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Jute fibers (JFs), in which two-thirds of their total mass is cellulose, are valuable bio-fibers employed from the

household to technical applications in the environmental, pharmaceutical, and energy storage fields.

However, their poor interfacial adhesion with polymer matrices hinders their widespread industrial

application, particularly in composite materials. In this study, JFs were modified by grafting thiol moieties

through mild oxidation, followed by esterification in an aqueous solution to enhance their functional

performance and broaden their industrial utility. First of all, JFs were collected from a local market and

pretreated with an alkali solution and oxidized with 20% Fenton reagent (FR). The desired grafting of thiol

moieties was achieved by refluxing the initially oxidized JFs with ethane-1,2-dithiol in acetonitrile using

trifluoroacetic acid as a catalyst at 60 °C for 4 h. These materials were characterized by Fourier-transform

infrared spectroscopy, conductometric titration, thermogravimetric analysis, X-ray diffraction, scanning

electron microscopy, fiber strength and contact angle analyses. The characteristic features of the –COOH

groups and conductometric titration confirmed that the amount of –COOH groups decreased after

thioesterification, as expected. The degree of oxidation of cellulose on the fiber surface was about 4.5%.

The changes in crystallinity, surface morphology, tensile strength, and thermal stability support the efficient

grafting of thiol moieties on the surface of JFs. The absorption bands corresponding to the –C]O and –

C(]O)–S– groups in the FT-IR spectra suggested the desired modification. 20% FR was sufficient for

introducing a significant amount of these groups (280.39 mmol g−1). The increased hydrophobicity of the

thiol-grafted JFs, as evaluated by contact angle measurements, evidenced the expected modification. With

this enhanced surface functionality, the modified JFs show potential for applications in heavy metal

remediation, industrial dye removal, wastewater treatment, and composite reinforcement, offering

a sustainable and eco-friendly solution to environmental and industrial challenges.
1. Introduction

Global environmental concerns, such as melting polar icebergs,
global warming, fast-depleting petroleum resources, and
increasing sea levels, have transformed the use of plastics and
synthetic materials in the direction of natural-based biopoly-
mers, which are biodegradable, completely sustainable, and
environmentally friendly.1,2 Owing to environmental protection
as well as government legislation in different countries, non-
wood plant bers with a short growth cycle have become
more important than the utilization of wood bers from
growing trees. Cellulose, the most abundant natural
biopolymer, has received increasing attention because of its
high barrier properties, high specic surface area, high
haka, Dhaka-1000, Bangladesh. E-mail:

iversity of Engineering & Technology,

the Royal Society of Chemistry
strength, low thermal expansion, lightweight, and
biodegradability.3–8 As a source of cellulose, jute bers (JFs) have
become a promising research focus due to their availability, low
cost, and high cellulose content, which make them ideal for
various chemical modications. Additionally, JFs are a renew-
able and biodegradable resource, making them an environ-
mentally sustainable candidate for advanced material
applications.

Besides their common uses, JFs have immense potential in
technical applications including wastewater treatment, water
ultraltration, and energy storage devices.9 These applications
are supported by their mechanical properties, including tensile
strength, specic strength, andmodulus.10,11 As a typical kind of
non-wood ber, jute is a low-cost multicellular and lignocellu-
losic ber widely cultivated in Asian countries, such as China,
India, and Bangladesh, and it can be harvested in large quan-
tities annually.12,13 JFs consist of cellulose (64.4%), hemi-
cellulose (12.0%), lignin (11.8%), a small amount of pectin,
vegetable wax, and other components.14 The higher cellulose
RSC Adv., 2025, 15, 43877–43890 | 43877
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content (45–71.5%) and crystallinity (especially higher than
other non-wood bers) of JFsmake it suitable for the fabrication
of cellulose nanowhiskers (CNWs).15 In JFs, the cellulose
molecules are highly oriented parallel to each other in brils,
thus reducing their degree of orientation parallel to the ber.16

The microbril angle (7°–12°) of JFs is relatively larger than that
of the other bast bers (e.g. ax, ramie, and hemp), which is
favorable for the extraction of cellulose nanobers (CNF) from
JFs.17

The isolation of CNF mainly from JFs has been investigated
by many researchers. The basic approaches for the extraction of
CNF from JFs are mainly categorized as acid hydrolysis, catalytic
oxidation, and steam explosion.18–20 A facile method for gener-
ating CNF with tunable polymorphs and crystallinity has been
reported, which involves the alkali treatment of JFs, followed by
TEMPO-mediated oxidation and mechanical disintegration.
The resulting CNF retain the cellulose polymorph of the source
material but exhibit a signicantly higher crystallinity index.19

CNW were fabricated from JFs using a TEMPO/NaBr/NaClO
system for selective oxidation combined with mechanical
homogenization, producing amass with ultrathin diameters (3–
10 nm) and high crystallinity (69.72%).12 Highly carboxylated
cellulose nanocrystals were derived from JFs via facile oxidation
with ammonium persulfate. They exhibited greater crystallinity
and improved thermal stability compared to the virgin JFs.21

Microcrystalline cellulose was prepared from JFs using formic
acid and the peroxy formic acid process, followed by acid
hydrolysis. It showed greater thermal stability and crystallinity
than the untreated bers.22 Isolation of bionanowhiskers from
jute by alkali treatment followed by acid hydrolysis has been
studied. A rod-like morphology was observed, which might be
useful as a reinforcing phase in nanocomposites.23

The graing of suitable compounds with the hydroxyl groups
located on the cellulose backbone is one of the prime
approaches for modifying the physical and chemical properties
of JFs. The surface properties of JFs can be tuned by modica-
tion. The graing modication of JFs has been attempted by
many researchers, which fall into two major types of chemical
methods and physical methods. Chemical methods using
initiators such as ceric ions, V5+-cyclohexanone system, K2S2O8,
laccase/TEMPO system, and Fe2+/H2O2 system have been re-
ported for the graing of different synthetic monomers onto
JFs.24–28 The graed samples exhibited better thermal stability,
light fastness, mechanical properties, and dye xation
compared to the pristine ones. Physical methods such as
plasma treatment, UV radiation, gamma radiation, and
combined UV and gamma radiation have been employed for
graing different acrylate and polylactic acid onto JFs.29–32 The
tensile modulus, exural strength, and elongation at the break
of the graed JFs were found to be enhanced compared to that
of the virgin JFs.

