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Composite materials containing Bronsted acid sites
derived from Syzygium nervosum leaves via

graphene oxide modification as green catalysts for
the synthesis of 4-thiazolidinones+
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An IL@SGO catalyst was synthesized from leaf residues of Syzygium nervosum via the modification of

sulfur-doped graphene oxide (SGO) with dual-acid ionic liquid 3-(3-sulfopropyl)-1-(3-(triethoxysilyl)

propyl)-1H-imidazol-3-ium hydrosulfate (IL) and used for the synthesis of a 4-thiazolidinone framework

with diverse biological activities. The structure and morphology of IL@QSGO were determined using

modern physical techniques such as FT-IR spectroscopy, Raman spectroscopy, XRD analysis, ICP-MS

analysis, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and
thermogravimetric analysis (TGA). It is anticipated that in the future, the IL@SGO catalyst will emerge as

a promising catalyst with its unique and environmentally friendly characteristics. The reaction was carried
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out at 80 °C for 9 hours in the presence of toluene (5 mL) and IL@QSGO (7 mg), and a major product was

obtained in a yield ranging from 10% to 49%. Derived from Syzygium nervosum leaves, the IL@SGO
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1. Introduction

Currently, the consumption of graphite is increasing, and the
environmental degradation caused by the graphite mining
process has recently attracted attention, necessitating the
development of sustainable chemistry. Carbon biomass was
considered a unique renewable raw material on earth, seen as
a potential substitute for natural graphite formed in meta-
morphic rock deposits or in areas with volcanic rock, which is
a non-renewable fuel in the short term.* Special “green” mate-
rials include biomass-derived catalysts due to their low cost,
reusability, recoverability, abundant supply, efficient produc-
tion procedures, and environmental friendliness. Since 2016,
numerous effective approaches for solid acid-base catalyst
production using marine animal shells, animal bones, and
plant waste have been disclosed.” Using plant leaves, particu-
larly those from Syzygium nervosum, offers several definitive
advantages over commercially available graphite powder. The
carbonization of leaves to produce graphite powder is
a sustainable alternative to non-renewable, environmentally
harmful mining. Biomass materials such as agricultural waste
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catalyst exhibited enhanced acidity and proton conductivity, thereby improving the yield and enabling
catalyst recovery and reuse that contribute to environmental preservation.

are often cheaper due to their abundance, and their use
promotes economic sustainability. The synthesis process
involves both oxidation and functionalization steps, which
introduce oxygen-containing functional groups. These groups
enhance the catalyst’s activity, particularly improving its
performance in environments with high acidity and proton
conductivity.

Graphene is a noteworthy carbon material with a 2D struc-
ture composed of sp” hybridized carbon atoms arranged in
a hexagonal pattern, creating a large surface area on both sides
of the flat plane. Graphene-derived materials, such as few-layer
graphene, GO, and rGO, represent structurally and chemically
modified forms with tailored functionalities.®* GO are 2D
materials like bulk graphene, with stable covalent bonds within
the layers, which is synthesized through the oxidation of gra-
phene. After oxidation, the material's surface forms oxygen-
containing anionic groups such as epoxy (-C-O-C), hydroxyl
(-OH), carboxyl (-COOH), and carbonyl (-C=0) groups. Addi-
tionally, GO has unique outstanding properties such as
mechanical stability, high surface area, and good dispersion in
various environments. Therefore, it frequently serves as
a catalyst.*® To synthesize GO from biomass, a carbonization
process is commonly used, primarily utilizing agricultural and
forestry waste rich in cellulose, hemicellulose, and lignin. These
materials, due to their high carbon content, can be converted
into porous carbon through carbonization at high pyrolysis
temperatures and under oxygen-limited conditions. Studies
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have successfully used sources such as wood, tea leaves,
sugarcane bagasse, fruit peels, and chicken bones to modify
graphite into GO using Hummer's synthesis method.” The
advantages of GO materials are high surface area, electrical
conductivity, mechanical strength, and the ability to be easily
functionalized, which are key factors that make GO an attractive
platform for the development of advanced materials.® Tradi-
tional liquid acid catalysts show some disadvantages such as
corrosion, environmental impact, and difficulty in separation
from the reaction mixture.® The materials containing Brgnsted
acid sites derived via GO modification signify a notable
advancement in materials science, merging the outstanding
characteristics of GO with the catalytic benefits of Brensted
acids.” The modification of GO with Bregnsted acid sites can be
made through various methods such as direct functionalization
of GO with acidic compounds, grafting of acid-functionalized
polymers, or impregnation with acidic salts.* The high
surface area of GO facilitates effective charge storage in super-
capacitors and batteries, and the acidic sites help in the elimi-
nation of contaminants from wastewater via adsorption or
catalytic degradation. Moreover, the combination of Brgnsted
acid sites with GO improves the mechanical characteristics of
the material, facilitating the creation of stronger and more
resilient composites and coatings.">"

The synthesis of 4-thiazolidinone plays a vital role in the field
of pharmaceutical due to its potential biological activity and its
presence in various bioactive nature compounds.'* 4-Thiazoli-
dinone is a five-membered heterocyclic compound containing
both sulfur (S) and nitrogen (N) atoms in its structure, making it
highly significant due to its pharmacological properties.'* The
4-thiazolidinone derivatives exhibit many important biological
activities including antimicrobial,"® antitumor,'*'” anticonvul-
sant,'® anti-inflammatory,” and antioxidant® effects. Based on
the versatility and bioactivity of this compound, the develop-
ment of efficient and novel synthetic pathways becomes a key
focus in synthetic chemistry. Several synthetic approaches have
been proposed to construct the 4-thiazolidinone frame, each
method using different starting materials and reaction condi-
tions. Some of the most common methods are cyclization
reactions with thiol derivatives or thioureas, and
thiocyanates or a,B-unsaturated carbonyl compounds.** One of
the most widely used methods to synthesize 4-thiazolidinone is
the cyclization reaction of thiourea derivatives and a,B-unsatu-
rated carbonyl compounds.”* The reaction commonly proceeds
via a nucleophilic attack, leading to the formation of a five-
membered thiazolidine ring with good yields and selectivity
for 4-thiazolidinone, and is applied to a wide range of
substrates, allowing for the functionalization of the desired
products. Another synthetic pathway involves the reaction of
isothiocyanates with amines or thiols, leading to the formation
of a thiazolidine ring with the sulfur atom incorporated into the
structure.”” Researchers had also explored multi-component
reactions for the synthesis of 4-thiazolidinones, which
provided the advantage of a one-pot synthesis.”* A typical multi-
component reaction (MCR) may include the condensation of
thiols, amines, and o,B-unsaturated carbonyl compounds to
directly produce 4-thiazolidinones without isolating

iso-
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intermediate compounds. This approach enhances the yield,
reduces the number of steps, and decreases waste, making it
a highly appealing option for large-scale synthesis.>* 4-Thiazo-
lidinone can be modified to produce several derivatives with
improved or customized biological characteristics. The ability
to modify the structure at different positions of the thiazolidi-
none ring, particularly at the 2- or 5-positions, provides oppor-
tunities for developing compounds with specific interactions
with biological targets.”® Integrating green chemistry concepts
such as solvent-free reactions, catalytic techniques, and
sustainable reagents can enhance the efficiency and ecological
sustainability of 4-thiazolidinone synthesis. In conclusion,
synthesizing 4-thiazolidinone is vital for drug development,
offering various synthetic routes to create diverse derivatives
with significant biological activities. Ongoing advancements in
synthetic techniques and continued research on these deriva-
tives in preclinical and clinical settings suggest they will play an
important role in developing new therapies for various
disorders.

The aim of the research is to outline the novel synthesis
route  of  3-(3-sulfopropyl)-1-(3-(triethoxysilyl)propyl)-1H-
imidazol-3-ium hydrosulfate (IL) with sulfur-doped graphene
oxide (SGO) derived from Syzygium nervosum leaves to generate
4-thiazolidinone derivatives. The reaction involving benzalde-
hydes (1 mmol), anilines (1 mmol), and mercaptoacetic acid (1
mmol) was selected as a model to synthesize 4-thiazolidinone
derivatives, owing to its significance in evaluating the catalytic
efficiency of IL@SGO. IL@SGO, a composite material contain-
ing Brensted acid sites derived via graphene oxide modification,
had a highly reactive surface for the reaction, facilitating an
efficient and environmentally benign method for thiazolidi-
none production. This reaction acts as a realistic standard to
illustrate the material's catalytic efficacy under mild conditions.
This catalyst is reusable and promotes eco-friendly practices via
a one-pot, multi-component reaction process.

