-IL composite and then initiate the desorption of dye
molecules to the alkaline solution. Later, the desorbed MB dye
would undergo oxidative degradation gradually to intermediate
dyes Azure B, Azure A, Azure C and Bernthsen methylene violet
(MVP) (Fig. 17) as per a reported mechanism****
N-demethylation and deamination reactions. Subsequently,
further decomposition of the intermediate dyes of MB degra-
dation in alkaline solution may produce low molecular weight
homologous MB derivatives at a longer reaction time.*** As
already observed, the desorption of MB from the surface of the
chitosan-IL composite did not occur up to pH 10 for which
a lower concentration of the alkaline solution was not
employed.

The regenerated composite was separated from the dye
solution through filtration and washed with excess water. It was
again reused for the second cycle after drying in the air for 24 h
and these steps were repeated up to 4 cycles. Fig. 18 shows that
the efficiency of the composite almost remained the same up to
3 cycles and then onwards the removal percentage decreased to
44%. The FTIR spectrum (Fig. 18) of the used composite dis-
played a slight change of the peak position in the fingerprint
region of FTIR as compared to the fresh composite after the 4th
cycle. The lowering of the removal percentage of the composite
could be attributed to the repeated washing with alkaline
solution, which may cause leaching of the immobilized [Mdsim]
Cl ionic liquid into water media.

via successive

Table 4 Comparison of different dyes

Adsorption time Adsorption capacity

Dye (hours) (mgg™)
Methylene blue 3 1.94
Crystal violet 18 1.825
Methyl green 3 2.1
Methyl orange 18 0.975
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3.8. Adsorption of different dyes

The adsorption capacity of the composite was also compared for
other dyes like crystal violet, methyl green and methyl orange
and the results are illustrated in Table 4 obtained from Fig. 19.
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Fig. 19 UV study adsorption plots of the 1:3 composite using
different dyes: (a) crystal violet, (b) methyl green and (c) methyl orange.
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Fig. 20 Zeta potential study of the composite (1: 3).

This was done by employing 40 mg of the 1:3 composite in
10 mL of the aqueous dye solutions (10 mg L™ ') at room
temperature for a certain period. It was seen that the methyl
orange showed the lowest adsorption capacity among the four
dye molecules. The differences in the adsorption capacities
(Table 4) of the studied dyes by the negatively charged surfaces
of chitosan-IL composites could be correlated to the nature of
binding sites of cationic or anionic dyes. The results in Table 4
indicated strong electrostatic binding interactions between the
cationic dyes (MB, MG and CV) and the modified sulfonic acid
functionalized surfaces of chitosan-IL adsorbents as compared
to the anionic dye MO.

3.9. Zeta potential analysis

The zeta potential of the composite (1 : 3) was determined using
a Zetasizer (Nano ZS90 Malvern Analytical) with a He-Ne laser
equipped with a built-in temperature controller. The dispersant
medium was water at neutral pH for the solid composites and
the temperature was set at 25 °C. The zeta potential of the
composite was found to be negative, as shown in Fig. 20. It can
be said that the surface of the composite is negatively charged,
which helps in absorbing the cationic dye MB on the surface by
electrostatic interaction.*

4. Conclusions

This study described the fabrication and characterization of
sulfonic acid functionalized imidazolium ionic liquid [Mdsim]
Cl impregnated chitosan composites in three different w/w
ratios of chitosan and ionic liquid (1:1, 1:2 and 1:3) by the
wet impregnation method. Among the three composites, the 1 :
3 composite exhibited the maximum adsorption capacity of
aqueous MB (10 mg L") solution in 3 hours using the same
amount of the composites at room temperature. The results
revealed that MB adsorption was significantly increased by the
composites with increasing amount of the acidic ionic liquid.
The adsorption kinetics of MB was well described by a pseudo-
second-order model and intra-particle diffusion model. It also
followed the Langmuir adsorption isotherm and showed the

© 2025 The Author(s). Published by the Royal Society of Chemistry

maximum adsorption capacity of the MB dye using the 1:3
composite among the four studied dye compounds. The ther-
modynamic analysis showed the exothermic nature of the
adsorption process by giving positive H® values. The recycla-
bility of the composite was successfully demonstrated up to the
3rd cycles, with nearly the same removal efficiencies retained in
the spent composites.
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