Thiol-modied natural bers and their composites have
diverse applications, including drug delivery, tissue engi-
neering, pharmaceuticals, wastewater treatment, heavy metal
remediation, water detoxication, and energy storage devices.
These applications have attracted signicant research interest
in the eld of cellulose-based materials.2,10,33 Several strategies
43878 | RSC Adv., 2025, 15, 43877–43890
have been explored to enhance the properties of JFs through
chemical or biochemical modication. Acosta Ortiz et al.
employed a thiol–ene photopolymerization approach to fabri-
cate woven JF/epoxy biocomposites, where thiol functionalities
were exploited mainly to achieve surface crosslinking within the
polymer matrix, thereby improving the performance of the
composite.34 In contrast, the enzymatic-assisted graing of vinyl
copolymers onto jute fabrics has been reported to impart
durable hydrophobicity.35 This method relies on enzymatic
catalysis and vinyl monomers to generate functional polymer
coatings rather than directly modifying cellulose.35 Similarly, El-
Shafei et al. developed dual-functional jute fabrics by inte-
grating chitosan and phosphorylated nanocellulose, producing
antimicrobial activity and enhanced thermal stability suitable
for biocomposite applications.36 However, to the best of our
knowledge, no relevant attempt and analysis have been made to
gra thiols onto JF via a thioesterication reaction to date.
Moreover, reactive oxygen species (ROS) including hydrogen
peroxide (H2O2), OHc, and superoxide are environmentally
friendly, cost-effective, and readily accessible oxidizing agents
for the oxidation of cellulose.1 Among them, OHc, a highly
reactive species, can be easily formed from H2O2 via a Fenton or
photo-Fenton process. Given that aer treatment, the ROS
family leaves O2 and water as green by-products, they have been
employed as clean reagents for practical applications over the
TEMPO system.37

Various chemical modications of JFs have been reported,
including silanization, acetylation, and maleation.38–40 In
contrast, only a limited number of studies have explored mild
thioesterication to introduce functional –SH groups without
requiring metal catalysts or multistep synthesis. This relatively
unexplored method enhances the functionality of bers and
opens new prospects for advanced applications in composite
materials and environmental remediation. Thiol groups were
graed onto JFs via thioesterication because of their strong
binding affinity for heavy metal ions and organic pollutants.
This approach offers distinct advantages for sustainable, bio-
based applications, including wastewater treatment, bi-
oadsorbents, water ltration, and composite reinforce-
ment.1,33,41 Hemicellulose, lignin, pectin, and other waxy
substances were removed rst by the reaction of JFs with alkali.
Simple oxidation of bers was carried out to introduce –COOH
groups utilizing FR in an aqueous solution as a green route.
Thioesterication of oxidized JFs was carried out using dithiols
in mixed organic and aqueous media via different
methods.1,42,43 These materials were characterized by FTIR
spectroscopy, conductometric titration, thermogravimetric
analysis, XRD, SEM, and ber strength and contact angle
analyses. JFs as a source of cellulose from non-wood plants,
could be derivatized with thioester groups using this straight-
forward modication approach.

2. Experimental
2.1. Materials

Fibers extracted from the jute plant (Corchorus olitorius) were
purchased from the local market. Acetonitrile (CH3CN, Sigma-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Aldrich, USA, purity 99.5%), ethane-1,2-dithiol (HSCH2CH2SH,
Sigma-Aldrich, USA, purity $99.0%), ferrous sulfate hepta-
hydrate (FeSO4$7H2O, Unichem, India, purity 98.5%), hydrogen
peroxide (H2O2, Scharlau, Spain, purity 98.0%), sodium
hydroxide (NaOH, Merck, India, purity$97.0%), sulphuric acid
(H2SO4, Sigma-Aldrich, USA, purity 99.0%), toluene (Sigma-
Aldrich, USA, purity 99.3%), and triuoro acetic acid (CF3-
COOH, Sigma-Aldrich, USA, purity 99.0%) were used as received
without any further purication. De-ionized water (specic
conductance <0.1 mS cm−1) prepared with a water purier
(BOECO pure, model-BOE 8082060, Germany) was used
throughout the study.
2.2. Preparation of jute samples

The JFs were cut into a nite size of 3 cm in length. A weighed
amount of sample was added to a 500 mL beaker and washed
thoroughly 3–4 times with de-ionized water to eliminate dust
particles and other water-soluble impurities. Then, the bers
were initially dried for approximately 8 h in open air, and nally
oven-dried at 40 °C for 4 h.

2.2.1. Preparation of Fenton reagent. FR solution was
prepared according to the procedure reported in the litera-
ture.1,44 Typically, the preparation of 20% FR was accomplished
by mixing 0.02 g of solid FeSO4, 1.0 mL of 0.1 M H2SO4, and the
remaining volume of 20%H2O2 solution. In a solution of higher
pH, Fe2+ ions are prone to precipitate as Fe(OH)3, reducing the
effectiveness of the FR solution. Thus, the pH of the solution
was adjusted to be less than 3. A xed concentration (20% FR) of
FR based on the literature was maintained because it yielded
the highest number of carboxylic acid groups on the JFs.1 The
generation of carboxylic acid functionalities is a critical step in
enhancing the reactivity of cellulose for subsequent thioester-
ication reactions.

2.2.2. Alkalization process. Alkalization of JFs is normally
carried out for the removal of noncellulosic substances such as
hemicellulose, lignin, and pectin, which was carried out
according to the literature.44 Typically, 10.0 g of dried JFs was
soaked in 5% of NaOH solution in a 500 mL beaker, and then
the mixture was heated at 80 °C for 4 h. Aer that, the JFs were
removed from the reddish-brown color alkaline mixture. These
bers were washed with de-ionized water 3–4 times. The mass
was rst dried in open air for about 8 h, then placed in an oven
at 40 °C for 4 h, and the nal weight was subsequently recorded.
The obtained NaOH-treated JFs were named NJF.