2. Results and discussion

2.1. Characterization of ionic liquid-functionalized sulfur-
doped graphite oxide (IL@SGO)

Scheme 1 illustrates the process of anchoring 3-(3-sulfopropyl)-
1-(3-(triethoxysilyl)propyl)-1H-imidazol-3-ium hydrosulfate (IL)
onto sulfur-doped graphene oxide to synthesize the material
IL@SGO. Initially, Syzygium nervosum leaves were carbonized at
650 °C for 3 hours to prepare the graphite powder.>® Using
Hummer's method with KMnO,, NaNO;, and H,SO,, the
graphite was oxidized to GO, introducing oxygen-containing
functional groups.”” GO was modified with aryl diazonium
compounds to add sulfonic acid (-SO3;H) groups to form SGO.>*
IL was synthesized via a three-step process: imidazole reacts
with CPTES at 110 °C for 12 hours, then, 1,4-butanesultone was
added into the mixture at room temperature for 8 hours, and
finally, H,SO, was added to the mixture in the presence of
ethanol at 50 °C for 8 hours.? The IL was integrated with SGO,
resulting in the hybrid material IL@SGO.? The structure and
surface chemistry of IL@SGO materials were determined by

Fourier transform infrared (FT-IR) spectroscopy, Raman
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Scheme 1 Preparation process of the IL@QSGO material from Syzygium nervosum leaves.

spectroscopy, X-ray diffraction (XRD), inductively coupled
plasma-mass spectrometry (ICP-MS), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
and thermogravimetric analysis (TGA).

The FT-IR spectra presented the comparison between several
materials, which were prepared from each stage, including
graphite, graphene oxide (GO), sulfur-doped graphene oxide
(SGO), a double acidic IL, and IL-functionalized sulfur-doped
graphene oxide (IL@SGO) (Fig. 1). The broad absorption band
around 3500-3300 cm™ " was most prominent in the spectra of
graphite and GO, which indicated the presence of hydroxyl
groups of the phenol and alcohol. In GO materials, these
hydroxyl groups resulted from the oxidative treatment of
graphite, which introduced oxygen-containing functionalities to
the basal planes and edges of the GO sheets. The -OH band
weakened in the SGO material because some hydroxyl groups
were partially removed or chemically transformed during the

\ -OH phenolic

Graphite -.OH

IL@SGO

4000 3500
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Wavenumber (cm™')

500

Fig.1 FT-IR spectra of four components (graphite, GO, SGO, and IL)
and IL@SGO.
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sulfur doping process. In the IL@SGO material, the -OH band
diminished further, suggesting that the IL functionalization
either consumed these groups or masked their vibrational
signal due to the introduction of new bulky organic groups. The
peak at 1720 cm™" was assigned to the stretching vibrations of
carbonyl groups (C=O0) in carboxylic acids or esters, formed
during the oxidative process of the GO material alongside
hydroxyl and epoxy groups. In the SGO material, the C=0 peak
slightly shifted and reduced in intensity, indicating that sulfur
doping partially decreased carboxyl groups or changed them
into sulfonic acid or thiol groups. The peaks observed in the
range of 1200-1250 cm ' corresponded to C-O-C vibrations
from epoxy and ether groups, which were prominent in GO due
to the oxidative introduction of these oxygen-containing func-
tionalities. In IL@SGO material, these peaks were almost
absent, reflecting further chemical modifications during IL
functionalization. The reduction or modification of these
groups enhanced hydrophobicity and reduced oxygenated
surface chemistry. Absorption bands between 3000 and
2800 cm ™' were characteristic of stretching vibrations from
aliphatic C-H bonds. These bands were most intense in IL and
IL@SGO, indicating the introduction of organic groups from
the IL. The peaks in the range of 1000-1100 cm ™' were attrib-
uted to sulfur-oxygen bonds such as sulfoxides (S=O) or
sulfates. These peaks were a clear indication of sulfur doping in
SGO, where sulfur atoms are incorporated into the structure
through chemical modifications. In the IL@SGO material, the
intensity of these peaks increased, which showed that the IL
functionalization stabilized the sulfur-containing groups or
enhanced their vibrational signals. Peaks around 1600-
1650 cm ™' were observed in the spectra of IL and IL@SGO,
which were associated with the stretching vibrations of C=C
and C=N bonds within the imidazole ring of the IL. A
comparative analysis between GO and SGO revealed that sulfur
doping reduced oxygen-containing groups such as hydroxyls,
carbonyls, and epoxies. The decrease was evidenced by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decreased intensity of the -OH, C=0 and C-O-C signals in the
SGO material. The incorporation of sulfur likely replaced these
groups with sulfur-containing functionalities, which improved
the chemical reactivity.®® The FT-IR spectra demonstrated
a systematic evolution of chemical functionalities from GO to
SGO and finally to IL@SGO.*" The successful incorporation of
sulfur and ILs suggests that IL@SGO is a multifunctional
material with potential uses in catalysis, energy storage, and
environmental remediation.**"**

Fig. 2 presents the X-ray Diffraction (XRD) patterns of five
different materials, including graphite, GO (graphene oxide),
SGO (sulfonated graphene oxide), IL (ionic liquid), and IL@SGO
(IL encapsulated on sulfonated GO). The XRD pattern of
graphite displayed many sharp and intense peaks, especially
peaks at 26 around 26.5°, 43.5° and 54.5° that correlate with the
(002), (101), and (004) planes, respectively. The (002) peak
position was the result of interlayer stacking carbon sheets of
graphene over a hexagonal lattice along the c-axis, which was
indicative of a high degree of crystalline and regular stacking of
carbon layers. The resolution and pronounced characteristics of
peaks confirmed that graphite was highly ordered, with high
crystallinity and a low defect structure. This demonstrated that
the GO presented substantial structural alterations from pris-
tine graphite, with a sharp peak corresponding to the (001)
plane at approximately 260 =~ 10-12°. The lower angles
compared to the (002) peak of graphite suggest an expansion of
interlayer. A weak shoulder around 26 = 43° might indicate the
residual graphitic domains or partial graphitization. Compared
to GO, the (001) peak observed in SGO was broader and less
intense, revealing loss of structural order resulting from sulfo-
nation. The additional inclusion of sulfonic acid (-SOz;H)
groups introduced defects and more disorder by breaking the
regular stacking up even further. The wider peaks indicated
decreasing crystallinity to give a more graphene-like arrange-
ment in the material. The sulfonation procedure made SGO
more hydrophilic and chemically reactive, therefore making it
more applicable for catalytic and ion-exchange applications. In
comparison to the other materials, the XRD pattern of IL was
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Fig. 2 XRD pattern of four components (graphite, GO, SGO, and IL)
and IL@SGO.
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unique, with no sharp peaks and many broad background
signals. This means that IL was not a crystalline material,
therefore having no long-range periodic order. The general
features seen here were typical for disordered molecular mate-
rials with ions located randomly throughout the structure. This
fluidic phase was a characteristic feature of ILs due to the use of
bulky, asymmetric cations and anions that impede the forma-
tion of a well-ordered regular lattice. The absence of crystalline
features indicated that the material is mainly governed by weak
van der Waals forces and ionic interactions that affect its
thermal and physical properties. The IL@SGO composite
material inherited the structural features of both SGO and IL,
the pattern showing the broad features corresponding to the
amorphous character of IL coupled with the low-intensity
reflections corresponding to the partially crystalline nature of
SGO. The presence of weak or fully suppressed peaks associated
with the (001) and (002) planes confirmed strong interactions
between the IL molecules and the SGO matrix. The disruption of
stacking of GO layers could be further achieved with the
encapsulation of IL within SGO, resulting in a more disordered
structure of the hybrid material. A few weak diffraction peaks
corresponded to the standard reference (JCPDS 00-041-1487),
confirming that there are small crystalline phases, which may
be due to impurities or partial crystallization in the synthesis
process.