2.2.3. Oxidation of jute bers. The JFs were oxidized with
20% FR to introduce carboxylic groups in the cellulose moieties
by following the literature.1,44 It has been reported that out of 12
different concentrations of three reactive oxygen species such as
H2O2, FR, and peroxyacetic acid, 20% FR is the strongest
oxidizing agent given that it introduces the highest number of
carboxylic groups in the cellulose backbone by oxidation reac-
tion.1 Hence, 20% FR was utilized to oxidize the cellulose in JFs.
Typically, 1.0 g of NJF was treated with 80 mL of 20% FR solu-
tion. The reaction was performed at room temperature for 12 h.
A magnetic stirrer bar was used for mixing at 200 rpm to ensure
uniform and good mixing. Then, the mixture was ltered
© 2025 The Author(s). Published by the Royal Society of Chemistry
through a Büchner funnel using Whatman lter paper to
separate the oxidized JFs (OJF). The bers were subsequently
washed with ∼300 mL of de-ionized water until the ltrate
reached neutral pH (6.5–7.0), conrming the removal of
residual acid and Fenton reagent components. The samples
were air-dried for approximately 8 h, followed by oven drying at
40 °C for 4 h, and then their weights were recorded.

2.2.4. Thioesterication of OJF. The two strategies known
as Method I and Method II, as described in the literature, were
employed to accomplish the thioesterication of OJF.1,42 In
brief, a single-necked 100 mL round-bottomed ask tted with
a magnetic stir bar and connected to a reux condenser was
charged with 1.0 g of OJF and 0.5 mL of ethanedithiol in 30 mL
of solvent. The solvent was a mixture of toluene and water in
a weight ratio of 4 : 1, which was chosen based on experimental
observation. The bers showed better dispersion in this
mixture, as conrmed by visual inspection, ensuring a uniform
suspension for the reaction. The bers were dispersed by
sonication for 30 min before adding the reagents. To enhance
the equilibrium reaction of carboxylic acid and ethanedithiol
and the product (thioester), as represented in Scheme 1, 1.0 mL
of 1.0 M H2SO4 was used as a Brønsted acid-catalyst. The whole
setup was placed in a water bath and subjected to constant
stirring at 85 °C for 6 h. The resulting mixture was cooled to
room temperature. Aer completion of the reaction, themixture
was ltered and washed several times with acetone and ethanol.
Then, the thioesteried JFs (TJF-I) were rst air-dried for about
8 h, then oven-dried at 40 °C for 4 h, and nally their weights
were measured.

A major portion of the synthetic process adopted in Method
II is analogous to Method I. However, acetonitrile was used as
the solvent in the former, whereas triuoroacetic acid was used
as the catalyst in the latter case.1,43 Initially, triuoroacetic acid
was added drop-wise to the stirred mixture over 15 min at room
temperature and allowed to react at 60 °C for 4 h. The nal
products were denoted as TJF-II. A schematic representation of
the alkalization, oxidation, and thioesterication of cellulose of
JF is depicted in Scheme 1.
2.3. FT-IR spectral analysis

FT-IR analysis of the pellet of the raw, alkali-treated, oxidized
and thioesteried JFs was performed using an FT-IR (Perki-
nElmer, USA, Frontier FT-IR/NIR) system. Spectra were recorded
in the range of 4000–400 cm−1. The number of scans was 32 and
the resolution was 4 cm−1. Typically, 0.5 mg of bers was
ground into a ne powder using an agate mortar, and then
mixed with 100 mg of KBr to prepare the pellet. Finally, a 5-ton
pressure was applied to form the pellet in a metal holder. The
pellet was then placed in the sample holder of the FT-IR spec-
trometer. The intensity of the sample beam and the reference
beam was monitored using a thermocouple detector, and the
nal data output can be displayed in either transmittance or
absorbance mode and expressed by eqn (1), as follows:

Transmittance ¼ Is

Ir
� 100% (1)
RSC Adv., 2025, 15, 43877–43890 | 43879
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Scheme 1 Illustration representing the functionalization of cellulose on the surface of JF via oxidation and thioesterification.
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where Is and Ir refer to the intensity of the sample beam and
reference beam, respectively. The FT-IR spectra were further
analyzed by deconvolution using Gaussian peak tting to
resolve the overlapping bands. The GaussAmp function was
employed to extract overlapping peaks and correct the baseline
of the spectra.
2.4. SEM analysis

The morphology of the jute-based samples was determined by
scanning electron microscopy (Model: JEOL, JSM-7600F, USA).
The acceleration voltage of the electron gun was 5 kV with
a probe current of 1.0 nA. A small amount of the powder sample
was uniformly dispersed onto carbon tape attached to an
aluminum SEM stub. The specimens were then coated with
a thin (∼20 Å) layer of gold using a vacuum sputter coater to
prevent surface charging during analysis. Prior to imaging, the
samples were analyzed under high-vacuum conditions.
Secondary electron images were captured at magnications
between 100× and 5000× to evaluate the particle morphology,
surface features, and agglomeration.
2.5. Conductometric titration

The carboxyl content in OJF and its corresponding graed
samples was determined by conductometric titration.1,45

Approximately 50 mg sample was suspended in 15 mL of 0.01 M
HCl solution. Aer stirring for 10 min, the suspension was
titrated with 0.01 M NaOH. The titration curves display the
presence of strong acid, corresponding to the excess HCl
depicted as zone 1, weak acid belonging to the carboxyl content
of OC assigned as zone 2, and strong base region due to NaOH
denoted as zone 3 in Fig. 5. The degree of substitution (DS) can
be computed using eqn (2) from the conductometric titration.46

DS ¼ 162� C � ðV2 � V1Þ
w� ð36� C � ðV2 � V1ÞÞ � 100% (2)

where C denotes the concentration of NaOH in mol L−1, V1 and
V2 are the amounts of NaOH in L andw is the weight of the oven-
43880 | RSC Adv., 2025, 15, 43877–43890
dried sample in g. 162 stands for the molecular weight (g mol−1)
of an anhydroglucose unit (AGU) and 36 corresponds to the
difference between the molecular weight of an AGU and that of
the sodium salt of a glucuronic acid moiety.
2.6. Thermal analysis

A differential thermal analyzer (Hitachi TG/DTA 7200) was
employed to examine the thermal stability of the jute-based
samples, concurrently maintaining an N2 atmosphere at
a ow rate of 100 mLmin−1. In a typical experiment, about 5 mg
of sample was placed in a clean ceramic pan and heated from
30 °C to 700 °C for the samples at a rate of 10 °C min−1.
2.7. XRD analysis

The X-ray diffraction patterns of the raw, extracted, oxidized and
thioesteried JFs were recorded using an Ultima IV, Rigaku X-
ray diffractometer operating at 40 kV and 40 mA using Cu Ka1

radiation (l = 1.5406 Å) tted with a scintillation detector. The
measurement was conducted in continuous mode at a scan
speed of 3.0 min−1 in the 2q scan range of 10°–70° with the scan
width of 0.02°. The crystallinity index (CI) was calculated using
the XRD amorphous subtraction method.47 The CI was calcu-
lated as the ratio of the area of the crystalline domain to the
total area using eqn (3), as follows:

CI ¼ Atotal � Aam

Atotal

(3)

where Atotal is the integrated intensity of the diffraction spec-
trum and Aam is the integrated intensity of the amorphous
background. In addition, the crystallite size (CS) was deter-
mined from XRD data using eqn (4), as follows:48

CS ¼ Kl

cos q
(4)

where K is the correction factor (0.9), b is the full width at half
maximum in radians, and l is the wavelength of X-rays and is
half of the angle for the corresponding peak. The band was
© 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/d5ra07729j


T
ab

le
1

Su
m
m
ar
y
o
f
th
e
re
su

lt
s
o
f
JF

d
e
ri
va
ti
za

ti
o
n
u
n
d
e
r
d
iff
e
re
n
t
co

n
d
it
io
n
s

R
ea
ct
io
n
/r
ea
ge
n
ts

a
M
at
er
ia
l

Y
ie
ld
/%

–C
O
O
H

gr
ou

p/
m
m
ol

g−
1

b
D
S/
%

c C
I/
%

c C
ry
st
al
li
te

si
ze
/n
m

c 2
q
(°
)
at

m
ax
.

In
te
n
si
ty

d
T
h
er
m
al

de
co
m
po

si
ti
on

B
un

dl
e

st
re
n
gt
h
/l
b
m
g−

1
O
n
se
t-

I/
°C

O
n
se
t-

II
/°
C

U
n
re
ac
te
d

Ju
te


be

r
(J
F)

JF
70

.1
4

6.
58

22
.2
4

27
0

36
8

1.
13

A
lk
al
iz
at
io
n

JF
+
5%

N
aO

H
,2

5
°C

N
JF

76
.4
3

72
.9
2

23
.0
1

22
.7
4

27
0

36
8

1.
02

O
xi
d
at
io
n

FR
:(
20

%
H

2O
2
+
Fe

SO
4
+
H

2
SO

4
)
+
JF
;2

5
°C

O
JF

68
.5
5

28
0.
4

4.
5

82
.6
7

5.
14

22
.7
4

23
5

30
0

0.
07

T
h
io
es
te
ri

ca
ti
on

M
et
h
od

I:
H

2
SO

4
+
H
SC

H
2
C
H

2
SH

+
20

%
FR

-O
JF
;

to
lu
en

e
+
w
at
er
;8

5
°C

T
JF
-I

83
.3
3

10
.8

4.
3

75
.7
1

6.
34

22
.7
0

25
0

33
0

M
et
h
od

II
:H

2
SO

4
+
H
SC

H
2C

H
2
SH

+
20

%
FR

-O
JF
;

ac
et
on

it
ri
le

+
C
F 3
C
O
O
H
;4

0
°C

T
JF
-I
I

86
.8
4

33
.5

4.
0

74
.3
9

6.
46

22
.7
0

23
0

29
5

a
A
bb

re
vi
at
ed

n
am

e.
b
C
on

du
ct
om

et
ri
c
ti
tr
at
io
n
.c

X
R
D
.d

T
G
-D
T
A
.

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

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 5
:4

0:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
deconvoluted using the GuessApp peak-tting method to
calculate the area under the (110) diffraction peak.

2.8. Determination of tensile strength

The tensile strength of the treated jute samples was determined.
The bundle strength (i.e., Pressley index = breaking load (lb)/
weight of bundle (mg)) of the bers in each sample was deter-
mined using a Presley ber strength tester using zero-gauge
strength.44 A at bundle with a length of approximately 3 cm
was held by a pair of clamps. All corner ends of the bers were
then sheared off evenly and tension was applied to separate the
clamps, and thereby tear the bers. The torn bundle was
weighed in a precision balance. The resulting strength (Pressley
index) was computed from the breaking load in lb and weight of
the bundles in mg to determine the tensile strength of the
samples under consideration.

2.9. Contact angle measurement

To understand the surface modication of JFs, the surface
hydrophilicity of the prepared samples was evaluated by contact
angle measurements using a contact angle goniometer
(L2004A1, Ossila BV, Netherlands). The sample was dispersed in
a mixture of toluene and water in a weight ratio of 4 : 1. The
dispersed mixture was sonicated for 30 min before measure-
ment. A drop of the mixture (1–2 mL) was dropped in the center
of the vertical tilt stage through a micro-syringe. The region of
interest box was adjusted until the entire droplet was within the
box. The circle tting technique was applied to the droplet. The
gradient of the t at the baseline was utilized to estimate the
contact angle.

3. Results and discussion
3.1. Modication of jute bers

The JFs were subjected to different types of chemical reactions
to introduce thiol groups in the cellulose moiety. Table 1 pres-
ents the % yield of NJF, OJF, TJF-I, and TJF-II, which is 76.43%,
68.56%, 83.34% and 86.84%, respectively. The removal of
noncellulosic substances such as hemicellulose, pectin, and
a small amount of lignin was performed by treatment of JFs
with NaOH. The color of JFs is off-white to brown, while NJF
appears as a more intense brown color than that of JFs. NJF was
treated with FR to incorporate –COOH groups predominantly at
the C6 position, while due to its partial oxidation, aldehyde and
ketone groups might also be introduced. Lignin and wax are
also detached through FR treatment and oxidation of NJF cau-
ses a bleaching effect on the ber surface. A gradual reduction
in hemicellulose and lignin content has been observed, while
the cellulose content increased signicantly by alkali treatment.
For instance, the cellulose content increased to 85.1% with 15%
NaOH treatment, conrming the effective removal of non-
cellulosic components. These ndings were supported by
FTIR and TGA analyses, which conrmed the removal of lignin
and hemicellulose and the improvement in thermal stability.49