This image represented a Thermogravimetric Analysis (TGA)
plot, which demonstrated the thermal stability and weight loss
behavior of different materials as a function of temperature
(Fig. 3). The current data referred to the thermal decomposition
and stability of five materials, namely graphite, GO, SGO, 1L,
and IL@SGO. As can be seen, the graphite line had the most
stable sample and shows almost no noticeable weight reduction
during the heating period. Rather, it holds status for tempera-
tures not exceeding 800 °C and even beyond. This implies that
graphite can be used in extreme thermal applications and
begins degenerating at above 800 °C, hence holding a minor
weight loss, which can be assigned to the elimination of surface
impurities or volatiles. The first weight loss in the TGA curves of
GO observed at around 100 °C had been demonstrated as the
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Fig. 3 TGA curve of four components (graphite, GO, SGO, and IL) and
IL@SGO.

RSC Adv, 2025, 15, 23396-23413 | 23399


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02881g

Open Access Article. Published on 07 July 2025. Downloaded on 3/11/2026 3:28:26 PM.

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

(cc)

RSC Advances

absorption of water.*® GO began to show noticeable weight loss
starting around 200-300 °C. This behavior was typically asso-
ciated with the thermal decomposition of oxygen-containing
functional groups, such as hydroxyl (-OH), carboxyl (-COOH),
and epoxide (-C-O-C-) groups, which were present on the
surface and edges of GO sheets.*® The loss of weight continued
until about 400 °C, when approximately 60% of the weight
remains at 800 °C, which implied the existence of thermally
labile groups in GO, these remaining stable at elevated
temperatures, except for the carbon backbone. The shape of the
SGO curve followed that of GO very closely, but with slight
improvement in thermal stability, which is attributed to sulfuric
acid. The structural sulfonic acid groups introduced by sulfo-
nation enhance the chemical bonds and improved the stability
from the thermal degradation. The thermal decomposition of
SGO also started at around 200 °C but was much slower than
that of GO, while it has the highest residual weight compared to
the others at 800 °C. IL showed the most violent and rapid
weight loss compared to other samples. The decomposition
began at a very low temperature (about 200 °C) and total weight
loss is observed by 500 °C, unlike most of the ILs, which
decomposed at moderate temperatures because of the
rupturing of the ionic framework or any other organic compo-
nent. The sharp weight drop indicated that the IL is primarily
composed of volatile components that were prone to evapora-
tion or degradation under heat. The hybrid material IL@SGO
demonstrates a three-step thermal decomposition process: The
first stage (~100-200 °C) described the evaporation of water
molecules, and the second stage (~200-400 °C) corresponded to
the decomposition of IL components, like the behavior
observed in the IL sample. Stage three (~400-700 °C) was
ascribed to the heat degradation of the SGO backbone. The
thermal stability of IL was also improved after incorporation
into the SGO matrix in IL@SGO, as the weight loss was less
notable than the IL alone. This phenomenon can be interpreted
due to the interaction of the IL with the functional groups on
SGO that limit the mobility and volatility of the IL molecules.
Besides, based on the TGA results, the amount of ionic liquid
attached can be predicted to be approximately 20%.

The SEM images and particle size distribution graphs offer
a comparative interpretation of the structure of GO, SGO, and
IL@SGO, which clearly represented the structural and
morphological evolutions occurring during sulfur doping and
ionic liquid modification (Fig. 4). As shown in Fig. 4, GO
exhibited excellent dispersion and a large surface area due to its
smooth, porous, and layered structures with low aggregation, in
contrast to the rougher, wrinkled morphology of SGO. The
addition of functional groups increased chemical reactivity and
catalytic surface area. IL@SGO showed significant aggregation
with many spherical particles forming on its surface, leading to
a denser structure that may alter its conductivity and mechan-
ical properties. Particle size analysis revealed that GO has the
smallest size distribution (20-60 pm), indicating better disper-
sion, while SGO had a wider distribution with larger particles
due to sulfur doping. IL@SGO had the broadest size range (20-
100 pm) primarily due to ionic liquid-induced aggregation.
Thus, while GO offered excellent dispersity for applications in

23400 | RSC Adv, 2025, 15, 23396-23413
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adsorption, membrane technology, and sensors, the rougher
texture of SGO made it suitable for catalytic reactions and
energy storage. In contrast, the bulkier morphology of IL@SGO
may enhance the supercapacitor performance, lubricants, or
composite materials that required improved mechanical prop-
erties. This transition from GO to SGO to IL@SGO signified
a trade-off between dispersion and aggregation, affecting their
functional applications.

The image provided in Fig. 5 presents the EDX (Energy-
Dispersive X-ray) spectra and corresponding elemental compo-
sitions of four samples: graphite, GO, SGO, and IL@SGO. The
spectra and compositional data highlighted the structural and
chemical changes during the transformation of graphite into
GO, SGO, and IL@SGO. The EDX spectrum of graphite showed
a dominant carbon peak (85.91% by mass, 89.39% by atom),
indicating purity, with minimal oxygen (13.05% by mass) and
trace elements of Si, S, and Cl probably due to environmental
contamination. Upon converting graphite to GO, the carbon
content decreased significantly to 65.47% by mass (72.53% by
atom), while the oxygen content increased to 31.04% by mass
(26.12% by atom), indicating the formation of functional
groups from oxidation. Small peaks for sulfur (2.75%) and
chlorine (0.2%) were attributed to Hummers' method or
oxidation processes. The increase in oxygen disrupted the sp>
hybridized structure, creating hydrophilic GO sheets. In
IL@SGO, the carbon content further decreased to 26.04% by
mass (32.38% by atom), with the oxygen content increasing to
68.87% by mass (64.29% by atom), suggesting enhanced func-
tionalization. Sulfur peaks (1.51% by mass and 0.7% by atom)
confirmed successful doping, while nitrogen (1.69% by mass
and 1.8% by atom) indicated the presence of nitrogen-
containing groups. IL@SGO showed carbon at 62.66% by
mass (71.44% by atom) and oxygen at 25.1% by mass (21.49% by
atom), with a higher sulfur fraction (4.33% by mass, 1.85% by
atom) from the ionic liquid, along with increased chlorine
(2.33%) and nitrogen (3.26%) contents due to functional groups
from the IL. Overall, the transition from graphite to GO marked
a shift from a carbon-rich structure to a highly oxidized mate-
rial, initiating the functionalization process. Doping exempli-
fied by the introduction of sulfur into SGO affords excellent
doping, altering specific electronic and chemical properties of
GO. The final modification with IL (IL@SGO) integrated addi-
tional functional groups, increasing sulfur and nitrogen
contents while reducing excessive oxygen groups, resulting in
a more balanced and functional material.*”~**

The EDX mapping results revealed the elemental distribu-
tion and compositions of the samples (Fig. 6). Graphite and GO
were found to have a high homogeneous intensity in the
mapping of C (C-K), highlighting the fact that these materials
contain more carbon than any other element. However, SGO
and IL@SGO caused a tiny decrease in the carbon intensity due
to the entrapment of new functional groups. The existence of
Oxygen (O-K) was evident in GO, indicating the oxide formation
of graphite; however, its intensity was diminished in SGO and
IL@SGO, which might indicate the partial replacement or
reaction of oxygen with functional groups. The content of K
(potassium) was low in graphite and GO, and the amount of K

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images and particle size distributions of three components (graphite, GO, and SGO) and IL@SGO.

increased markedly in SGO and IL@SGO (ion-liquid-modified IL@SGO, indicating silane-based modification(s) being imple-
reduced graphene oxide), confirming successful N-containing mented. IL@SGO showed a higher amount of sulfur (S-K) and
functionalization. Silicon (Si-K) popped only in SGO and chlorine (Cl-K), which may be attributed to the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 23396-23413 | 23401


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02881g

Open Access Article. Published on 07 July 2025. Downloaded on 3/11/2026 3:28:26 PM.