In the present case, the removal of hemicellulose was conrmed
by FTIR analysis, as described below. The color of OJF is less
RSC Adv., 2025, 15, 43877–43890 | 43881
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Scheme 2 Proposed mechanism for the thioesterification of OJF. (1) Delocalized carbocation formation, (2) attack by thiol, (3) transfer of
a proton, (4) formation of a good leaving group, (5) formation of the pi bond, (6) elimination of water, (7) removal of proton by acid, and (8)
thioester formation.
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intense than that of NJF. Due to the oxidation of cellulose, b-
elimination occurs in the cellulose chain, resulting in a lower %
yield of OJF compared to NJF. OJF was reacted with ethanedi-
thiol to prepare the thioesteried JF.50 This b-elimination did
not occur during thioesterication. Thus, the % yield of TJF-I
and TJF-II was augmented compared to that of OJF. The
surface of TJF-I and TJF-II is pale yellow. TJF-I and TJF-II exhibit
a more disintegrated form than that of OJF. Method II shows
a higher yield than Method I. Method II likely improves upon
Method I by reducing the material losses during the synthesis
due to the variable reaction parameters such as time, temper-
ature, and solvent ratios. Furthermore, the reaction tempera-
ture of Method II is lower than that of Method I. These
optimizations result in the more efficient recovery of the target
compounds or materials in Method II. The detailed mechanism
of thioesterication of OJF is discerned in Scheme 2.
3.2. Molecular characterization

Fig. 1 presents the FTIR spectra of JFs, NJF, OJF, TJF-I, and TJF-
II. This analysis was adopted to evaluate the incorporation of
Fig. 1 FT-IR spectra of (a) JF, (b) NJF, (c) OJF, (d) TJF-I, and (e) TJF-II.

43882 | RSC Adv., 2025, 15, 43877–43890
functional groups such as –COOH and –S–CH2–CH2–SH into the
glucose units present on the surface cellulose of JFs. The strong
broad band at around 3400 cm−1 is assigned to different –O–H
stretching modes. The three bands at around 2944, 2895, and
2842 cm−1 are related to the –C–H symmetric stretching of the
olenic group, sp3 –C–H symmetric stretching vibrations, and
sp3 C–H symmetric stretching of CH2 groups, respectively. The
bands at 1595, 1510, and 1255 cm−1 are assigned to –C]C–, –C–
O stretching or bending vibrations of the different groups
present in lignin, respectively. The band at 1738 cm−1 is
attributed to the symmetric stretching of the –C]O groups.
This band is due to the acetyl group or uronic ester groups of
hemicellulose present in the JFs.

The absorption band at 1510 cm−1 arises from the aromatic
skeletal vibration of –C]C– in the benzene ring, which is
characteristic of lignin. The bands at 1460, 1425, 1335, and
1110 cm−1 are characteristic of –C–H, –C]O deformation,
bending, or stretching vibrations of many groups in lignin,
respectively. The absorption bands near 1060 cm−1 are attrib-
uted to the C–O–C symmetric ring stretching in the cellulose
backbone. The characteristic band near 895 cm−1 is associated
with b-anomers or b-glycosidic linkage in cellulose polymers.48

The disappearance of the band at 1738 cm−1 in NJF indicates
that the hemicellulose in JFs is eliminated through alkali
treatment because hemicellulose contains carboxylic groups
and is soluble in hot water. During the NaOH treatment of JFs,
lignin was also removed to some extent. However, the presence
of an absorbance band at 1456 cm−1 in NJF is associated with
CH3 deformation in lignin. The bands at 1502 and 1030 cm−1,
which are characteristic of lignin, are still observed aer the
alkalization process, indicating the presence of residual
lignin.51 This demonstrates that hemicellulose is much easier to
unveil by alkali treatment compared to lignin. The reappear-
ance of a band at 1738 cm−1 in OJF conrms that oxidation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Deconvoluted spectra in the region of 1550–1850 cm−1 for (a) OJF, (b) TJF-I, and (c) TJF-II. The solid line represents the original
spectrum, and the dotted line (orange) represents the fitted curve. The dash (red), dash dot (navy), dash dot–dot (purple) short dot (dark cyan),
and short dash dot (wine) lines indicate the deconvoluted spectra.
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occurs in the treatment of NJF with 20% FR. The absence of
bands at 1595 and 1510 cm−1 in OJF is ascribed to the elimi-
nation of lignin through the oxidation process. When OJF is
reacted with ethanedithiol, a decrease in the intensity of the
carboxylic groups at 1738 cm−1 for TJF-I and TJF-II is observed.
This indicates a decrease in the number of carboxylic groups on
the surface of TJF-I and TJF-II due to the graing of ethanedi-
thiol onto OJF. The characteristic band for the –S–C]O group
generally appears at around 1680–1705 cm−1 in the spectra of
TJF-I and TJF-II. However, it is not well-resolved due to the
broadness of the –COOH band.

In the case of OJF, TJF-I, and TJF-II, a deconvolution method
was employed to resolve the band in the range of 1550–
1850 cm−1, as depicted in Fig. 2. Five idiosyncratic bands are
deconvoluted from the original two spectra in the above-
mentioned range. The characteristic band at 1640 cm−1 is
assigned to the –OH bending vibration of the anhydroglucose
unit of cellulose. The appearance of a band at 1738 cm−1 is
attributed to symmetric stretching of –C]O of the carboxylic
group. The visualization of a characteristic new band at
1697 cm−1 is ascribed to the stretching vibration of the –S–C]O
group of TJF-I and TJF-II aer thioesterication of 20% FR-OJF.1

This establishes that the thiol groups are anchored to the –
Fig. 3 SEM images of (a) JF, (b) NJF, (c) OJF, (d) TJF-I, and (e) TJF-II.

© 2025 The Author(s). Published by the Royal Society of Chemistry
COOH group, suggesting the transformation of the –COOH
group into –CO–S–CH2–CH2–SH via thioesterication with di-
thiols. This is further supported by the decrease in –COOH
content observed from conductometric titration.
3.3. Assessment of surface morphology

The JFs and their derivatives were examined via SEM analysis to
study the morphology of the bers. Fig. 3 depicts the SEM
images of JF, NJF, OJF, TJF-I, and TJF-II. The SEM micrographs
exhibit the effect of treatments on the ber morphology due to
the removal of lignin and hemicellulose, oxidation of the bers,
and their subsequent thioesterication with ethanedithiol. The
surface of JFs is smoother than that of NJF but covered by
several impurities such as hemicellulose, lignin, pectin, and
waxy substances.16 This smooth, compact structure limits the
surface area available for adsorption and may hinder interfacial
bonding in composites due to the presence of non-cellulosic
components. The micrograph suggests that most NJF are
agglomerated in certain regions due to their high specic areas
and strong hydrogen bonding re-formed among the nanobrils.
In contrast, some other nanobrils are distributed sporadically.

The NJF are rough, coarse, and not fully separated, as well as
show unevenly distributed cavities on their surface. The cavities
RSC Adv., 2025, 15, 43877–43890 | 43883
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in NJF are attributed to the elimination of impurities such as
hemicellulose, lignin, pectin, and waxy substances from the
surface. There is a decrease in smoothness of OJF compared to
NJF due to the introduction of carboxylic groups on their
surface.19 The extent of agglomeration appears to decrease due
to oxidation, which increases the electrostatic repulsion as
negative charges accumulate on the surface of OJF. As a result,
OJF exhibits a more open and porous structure. The surfaces of
TJF-I and TJF-II are different, having a comparatively heteroge-
neous morphology and covered with micro-sized foreign
substances. These substances could be regarded as aggregates
of ethanedithiol molecules incorporated by the graing reac-
tion. This would signicantly enhance the adsorption capacity
for heavy metals due to the strong binding affinity of thiols for
so metal ions (e.g., Hg(II) and Cd(II)). The heterogeneous
morphology with micro-sized aggregates suggests localized
regions of high thiol concentration, which may act as highly
efficient adsorption sites. Previous studies have shown that
thiol-functionalized nanocellulose can achieve high uptake
capacities for Hg(II), and similar behavior is expected for TJF-I
and TJF-II.52 Moreover, their more disordered surface aligns
with the increased hydrophobicity observed in the contact angle
measurements. This characteristic may enhance the selectivity
for organic pollutants or non-polar dyes in wastewater treat-
ment, given that hydrophobic surfaces preferentially adsorb
non-polar molecules. The graing of bulky thioester groups (–
CO–S–CH2–CH2–SH) disrupts the hydrogen-bonding network
and crystalline structure of cellulose, as conrmed by XRD. This
increased disorder and mechanical disintegration during thio-
esterication further weaken the bers. However, the increased
hydrophobicity and surface functionality improve the compat-
ibility with hydrophobic polymer matrices (e.g., polyethylene
and polypropylene). The rough, heterogeneous surface can
enhance mechanical interlocking with polymer matrices,
potentially improving the interfacial adhesion and performance
of the composite in terms of exibility and toughness, despite
the lower ber strength.
3.4. Microstate analysis

The XRD patterns of JF, NJF, OJF, TJF-I, and TJF-II are displayed
in Fig. 4, which suggest that all the samples portray the char-
acteristics of a cellulose I structure, with three peaks centered at
Fig. 4 XRD patterns of (a) JF, (b) NJF, (c) OJF, (d) TJF-I, and (e) TJF-II.

43884 | RSC Adv., 2025, 15, 43877–43890
2q angles of 16.5°, 22.7°, and 35.1°, corresponding to the (110),
(200), and (004) lattice planes, respectively. The main peak for
the (200) band at 2q (22.8°) represents the distance between
sheets of hydrogen bonding in cellulose I. The crystallinity
arises from the parallel arrangement of cellulose chains,
stabilized by intra- and inter-molecular hydrogen bonds. The
band intensity for all the samples except JFs increases, with
a slight shi in 2q value from 22.4° to 22.6°, indicating
improved crystallinity. This shi also provides evidence for the
transformation of cellulose Ia into cellulose Ib aer NaOH
treatment, consistent with the literature.53 Moreover, NaOH can
penetrate the cellulose lattice and swell the amorphous regions.
This facilitates structural rearrangement, potentially converting
some cellulose Ia to the more stable cellulose Ib. The presence of
hemicellulose and lignin molecules in the cellulose crystal
structure of JFs probably weakens the intermolecular hydrogen
bonding plane, indicating the lower intensity of JFs compared
to the others.54 The increase in the band intensity of the
samples other than JFs depicts the remediation of some hemi-
cellulose and lignin in the cellulose I structure. The new scat-
tering peaks of cellulose II, which has a different hydrogen-
bonding network and lower crystallinity, are observed aer
the thioesterication of OJF. The diffraction peak of cellulose I
(110) (2q = 15.7°) is slightly split into cellulose II (101), corre-
sponding to the 2q peak position at 14.3° and cellulose I (101)
(2q= 16.4°). The area under the (110) peaks of TJF-I and TJF-II is
approximately 20% higher than that of other samples. More-
over, deconvolution of the peak at 15.7° was performed, and two
peaks at 14.3° and 16.4° were found. The deconvoluted spectra
are portrayed in Fig. 5. It is clear that during thioesterication,
some parts of cellulose I (specically Ia) are transformed into
cellulose II. This transformation occurs because cellulose favors
the stable structure, facilitating chain realignment aer
anchoring ethanedithiol onto the OJF backbone.55

Table 1 exhibits the values of the crystallinity index, average
crystallite size, and 2q at maximum intensity for all the samples.
The crystallinity of NJF is enhanced compared to that of the
pristine JFs, which is attributed to the elimination of amor-
phous substances such as hemicellulose, pectin, and a small
portion of lignin. At certain concentrations of NaOH, the
dehydrated ions can permeate the cellulose lattice because of
size restrictions. The amorphous parts and surface impurities
rst reacted with hydrated hydroxide ions, got swelled, and
detached from the JFs at the beginning of the alkalization
process. Upon exposure to the aqueous alkali solution, the
inter-brillar regions inside become less dense and rigid,
enabling them to more easily rearrange spontaneously.56 As
a result, the CI of the NaOH-mediated JFs increases. This result
is also consistent with a previous report, which conveyed that
the crystallinity (66.08%) of NaOH-treated JFs was higher than
that of pristine JFs (63.73%). The synergistic increase in crys-
tallinity aer oxidation is not solely due to the partial loss of
disordered regions during washing, which are removed because
of their higher water solubility. It also results from the complete
removal of lignin, as conrmed by the FTIR analysis.