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

(cc)

View Article Online

RSC Advances Paper
T T T T T T T T T T T T T T T T T T
5 Element Mass% Atom% Fc Element Mass% Atom% | |
Wl Graphite C 8591 8939 Cc 6547 | 7253
F o 13.05  10.19 F N 009 009 |
Si 0.17 (¢} 314 26.12
=F S 0.77 L Si 0.09 004 |
=l = s 275 114
s cl 04 S cl 02 007
o C Total 100 o Total 100 100 |
) A
oy 2t 3
2 2tlo
r Si S ¢l b SiS ¢ ]
[ v
YAl Y TAs V
T f T T T T T T T ' f T T T Y T T T
o 1 2 3 4 S e 8 0 1 2 3 4 5 6 7 8 9 1
nergy [keV] Energy [keV]
T T T T T T T T T T T T T T T T T T
Element Mass% Atom % Element Mass% Atom%
- C 26.04 32.38 6266 7144
N 1.69 1.8 IL@SGO N 326 319
EN SGO o 68.87  64.29 o 251 2149
si 028 015 Cc Si 233 113
S 433 1.85
=F o SI 12; :573 s <] 233 09
. - Total 100 100 E
§ 3 Total 100 100 §
3 3
2F 2TIN ]
2t 2
£ gflo ]
C S
2 . E Si
si ¢l - Sci ]
3 ; 1 v
AT A YW
? f

0 1 2 3 4 5 6 7 8 9 10

Energy [keV]

o 1 2 3 4

5 6 7 8 9 10
Energy [keV]

Fig. 5 Energy-dispersive X-ray (EDX) spectroscopy of three components (graphite, GO, and SGO) and IL@SGO.

sulfur-derived ILs or chlorinated species during the function-
alization process. Specifically, graphite was mainly carbon,
whereas GO added oxygen, SGO added nitrogen and silicon, and
IL@SGO is the most functionally rich material, containing
nitrogen, silicon, sulfur, and chlorine. Such results indicated
the increasing chemical modification in the studied samples,
and the most abundant elemental composition belongs to
IL@SGO.

The Raman spectrum offered a comprehensive insight into
the sample's chemical structure and composition (Fig. 7). The
presence of peaks within this wavenumber range suggested the
existence of silicon-oxygen-carbon (Si-O-C) bonds. These
bonds were indicative of organosilicon compounds or silicon-
containing framework materials. For example, a significant
peak at about 511 cm™' was related to vibrations of silicon
observed in some silicon carbide (SiC) coatings. The D band
(~1350 em™ "), corresponding to the breathing modes of sp”
carbon atoms in rings, was activated by defects or disorder in
the carbon lattice. To quantify the degree of disorder, the
intensity of the D band (Ip) was compared to that of the G band
(Ig), resulting in the Ip/I; ratio. This ratio served as a metric for
assessing the level of structural imperfections. This means that
a higher Ip/Ig ratio was suggestive of a higher amount of
disorder or defects in the carbon framework. The band G
(1600 cm ') was associated with the in-plane stretching modes
of sp>-hybridized carbon atoms. An obvious G band indicated
graphitic or ordered carbon domains. The D and G band
intensity ratio (Ip/lg) typically correlated with the crystallinity

23402 | RSC Adv, 2025, 15, 23396-23413

and defect density of the carbon material. Based on previous
research, the ratio intensity between D and G of graphene oxide
was approximately 0.85. In this study, as shown in the Raman
spectra, the Ih/I; value was calculated to be about 0.85, which
illustrated the more amorphous carbon. This can be explained
by the existence of sulfur in the structure of catalyst through the
synthesis process. Besides, to confirm the appearance of sulfur
in the structure of catalyst IL@SGO, the amount of sulfur in the
product of each step was determined by ICP-OES. Consequently,
the amount of sulfur in graphene oxide preparation step was
calculated at about 35376 mg g~ ', while the values of sulfur at
the sulfonated stage and ionic liquid at the grafted stage were
about 307 449 mg ¢ ' and 424 832 mg g ', respectively. The
Raman spectrum and ICP-OES results of sulfur are strong
evidence to prove the successful synthesis of the catalyst
IL@SGO. The widespread peak in this area was characteristic of
hydroxyl (-OH) groups (3000-3500 cm ™), which corresponded
to hydroxyl functionalities sorbed on the surface of material or
water molecules adsorbed onto it. These groups may affect the
hydrophilicity and reactivity of the material. The lower ratio
implied a more oriented graphitic structure, while a higher ratio
indicates more defects or more amorphous carbon.

BET surface characterization is an important aspect to
analyze the surface area and porosity of the synthesized mate-
rial. The characteristics of a matter are very much affected by
the surface area-to-volume ratio. The GO, SGO, and IL@SGO
catalytic pores and specific surface area were assessed (Fig. 8).
The plots of GO showed a type II adsorption isotherm, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Raman spectra of IL@SGO.

was identified for non-porous or macroporous adsorbents
exhibiting unrestricted monolayer-multilayer adsorption. The
adsorption volume initially increased rapidly at low relative
pressures when the adsorbate molecules engaged with the
higher energy regions, subsequently interacting with the lower
energy areas. After treating GO with acid, the plots of SGO
demonstrated type I adsorption isotherm, which were appli-
cable to adsorbents with extremely small pores or micropores.
In this scenario, adsorption occurs through the filling of these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Isotherm linear plots of GO, SGO, and IL@SGO catalysts.

micropores. IL@SGO illustrated that the quantity absorbed
value remains at 0 for different relative pressures. It can be
explained by the fact that grafting an ionic liquid reduces the
porosity of the material. The catalyst surface area was measured
to be 44.1 m* g~ for the GO catalyst and 135.1 m* g~ for the
SGO catalyst, respectively. This suggested that the specific
surface area of SGO and GO was much larger than that of
IL@SGO, confirming the results of SEM characterization. The
specific surface area of GO, SGO and IL@SGO was lower than

RSC Adv, 2025, 15, 23396-23413 | 23403


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02881g

Open Access Article. Published on 07 July 2025. Downloaded on 3/11/2026 3:28:26 PM.

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

(cc)

RSC Advances

the range for the theoretically monolayer graphene oxide re-
ported in the literature that is from 2 to 1000 m* g™, probably
due to the agglomeration of the graphene sheets, giving partial
overlap and coalescence, especially between the smaller sheets,
thus reducing the surface area of the material.**

2.2. Catalytic activity of IL@SGO in the synthesis of 4-
thiazolidinones

The one-pot multi-component reaction (MCR) technique is
considered an ideal choice over traditional stepwise reactions
involving several reactants. This is because stepwise methods
are often time-intensive and result in significant product loss at
each stage. In this study, we employed a pragmatic and very
effective MCR methodology to synthesize the desired molecules.
Benzaldehyde (1 mmol), aniline (1 mmol), and mercaptoacetic
acid (1 mmol) were used as typical reactants to synthesize 2,3-
diphenyl-4-thiazolidinone (4aa) (Scheme 2).

An experimental study of the isolated yield of a reaction
under different temperatures, reaction times, solvent types,
solvent volumes, catalyst types, and catalyst loadings is
summarized in Table 1. Temperature is one of the key param-
eters that governs reaction kinetics and thermodynamics. At
room temperature (r.t.), the reaction yield was only 16% (Table
1, Entry 1). As the temperature increased to 80 °C, yield
increased up to 32% (Table 1, Entry 3). Higher temperatures
may accelerate reaction rates by providing enough energy to
overcome activation barriers. Increasing the temperature to
100 °C reduced the yield to 30% and to 29% at 120 °C (Entries 4-
5, Table 1). The decline may be due to thermal degradation,
evaporation of volatiles, or side reactions. The data indicated
that the highest yield occurred at 80 °C. At 80 °C, shorter
reaction times of 5 and 6 hours yielded 27% and 28%, respec-
tively (Entries 6 and 7, Table 1), suggesting that the reaction had
not yet reached completion. By extending the time to 9 hours,
the yield reached a maximum of 37% (Entry 9, Table 1). It is
worth mentioning, however, that increasing the reaction time to
10 hours did not improve the conversion (36%, Entry 10, Table
1). These results indicated equilibration after 9 hours, and that
extending the reaction time was unlikely to give improved
yields. Minimizing the resource consumption while maximizing
the yield is critical to scale-up, achieved via the optimization
reaction, ie. reaction time for efficient reaction. The solvent
selection influences the surrounding reaction environment
such as solubility, polarity, and stabilization of intermediates,
and therefore, it is the key to the reaction outcome. The best
solvent, toluene, yielded 37% (Entry 9, Table 1). This may be
attributed to its moderate polarity and compatibility with the