The crystallinity of OJF is similar to that in the previous
reports on bionanowhiskers generated from JFs having
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Deconvoluted spectra of 10°–20° region for (a) OJF, (b) TJF-I, and (c) TJF-II. The scattered points represent the original spectrum and the
solid line (blue) represents the fitted curve. The dash dot (magenta) and dash dot–dot (red) lines indicate the deconvoluted spectra.
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a crystallinity of about 84.0% obtained by the acid hydrolysis
method.23 The introduction of bulky thioester groups (–S–CH2–

CH2–SH) on the cellulose backbone disrupts the tight packing
of the cellulose chains. These groups are less polar than
hydroxyl or carboxyl groups, reducing the capacity for hydrogen
bonding, which is critical for maintaining crystalline order.
This leads to increased disorder in the crystalline regions,
lowering the CI. The graed thiol groups mitigate the ber
cross-sectional dimensions and generate localized amorphous
regions on the surface of the bers by the coupling of
ethanedithiol to the anhydroglucoronic unit of OJF. SEM
observations of a heterogeneous morphology and micro-sized
aggregates in TJF-I and TJF-II support this consideration. This
is analogous to other surface modications, such as silaniza-
tion, where the CI of hemp bers decreased to 59% due to the
formation of an amorphous layer.57 The mechanical
Fig. 6 Conductometric titration curves of (a) OJF, (b) TJF-I and (c) TJF-

© 2025 The Author(s). Published by the Royal Society of Chemistry
disintegration and chain scission, as evidenced by the brittle-
ness of TJF-I and TJF-II, may disrupt the crystalline domains,
further contributing to the CI assuagement.

The XRD data align with the FTIR and conductometric
titration results, conrming that thioesterication reduces the
ordered hydrogen-bonding network by replacing –COOH with –

CO–S–CH2–CH2–SH. The crystallite size remains relatively
stable (5.14–6.46 nm across samples), suggesting that the
decrease in crystallinity is primarily due to the increase in
amorphous regions rather than a reduction in crystallite
dimensions. The partial transformation to cellulose II and
decreased CI improve the exibility and reactivity of the bers.
These changes make the bers suitable for applications such as
heavy metal remediation and composite reinforcement, where
surface functionality and compatibility with hydrophobic
matrices are essential.
II and (d) comparison of the surface –COOH content.

RSC Adv., 2025, 15, 43877–43890 | 43885
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3.5. Degree of functionalization of ber surface

The conductometric titration curves of OJF, TJF-I, and TJF-II are
depicted in Fig. 6. These results were further analyzed to
quantitatively determine the degree of functionalization of the
surface of JFs as well as to assess the conversion of the –COOH
group to –CO–S–CH2–CH2–. The content of carboxylic groups in
OJF, TJF-I, and TJF-II was 280.39, 10.83, and 33.54 mmol g−1,
respectively. In the case of TJF-I and TJF-II, the content of
carboxylic groups signicantly decreased compared that of OJF.
This mitigation in carboxylic groups was assigned to the gra-
ing of ethanedithiol onto OJF. The content of ethanedithiol
groups introduced in TJF-I and TJF-II was 269.56 and 246.85
mmol g−1 of dry OJF, respectively. Method I was comparatively
more efficient for the incorporation of ethanedithiol on the
bers compared to Method II. Similarly, the decline in the
number of carboxylic groups was used as evidence for the
conrmation of graing modication of the bers in previous
reports.1,58

Table 1 presents the carboxylic content and DS in the
oxidized and thioesteried JFs. The DS of OJF, TJF-I, and TJF-II
is 4.5%, 4.3%, and 4.0%, respectively. The DS depends on the
various types of cellulose sources and the process of extraction
from non-wood plants.46 The DS for the NCO-functionalization
of cellulose derived from JFs was determined to be 5.0%. In
comparison, the DS of methylcellulose prepared from
unbleached jute pulp reached approximately 29.0% aer 3 h
reaction time.59,60
3.6. Thermal stability analysis

Fig. 7 represents the TGA curves of JF, NJF, OJF, TJF-I, and TJF-
II. All the curves showed an initial small drop between 30 °C to
150 °C, which represents weight loss due to absorbed moisture
on the surface of these materials including chemisorbed water
and/or intermolecular H-bonded water. The initial change near
270 °C is attributed to the decomposition of hemicellulose and
lignin of JFs.13 The decomposition temperature of the raw,
extracted, oxidized and thioesteried JFs is represented in Table
1. Thermal degradation of JFs and NJF starts at approximately
270 °C in an N2 atmosphere, while in the case of OJF degrada-
tion, it begins at approximately 235 °C. Thus, the formation of
Fig. 7 (i) TGA and (ii) DTA curves of (a) JF, (b) NJF, (c) OJF, (d) TJF-I, an

43886 | RSC Adv., 2025, 15, 43877–43890
carboxylate groups on the cellulose microbril surfaces of OJF
by oxidation leads to a signicant reduction in its thermal
degradation point.61 The b glycosidic linkage was broken during
the oxidation process, which led to a shortening in the chain
length of the cellulose molecules in JFs. The larger surface area
of OJF is exposed to heat, which facilitates heat transfer and
lowers the decomposition temperature of OJF. Likewise, the
increased polarity of –COOH groups also enhances heat trans-
fer, accelerating its degradation. It is worth mentioning that the
decomposition shis to 250 °C for TJF-I, which is greater than
that of OJF. This conrms the graing of ethanedithiol onto
OJF. The thioester bond (C–S–C) is less polar and more ther-
mally stable than –COOH, given that it is less prone to decar-
boxylation. This contributes to the improved thermal stability of
TJF-I compared to OJF. The thiol group (–SH) is relatively stable
at moderate temperatures but can undergo oxidation or desul-
furization above 300 °C, inuencing the degradation prole.
Furthermore, thiol groups are less polar than hydroxyl (–OH) or
carboxyl groups, reducing the capacity of the bers for hydrogen
bonding and water retention.

The TGA curves show a lower weight loss (30–150 °C) for TJF-
I and TJF-II due to the reduced moisture content, reecting an
increase in hydrophobicity. The thermal degradation of TJF-II
commenced at 230 °C, which is slightly lower compared to
that of OJF.62 This is because of the mechanical disintegration
of TJF-II during its synthesis process, which enhances its
surface area. The improved thermal stability of TJF-I, and to
some extent in TJF-II indicates that the modied bers are more
resistant to thermal degradation. The enhanced stability is
attributed to the formation of thermally stable thioester bonds
and reduced presence of thermally labile hemicellulose. This
enhances their longevity in end-use applications, especially in
moderate thermal stress environments. TGA revealed the
differences in the thermal stability of TJF-I and TJF-II, which
both underwent thioesterication but with varying treatment
and reagent concentrations. TJF-I showed slightly higher
thermal stability compared to TJF-II, which is likely due to the
higher number of thiol groups and formation of thermally
stable intermediates by sulfur in the thioester and thiol groups.
This result is also supported by conductometric titration and
contact angle measurements. The enhanced stability is
d (e) TJF-II.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to the formation of thermally stable thioester bonds
and reduced presence of thermally labile hemicellulose.