00— &0

1a 2a 3 4aa

Scheme 2 Synthesis of 2,3-diphenyl-4-thiazolidinone (4aa).
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reaction mechanism. In contrast, polar solvents such as ethanol
(3%, Entry 11, Table 1), THF (13%, Entry 12, Table 1), and water
(1%, Entry 13, Table 1) yielded lower results due to probable
repulsive interactions with the catalyst or reactants. Similarly,
nonpolar solvents such as cyclohexane (2%, Entry 17, Table 1)
and n-hexane (5%, Entry 18, Table 1) performed poorly
compared to extreme polar solvents. Chemical transformations
often need to be optimized to balance solubility, reaction
kinetics, and selectivity; therefore, solvent optimization is an
important part of such optimization. Catalyst loading is
a crucial parameter as it directly affects the availability of active
sites, thus governing the efficiency of the reaction. Using
IL@SGO as the catalyst, the yield increased from 30% with 1 mg
(Entry 29, Table 1) to 42% with 7 mg (Entry 32, Table 1). Beyond
this point, further increasing the catalyst loading to 10 mg
resulted in a slight decline to 41% (Entry 33, Table 1). The
observed trend suggested that too much catalyst may result in
aggregation and lead to a lower catalysis surface area or diffu-
sion limitations. The optimum catalyst loading was also highly
dependent on the concentration of the catalytic component, as
the overuse of resources would not only affect the cost-
effectiveness of the process but also make it unfeasible to ach-
ieve a high throughput, posing a high barrier to commerciali-
zation. Catalyst performance was evaluated at 80 °C for 9 h. The
hybrid catalyst IL@SGO gave the highest yield of 37% (Entry 9,
Table 1) compared to GO (25%, Entry 20, Table 1), SGO (32%,
Entry 21, Table 1), and IL (31%, Entry 22, Table 1). While H,SO,
(Entry 23, Table 1), TSOH (Entry 24, Table 1), and HCI (Entry 25,
Table 1) are common acid catalysts known to characterize
similar sugar polymerization products (29-32%), they did not
offer the synergistic advantages of IL@SGO. This superiority is
due to the integrated functions of SGO (enhanced stability and
surface area) and IL (enhanced reaction selectivity). The design
of hybrid catalysts such as IL@SGO is a good strategy for
improving the reaction efficiency. The volume of the solvent is
one of the most significant factors that affects the yield of the
main product. In particular, the yield increased significantly
going from 2 to 4 mL of toluene (Entries 35 and 37, Table 1),
ultimately affording a 41% yield. However, by increasing the
volume to 6 mL, a slight decrease was observed (38%, Entry 38,
Table 1). This means that overly dilute conditions suppress the
reactant-catalyst collisions. Solvent volumes should be opti-
mized to maintain most of the kinetic benefits of mixing and
progress but avoid excessive dilution. Control experiments in
the absence of a solvent (Entry 28, Table 1) or a catalyst (Entry
27, Table 1) yielded negligible results (5% and 14%, respec-
tively). This highlights the importance of having both elements
for the reaction to occur properly. These controls confirmed the
pivotal role of IL@SGO and toluene in mediating the reaction
mechanism. Additionally, the reactions between each pair of
substrates were also carried out under the same optimal
condition and checked by TLC for comparison of the main
product 2,3-diphenyl-4-thiazolidinone to explain the incom-
plete conversion of the reaction. The yield of the reactions can
be affected by some side products, which are formed through
the reaction of each pair.*»** The side reactions are mentioned
in the ESI Scheme S2 and Section S2.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions®
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CHO NH,

Reaction conditions N=\ :

1a 2a 3 4aa

Entry Temp. (°C) Time (h) Solvents Volume of solvent (mL) Catalysts Loading of catalyst (mg) Isolated yield® (%)
1 RT 8 Toluene 5 IL@SGO 5 16

2 60 21

3 80 32

4 100 30

5 120 29

6 80 5 Toluene 5 IL@SGO 5 27

7 6 28

8 7 28

9 9 37
10 10 36
11 80 9 Ethanol 5 IL@SGO 5 3(5)°
12 THF 13
13 H,O 1(1)°
14 Ethyl acetate 24
15 Acetonitrile 1(1)°
16 DMF 2(7)
17 Cyclohexane 2(1)°
18 n-Hexane 5(9)°
19 None 7(5)°
20 80 9 Toluene 5 GO 5 25
21 SGO 32
22 IL 31
23 H,S0, 29
24 TsOH 30
25 HCI 32
26 H,PO, 22
27 None 0 14
28 80 9 None 0 None 0 5(5)°
29 Toluene 5 IL@SGO 1 30
30 3 34
31 5 37
32 7 42
33 10 41
34 80 9 None 0 IL@SGO 7 15
35 Toluene 2 22
36 3 40
37 4 41
38 6 38

“ Reaction conditions: benzaldehyde (1 mmol), aniline (1 mmol), and mercaptoacetic acid (1 mmol). * Isolated yield by crystallization in ethanol (5

mL). ¢ The reactions were conducted by microwave.

The reaction conditions investigated were used to investigate
the efficiency and utility of the synthesis procedure based on
several substrates. The aim of this study was to evaluate the
efficiency and versatility of the method in the synthesis of
various 4-thiazolidinone derivatives using IL@SGO as the
catalyst. The synthesis of 4-thiazolidinone derivatives was
carried out between aldehydes (1.0 mmol), anilines (1.0 mmol),
and mercaptoacetic acid (1 mmol) in the presence of toluene (5
mL) and IL@SGO (7 mg) at 80 °C for 9 h, and the results were

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

recorded as acceptable to good (Scheme 3). These substituents,
in a broad sense, can be classified as electron-donating groups
(EDGS) and electron-withdrawing groups (EWGs), both of which
significantly alter the electronic and steric environments of the
reactions. EWGs include groups such as halogens (-F, -Cl, and -
Br) and nitro (-NO,) that remove electron density from the
aromatic ring, mainly via inductive effects. Under certain
conditions, these groups can stabilize transition states or
intermediates through delocalization of negative charges,

RSC Adv, 2025, 15, 23396-23413 | 23405
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Scheme 3 Scope of 4-thiazolidinones. Reaction conditions: benzaldehyde derivatives (1 mmol), aniline derivatives (1 mmol), mercaptoacetic
acid (1 mmol), IL@SGO (7 mq), toluene (5 mL), 80 °C, 9 hours. Isolated yield by crystallization in ethanol (5 mL).

thereby enhancing the reactivity. However, if one introduces
a strong deactivating group, then one can do oxidization of the
ring, and the reaction will cease as with the example above.
Electron-withdrawing groups (EWGs) such as -NO, withdraw
the electron density from the aromatic system through induc-
tive or resonance effects. Groups that donate electrons to the
aromatic system increase the nucleophilicity of the ring and
promote reactivity. However, steric hindrance caused by these
groups, especially at the ortho position, can hinder accessibility
to reactive sites, thereby cutting yields. This duality often results
in varied and position-dependent impacts on yields. Halogens
are widely known for their moderate electron-withdrawing
properties and relatively small steric footprints. As can be
seen from Scheme 3, halogen-substituted compounds (4ca, 4da,
and 4ea) displayed yields ranging from 38% to 41%. These
results illustrated the trade-off between electronic stabilization
and steric hindrance (38% yield of compound 4ca). This small
size of fluorine reduces steric hindrance, but some strong
electronegativity of intermediates, making the reactivity lower
than that of other larger sizes such as chlorine and bromine.
The yield obtained with compound 4da was 41%, slightly better
than what was obtained with fluorine. Chlorine's larger size and
weaker electronegativity than fluorine give a better balance
between steric and electronic effects. For example, the proposed
compound, 4ea, gave a yield of 40% like chlorine. Bromine has
an even larger atomic radius and more steric bulk and also
greater polarizability, which may stabilize transition states.
Nitro (-NO,) groups are among the most potent electron-
withdrawing substituents due to their capacity to delocalize

23406 | RSC Adv, 2025, 15, 23396-23413

negative charge via resonance and inductive effects. The
moderate reactivity of 4fa (31% yield) was due to the para-
positioned nitro group, which reduced steric hindrance.
However, the yield was lower than that of halogenated deriva-
tives because of the strong electron-withdrawing effect. The
ortho-positioned nitro group in 4ac (10% yield) caused a lot of
steric hindrance, and the fact that it pulled electrons away from
the molecule makes the yield much lower. The methyl (-Me)
group was a weak electron-donating group, contributing elec-
tron density via its inductive effect. It turned out that the para-
positioned methyl group had the highest yield (49%), which
means that its electron-donating properties made it more
reactive without creating any steric problems. Positional
differences (e.g., ortho) may diminish yields due to steric
obstruction. The methoxy (-OMe) group was a potent electron-
donating group, providing electron density via resonance while
exerting inductive withdrawal. The reaction was almost non-
existent for methoxy-substituted compounds indicate that
steric hindrance at the ortho position or excessive electron
donation may interfere with the reaction process. Positional
isomerism (ortho, meta or para) plays an important role in
influencing the yield of products through the stereochemical
and electron-donating effects of the reaction sites. When
substituents are in the ortho position of compounds, they often
face a lot of stereochemical hindrance, which makes them less
reactive. This is why the product yields were low at ortho-NO,
and ortho-OCH; positions. When aldehydes were used to
synthesize compounds with substituents at the para position on
the arene ring, there was less steric hindrance, which means

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that more of the product was formed. However, the electronic
effect was stronger, which achieved a high yield of about 49%
with 4ha. When anilines were added to products, the substitu-
ents were put in the ortho, meta, and para positions behind the
amino group. This is because of the electronic effects and
a strong steric hindrance effect, which made the amino group
much less reactive.

2.3. Proposed reaction mechanism for the synthesis of 4aa

The reaction mechanism depicted involves a solid-supported
organocatalyst (SGO) functionalized with quaternary ammo-
nium groups and other active sites, facilitating multi-step
transformation (Scheme 4). The objective of this proposed
reaction process was to demonstrate how IL@SGO functions as
a catalyst, interacting with the reactants to produce the desired
product. In the initial phase, the surface of IL@SGO was
endowed with quaternary ammonium salt functional groups
that stabilize reaction intermediates and enhance catalytic
efficiency. Upon activation of the carbonyl (-C=O0) group in
benzaldehyde, a nucleophilic addition of an amino group (-
NH,) from the aniline substrate occurred, resulting in the
formation of an imine(1) intermediate via a typical addition-
elimination mechanism. The amino group nucleophilically
attacked electrophilic carbonyl carbon, resulting in the release
of water. Upon interaction with the imine(1) intermediate, water
decomposes, liberating the amine component and regenerating
the carbonyl group. This hydrolysis step was essential for
modifying the surface functionality of IL@SGO, enabling the

HSO,
B0 '@
O;Si/\/\N SNTNNL-SOsH
—o
A { A A S A
Ic') OH
H)\Ph _ > HN)\Ph =
NH,
I
4 v
[ \
o -
<)p

Scheme 4 Proposed reaction mechanism for the synthesis of 4aa.
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catalyst to participate in subsequent reaction cycles. The thiol
group (-SH) reacted with the intermediate(i) following hydro-
lysis under IL@SGO conditions. By means of interactions with
the functional groups on the surface of IL@SGO, the nucleo-
philic assault produces a thioester intermediate(u). The ulti-
mate result of intermediate() was intramolecular cyclization.
The catalyst stayed whole throughout the procedure and is
rebuilt at the end of the reaction; regeneration guarantees
IL@SGO's reusability for several cycles, therefore stressing the
environmental and financial advantages of catalyst use.

2.4. Reusability of the IL@SGO catalyst in the synthesis of
4aa

Two key elements significantly influence the efficiency of the
green chemistry method in the newly developed protocol: the
stability and recyclability of the IL@SGO catalyst. The catalyst
was filtered from the reaction mixture and recycled after
washing with acetone. This process was tested with several
substrates including benzaldehyde (1 mmol), aniline (1 mmol),
and mercaptoacetic acid (1 mmol), demonstrating repeated use
without any significant loss of activity. However, over multiple
runs (0 to 4), the yield of 4aa showed a gradual decline, indi-
cating slow deactivation of the IL@SGO catalyst. The leaching of
functionalized IL moieties might diminish active site avail-
ability, while the accumulation of by-products could block these
sites, and repeated reactions could harm the SGO's structural
integrity. Despite this decline, the catalyst maintained reason-
able activity, achieving a yield of 27% in run 4 after four cycles.
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Fig. 9 Reusability of IL@SGO through catalysis in the synthesis
process of 4aa.

This suggested that IL@SGO can be reused, and enhancements
in reaction conditions or regeneration methods could improve
its recyclability. Washing or activating the catalyst between
cycles maintained over 60% of its initial activity after four cycles
(Fig. 9).

Fig. S17 presents the FT-IR spectra comparing IL@SGO and
its recovery process. In the IL@SGO recovery spectrum, the
decline in O-H band at 3200-3600 cm ™" suggested a partial loss
of hydroxyl groups. Furthermore, the decline in the intensity of
aliphatic and aromatic C-H stretching vibrations indicated that
the IL may have experienced partial removal or decomposition.
A more intense peak in the IL@SGO spectrum suggested
stronger IL-GO interactions, while shifts and reduced intensity
in the recovery spectrum imply structural changes like esterifi-
cation or chemical degradation. The peaks associated with
C=C and C=N stretching (1500-1600 cm ") were assigned to
the aromatic rings and imine groups, with the decline in these
peaks hinting at disrupted IL-GO m-m stacking interactions.
Additionally, a notable drop in S=O band's strength in the
recovery spectrum suggested sulfur group separation, implying
instability of the IL under these conditions. The fingerprint area
(500-1500 cm ') showed notable differences between the two
spectra, with the IL@SGO spectrum displaying more complex
vibrations than the less intense IL@SGO recovery spectrum,
indicating a loss of functional variety and structural breakdown
of the IL-GO composite during recovery. The shifts and intensity
reductions in characteristic peaks (-OH, C=0, C-H, S=O0)
suggested that the recovery process adversely affects IL-GO
interactions, leading to structural changes and loss of func-
tional groups, particularly oxygen-containing ones.

Fig. S21 shows the TGA (Thermogravimetric Analysis) curves
for IL@SGO (red line) and IL@SGO recovery (blue line). Both
materials experience a minor weight loss below ~150 °C due to
evaporated moisture, indicating similar surface moisture levels.
However, IL@SGO recovery showed faster weight loss, particu-
larly beyond 300 °C, suggesting reduced thermal stability from
structural changes during recovery. Above ~500 °C, the weight
loss indicated breakdown of stable elements such as sulfur and
carbon. IL@SGO maintains a higher residual weight, indicating
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greater stability and possibly higher carbon content than the
recovered material. This illustrated how recovery affected
thermal stability: IL@SGO demonstrated greater resistance and
slower decomposition, while recovery may compromise struc-
tural integrity and thermal behavior. Both materials remained
stable up to ~300 °C, making them suitable for low-temperature
applications.

Fig. S3t presents the SEM (Scanning Electron Microscopy)
images and corresponding particle size distribution histograms
for IL@SGO (top row) and IL@SGO recovery (bottom row). In
contrast, the SEM image of recovered IL@SGO showed a less
porous, more aggregated structure with smoother surfaces and
less distinct particles, indicating partial collapse of the porous
framework during recovery. The original IL@SGO catalyst had
a peak particle size distribution in the 40-60 um range, indi-
cating homogeneity, while the recovered IL@SGO peaks at 60—
80 pum reflect a broader size distribution due to particle
agglomeration, likely from thermal or mechanical factors. This
process decreased porosity and increased aggregation, poten-
tially compromising the material's catalytic performance, as
larger particles from the IL@SGO recovery may reduce the
dispersion efficiency.

EDX spectroscopy revealed changes in the chemical
composition of IL@SGO before and after recovery (Fig. S47).
After recovery, the C content decreased from 62.66 to 42.35%,
suggesting loss or degradation of organic materials, while the O
content increased, indicating possible oxidation or rearrange-
ment. Notably, the S content dramatically increased from 4.33%
to 25.42%, suggesting the adsorption of sulfur-rich species
during recovery. The Si concentration dropped slightly to
1.02%, potentially indicating the partial dissociation of the GO
structure, while the Cl levels remained unchanged. Overall, the
recovery process led to a significant decrease in carbon content
and a marked increase in sulfur content.

The microscopic images of IL@SGO before and after
recovery revealed notable structural changes; IL@SGO seems to
be quite porous with unequal particle distribution, which
qualified for adsorption or catalysis uses (Fig. S5t). After
recovery, the intensity and homogeneity of C and O decreased,
aligning with organic material loss, while S became strong and
localized, indicating its build-up. Cl remained less prominent
but showed some intensity change, and Si followed a similar
trend, suggesting decreased GO separation. Post-recovery,
sulfur prominently formed localized areas, while carbon
distribution diminished, confirming partial rearrangement of
the IL and GO structures along with sulfur adsorption.

2.5. Leaching test

In the context of synthesis, particularly in materials science,
chemistry, or environmental science, a leaching test is used to
assess the potential for leaching of certain substances. In this
experiment, a leaching test was applied to evaluate the sulfur
content existing in the reaction before and after removing the
catalyst out of the reaction. The leaching test experiment was
conducted to characterize the chemical and physical properties
of the materials, which suggest the effect of the material on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nature in real applications. In this study, the mixture of benz-
aldehyde (3 mmol, 318 mg), aniline (3 mmol, 279 mg), mer-
captoacetic acid (3 mmol, 276 mg), IL@SGO (21 mg), and
toluene (15.0 mL) was heated at 80 °C. After 4.5 hours of reac-
tions, the solution containing the solid catalyst was divided into
3 sections (Fig. 10). The ICP-OES method was used to measure
the content of sulfur remaining in the catalyst of each reaction
part.

In section (I), IL@SGO was separated from the reaction
mixture, and the product solution was subjected to crystalliza-
tion in 5 mL of ethanol. Subsequently, the main product was
obtained with a yield of approximately 10%, and the sulfur
content retained in the catalyst was determined to be
2.208 mmol g~

In section (II), IL@SGO was separated from the reaction
mixture, and the reaction proceeded with continuous stirring
for the remaining 4.5 hours. Upon completion, the reaction
mixture was crystallized in 5 mL of ethanol, yielding approxi-
mately 12% of the main product. At this stage, ICP-OES analysis
confirmed the absence of sulfur leaching from the catalyst into
the solution.

In section (III), the reaction mixture was allowed to continue
for the remaining 4.5 hours. After the reaction was completed,
IL@SGO was removed, and crystallization of the reaction
mixture was carried out in 5 mL of ethanol. For the remaining
reaction under optimal conditions, the yield of the main
product was about 40% and the content of sulfur which
remained in the catalyst was determined to be about
3.089 mmol g~ .

2.6. Large-scale synthesis of 4aa

Scheme 5 presents reaction demonstrations, showing a three-
component synthesis producing chemical 4aa. Benzaldehyde
(1a), aniline (2a), and mercaptoacetic acid (3) were used as
starting materials in equimolar amounts of 5 mmol each.
IL@SGO (35 mg) was present during the process acting as
a catalyst. The reaction was carried out at 80 °C for 9 h with
toluene (25 mL) as the solvent. The yield of product 4aa was
44%. The product 4aa’s structure suggests that, most likely by
a sequence of condensation, cyclization, and substitution, the
reaction generates a sulfur-containing heterocyclic ring.
IL@SGO helps the condensation and cyclization processes,
improving the general reaction efficiency.

2.7. Assessment of green metrics

Recently, the development of sustainable and environmentally
friendly methods to produce organic compounds has received
much attention. The use of IL@SGO as a catalyst for synthe-
sizing 4-thiazolidinone frameworks was highlighted in this
field. This method has been shown to have big benefits for the
environment and efficiency. This approach was characterized by
several favorable environmental metrics. The
Environmental-factor (E-factor) of 1.28 means that almost no
waste was produced during the reaction, which makes it a more
environmentally friendly choice than traditional methods of
synthesis. Furthermore, the high atom economy (AE) of 89.28%
indicated that most of the reactant atoms were included in the
intended product, therefore lowering the resource usage.
However, the actual atom efficiency (AEf) was lower at 43.75%,

low

IL@SGO (35 mg)

CHO NH,

(5 mmol) (5 mmol) (5 mmol)

Scheme 5

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

Toluene (25 mL)
80°C,9h

Investigation of the scale-up process in 4aa production using the ILQSGO catalyst.
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which represented some atoms that were not successfully used
in the process of creating the final product. Furthermore, the
process mass intensity (PMI) was relatively low at 2.32, signi-
fying an efficient use of raw materials. The carbon efficiency
(CE) of 49%, however, means that almost half of the carbon
atoms are not efficiently added to the target compound. This
means that the process could be improved even more. The
reaction mass efficiency (RME) was 43.74%, reflecting a modest
ratio between the mass of the produced product and the total
mass of the reactants consumed. Considering all these
elements, this approach highlighted its potential as a greener
substitute in organic synthesis by obtaining a reasonable eco-
score of 57.5%. IL@SGO as a catalyst improved the sustain-
ability of 4-thiazolidinone synthesis and reduced environ-
mental impacts. The balance between high efficiency and
environmental friendliness demonstrated its significance in
promoting sustainable chemistry. This advancement opens the
path for creative, low-impact synthetic techniques in the future
and marks a vital first step toward greener solutions.**” (The
calculation data are given in the ESIY)

2.8. Comparative analysis of the present method and
alternative strategies for 4aa synthesis

Table 2 compares different reaction conditions for the synthesis
of 4aa and their respective yields. By using NMPs@8SiO,-IL in
water under reflux for 1 hour, a yield of 48% was achieved. By
employing Baker's yeast in THF at room temperature for 40
hours, the reaction showed the highest yield of 60%, though
with a significantly prolonged reaction time. H,SO,-SiO, in
toluene at 100 °C achieved 55% yield in 5 hours. In this study,
IL@SGO (7 mg) was added to toluene and reacted at 80 °C for 9
hours, yielding 42%. However, this approach might offer
benefits in terms of environmental sustainability or catalyst
recyclability. Table 2 illustrates that although all the previously
suggested catalysts are appropriate for the designated synthesis
conditions, most exhibit certain drawbacks. The drawbacks
included elevated temperatures, extended reaction durations,
excessive catalyst usage, reliance on hazardous catalysts or toxic
organic solvents, and complex work-up procedures.

3. Experimental

3.1. Chemical

The leaves of Syzygium nervosum applied in the experiments
were purchased from Cu Chi District, Ho Chi Minh City, Viet-
nam. 2-Chlorobenzaldehyde (99%) was purchased from ACROS
Organic (India) and 4-chloroaniline (99%) from Sigma Aldrich

View Article Online
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(USA). 4-Fluorobenzaldehyde (98.49%) was supplied by Bide-
pharm (China) and 4-methylbenzaldehyde (97%) by Merck. 4-
Nitrobenzaldehyde (98.0%) was supplied by Thermo Scientific
(USA). Common solvents including acetone (95%), acetonitrile
(>99%), ethanol (99%), diethyl ether (=99.5%) and dime-
thylformamide (=99.5%) were obtained from Chemsol, Viet-
nam. Acids used in the research including Hydrochloric acid
(36.0-38.0%) and phosphoric acid (85%) were purchased from
Xilong (China) and GHTECH (JHD), respectively. p-Toluene-
sulfonic acid (99%) was obtained from Sigma Aldrich (USA) and
sulfanilic acid (90%) was obtained from Scharlau (Spain).
Additionally, mercaptoacetic acid (90%) was obtained from
Shanghai Zhanyun (China). Sodium hydroxide (>96%), sodium
nitrate (99%), and sodium nitrite (99%) were all sourced from
Xilong.

3.2. Techniques for analysis

'H-NMR and "C-NMR spectra were recorded using a Bruker
Avance 500 MHz spectrometer, with DMSO-d; as the solvent and
reference standard. The melting points of the samples were
measured using a Buchi B-545 apparatus. The FT-IR spectrum
was recorded using a Bruker E400 FT-IR spectrometer. Ther-
mogravimetric analysis (TGA) was performed using a Q-500
device, by heating the samples at a rate of 5 °C per minute
under a controlled air flow. P-XRD data were acquired using
a Bruker D8 Advance diffractometer equipped with a Ni-filtered
Cu Ko radiation source (A = 1.54059 A). The material's
morphology and structure were examined by scanning electron
microscopy (SEM) using a Hitachi S-4800, coupled with an XZS-
107T digital microscope and an NHV-CAM camera, and pro-
cessed using the eScope software. Nitrogen adsorption—-
desorption isotherms were recorded at 77 K using a Quantach-
rome NOVA 3200e system. Energy-dispersive X-ray spectroscopy
(EDX) was performed using an EMAX energy EX-400 EDX
instrument. Finally, high-resolution mass spectrometry (HRMS)
was carried out using a Bruker micrOTOF-QII spectrometer in
the positive electrospray ionization (ESI) mode, at an ionization
energy of 80 eV.

3.3. Preparation of IL@SGO from Syzygium nervosum leaves

3.3.1. Preparation of GO. The initial material employed was
the leaf residue of Syzygium nervosum, which was carbonized in
an inert environment at 650 °C for 3 hours, leading to the
production of graphite.”® Then, GO was synthesized using
modified Hummer's method.”

3.3.2. Preparation of SGO (sulfonated graphene oxide). The
aryl diazonium solution for GO sulfonation was prepared as

Table 2 Comparison of our findings with previously published data on the synthesis of 4aa

Entry Condition reaction Temp. (°C) Time (h) Yield (%) Ref.

1 NMPs@Si0,-IL (0.0007 g), H,0 Reflux 1 48 48

2 Baker's yeast (2 g), THF RT 40 60 49

3 H,S0,-Si0, (10 mol%), toluene 100 5 55 50

4 IL@SGO (7 mg), toluene (5 mL) 80 9 42 This work
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follows:*® first, 0.5 g of sulfanilic acid was dissolved in 50 mL of
2% NaOH solution at 40 °C, followed by the addition of 0.2 g of
NaNO,. Once fully dissolved, 100 mL of ice-cold water and
10 mL of HCI were added to the solution under continuous
stirring. The temperature was maintained at 0 °C for 15 minutes
to form a diazonium salt. Subsequently, this aryl diazonium salt
solution was gradually added dropwise to 200 mL of an aqueous
GO solution (2.5 mg mL ™). The resulting mixture was vigor-
ously stirred in an ice-water bath for 4 hours. The product was
then recovered by centrifugation, washed several times with
water, and dried in an oven at 100 °C.

3.3.3. Preparation of IL. First, 1.7 g imidazole with 4.6 mL
CPTES (3-chloropropyltriethoxysilane) was added into a 100 mL
round-bottom flask. Then 25 mL Toluene was added to the flask
and refluxed at 110 °C for 12 hours. The mixture was then
subjected to rotary evaporation to obtain the yellow product
N3PI (N-(3-propyltriethoxysilane)imidazole). Next, 0.71 g (10.5
mmol) 1,4-butanesultone was added dropwise to a 50 mL
beaker containing 1.36 g (10 mmol) N3PI. Then, 15 mL toluene
was added to the beaker and stirred for 45 minutes. The mixture
was stirred for an additional 8 hours, and the solvent was
removed by rotary evaporation. The resulting mixture was
placed into a 100 mL round-bottom flask. After that, 15 mL
EtOH was added to the round-bottom flask and stirred for 45
minutes. Then, 0.27 mL (10 mmol) 95% H,SO, was added
dropwise to the mixture. The mixture was stirred at 50 °C for 8
hours. The mixture was then subjected to rotary evaporation to
obtain a bright yellow dual-acid IL product.”

3.3.4. Preparation of IL@SGO. First, 1.0 g of IL was added
to a 100 mL round-bottom flask with 30 mL of EtOH. Then 2.0 g
of SGO was added to the flask and refluxed for 24 hours. The
mixture after refluxing was filtered and washed with diethyl
ether. The product was dried at 100 °C to obtain the catalyst.>

3.4. General procedure for the synthesis of 4-thiazolidinone
derivatives

The mixture of benzaldehydes (1 mmol), anilines (1 mmol),
mercaptoacetic acid (1 mmol), IL@SGO (7 mg), and toluene (5
mL) was stirred at 80 °C for 9 hours. The progress of the reaction
was observed by thin-layer chromatography (TLC). After the
completion of the reaction, the mixture was allowed to cool at
room temperature. Then, the mixture was filtered to separate
the catalyst from the reaction solution. The IL@SGO catalyst
was washed with diethyl ether and dried. The reaction solution
was rotary evaporated to recover the solvent. Then, 5 mL of
EtOH was added to induce crystallization. To obtain a pure
product, it was washed several times with cold EtOH. The
structure of the products were determined using 'H NMR
and *C NMR spectra.

3.5. General procedure for the recycling of IL@SGO

Following the reaction, the solid catalyst was separated and
washed with distilled toluene (5 x 5 mL) and diethyl ether (5 x
3 mL). The washing process was monitored by TLC. The catalyst
was then dried at 100 °C for the next reaction. The catalyst was
reused under the same reaction conditions with a mixture of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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benzaldehyde, aniline, and mercaptoacetic acid. The weight of
substrates for the next recovery reaction was calculated based
on the weight of the catalyst, which can be recovered from each
cycle. Data were collected after 4 recycling iterations.

3.6. Scale-up test process

A mixture of benzaldehyde (5 mmol, 0.5305 g), aniline (5 mmol,
0.4655 g), mercaptoacetic acid (5 mmol, 0.4605 g), IL@SGO
catalyst (35 mg), and 25 mL of toluene was added into a 100 mL
round-bottom flask. The reaction mixture was stirred at 80 °C
for 9 hours and monitored by TLC using a 4:1 (n-hexane:
acetone, v/v) solvent system. After the reaction was complete,
the mixture was allowed to cool to room temperature and
filtered to separate the catalyst and the reaction mixture. The
catalyst, after separation, was washed several times by centri-
fugation with toluene solvent (3 x 5 mL) to remove impurities.
It was then washed with diethyl ether (3 x 5 mL) and dried at
100 °C to recover the catalyst. The reaction mixture was sub-
jected to rotary evaporation to recover the toluene solvent.
Then, approximately 5-10 mL of EtOH was added to the mixture
for crystallization. The product was washed with cold EtOH to
remove unwanted impurities.

4. Conclusion

In conclusion, the article presented a comprehensive study of
the synthesis, characterization, and catalytic application of
ionic liquid-functionalized sulfur-doped graphene oxide
(IL@SGO), containing Brensted acid sites. The study began with
the preparation and structural analysis of IL@SGO, detailing its
synthesis from Syzygium nervosum leaves, functionalization with
sulfonic acid groups, and integration with an ionic liquid (IL).
Various analytical techniques including FT-IR spectroscopy,
XRD, TGA, SEM, and EDX confirmed the successful modifica-
tion and functionalization of the material. The catalytic effi-
ciency of IL@SGO was evaluated in the one-pot synthesis of 4-
thiazolidinone derivatives. The optimized reaction conditions
were investigated on a variety of substrates to evaluate the
efficiency and versatility of the synthetic protocol for 4-thiazo-
lidinone derivatives. The study demonstrated excellent catalytic
performance, achieving yields ranging from satisfactory to
outstanding, highlighting the broad substrate compatibility of
the method. The reusability studies indicated that IL@SGO
maintains catalytic activity over multiple cycles. We anticipated
that the produced 4-thiazolidinone compounds will have
extensive applications in pharmaceutical and medicinal chem-
istry through the exploration of their pharmacological
potential.

The study also assessed the environmental sustainability of
the process using green chemistry metrics. IL@SGO-based
catalysis exhibited high atom economy (89.28%) and a low
environmental factor (E-factor = 1.28), supporting its potential
as an eco-friendly alternative to organic synthesis. However,
moderate carbon efficiency (49%) and reaction mass efficiency
(43.74%) indicated room for further optimization. IL@SGO
proves to be an effective, reusable, and environmentally

RSC Adv, 2025, 15, 23396-23413 | 23411
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sustainable catalyst for the synthesis of 4-thiazolidinones,
contributing to the advancement of green chemistry. Future
research may be focused on improving its stability and opti-
mizing the reaction conditions to enhance the efficiency and
sustainability.
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