The DTA curves measured for JFs, NJF, OJF, TJF-I, and TJF-II
are shown in Fig. 7. The DTA curves of JFs and NJF reveal
a sharp endothermic peak at 368 °C for the decomposition of
the crystalline part of cellulose in JFs. The decomposition of OJF
shied to a lower temperature at 310 °C, which indicates
a decrease in the thermal stability of OJF. The degradation band
of TJF-I appeared at 330 °C. Alternatively, the degradation of
TJF-II occurred at 295 °C, which is slightly lower than that of OJF
because of the mechanical disintegration of TJF-II during its
synthesis. Additional evidence of ethanedithiol coupling onto
OJF is obtained from the decomposition behavior of TJF-II,
given that the decomposition temperature of TJF-II is higher
compared to that of OJF. The increased thermal resistance of
TJF-I, and to a lesser extent of TJF-II suggests their suitability for
processing with polymers that require elevated temperatures,
such as composite extrusion, compression molding, and lm
casting. This widens the application scope of the modied jute
bers in industries such as automotive, construction, and
packaging.

3.7. Assessment of ber strength

The bundle strength of the JFs, NJF, and OJF was 1.13, 1.02, and
0.07 lb mg−1, respectively. The decline in the strength of NJF
corresponds to the removal of hemicellulose, lignin, and pectin
from the bers. This is consistent with the literature, where
a decrease in ber strength was reported when JFs were treated
with NaOH, resulting in the removal of waxing and lignin from
the bers.44,63 The ber strength of OJF is lower than that of NJF
owing to the introduction of –COOH groups on the ber
surface. The bundle strength of TJF-I and TJF-II could not be
determined because these bers were very brittle and debril-
lated. To examine the effect of solvents on the bers, JFs, NJF,
and OJF were treated with a mixture of toluene, water, and
acetonitrile at 85 °C and 40 °C, respectively. In both cases, these
bers are as brittle as TJF-I and TJF-II. This suggests that the
brittleness in the bers of TJF-I and TJF-II could be attributed to
the introduction of thiol groups in the cellulose moiety. The
brittleness observed in TJF-I and TJF-II is attributed to
mechanical disintegration during thioesterication, and may
be advantageous in applications requiring high surface area
and exibility, such as dispersible adsorbents.

3.8. Surface wettability

A higher contact angle value of a sample in water indicates its
more hydrophobic nature, whereas a lower contact angle value
in organic solvents designates the more hydrophobic nature of
the substance. The contact angles of JFs, NJF, OJF, TJF-I, and
TJF-II are 6.58°, 4.79°, 4.67°, 2.48° and 4.5°, respectively. In
general, these contact angle values are relatively low, given that
the medium was a mixture of toluene and water. However, as
cellulose is cemented with hemicellulose and lignin, it is
hydrophilic in nature and exhibits a higher contact angle value.
Upon NaOH treatment, all the hemicellulose and some amount
of lignin are removed and a decrease in contact angle is
© 2025 The Author(s). Published by the Royal Society of Chemistry
observed for NJF. The contact angle for OJF prepared by
oxidation remains almost the same. The removal of the rest of
the lignin and introduction of carboxylic groups during oxida-
tion act in the counter direction and the contact angle of OJF is
not affected. The removal of some amount of lignin by alkali
treatment and all the lignin by oxidation is also supported by
the FTIR analysis. The contact angle of TJF-I and TJF-II signi-
cantly decreased compared to OJF. This is attributed to the
increase in hydrophobicity due to the anchoring of ethylene-
dithiol onto OJF by esterication. In terms of practical appli-
cation, the reduced hydrophilicity of these samples has several
implications in composite materials including enhanced
hydrophobicity improves the compatibility with hydrophobic
polymer matrices, such as polyethylene and polypropylene. This
can lead to better ber dispersion, improved interfacial adhe-
sion, and ultimately enhanced mechanical properties in the
resulting biocomposites. Furthermore, the decrease in water
uptake due to reduced hydrophilicity can improve the dimen-
sional stability and durability of ber-reinforced materials,
especially in humid or aqueous environments. It has been re-
ported that a pure cellulose sample displayed a lower contact
angle value (42.2°) in water, while JFs comprising non-cellulosic
substances such as lignin, hemicellulose and pectin have
a higher value (65.7°) in water, unveiling their poorer hydro-
philic character.64 In another study, it has been revealed that
jute and soy resin are hydrophilic in nature, having contact
angle values in water of 42.1° and 50.4°, respectively. Woven
jute soy exhibited a contact angle value in water of 63.5°, cor-
responding to the more hydrophobic nature of this sample.65
3.9. Prospects of the modied jute bers in environmental
pollution control

The thioesterication of JFs introduces thiol (–SH) groups onto
their cellulose backbone, signicantly enhancing their adsorp-
tion properties for heavy metal ions and organic pollutants. The
successful graing, as conrmed by FTIR (new thioester band at
1697 cm−1) and conductometric analysis, endows these bers
with exceptional potential for environmental applications. The
introduction of thiol groups via thioesterication enhances the
adsorption capacity of JFs by providing highly reactive sites for
sometal ions, such as Hg(II), Cd(II), and Pb(II), according to the
hard-so acid–base (HSAB) theory. The sulfur atom in the –SH
group forms stable coordination complexes with these metals
through chelation or ion exchange, as evidenced by the high
thiol content in TJF-I and TJF-II. SEM analysis reveals a hetero-
geneous surface morphology with micro-sized aggregates,
increasing the effective surface area and accessibility of the
adsorption sites. The decreased crystallinity and partial trans-
formation from cellulose I to cellulose II further enhance the
functional group accessibility, facilitating metal ion interac-
tions. Comparatively, Geng et al. reported a thiol-functionalized
nanocellulose aerogel with an Hg(II) adsorption capacity of
∼280 mg g−1, driven by a high density of thiol groups intro-
duced via 3-mercaptopropyltrimethoxysilane. The thiol content
in TJF-I (269.56 mmol g−1) suggests a theoretical Hg(II) adsorp-
tion capacity of ∼270 mg g−1 (assuming 1 : 1 binding
RSC Adv., 2025, 15, 43877–43890 | 43887
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stoichiometry), which is competitive with these results.52 Simi-
larly, thiol-modied cellulose nanobers have been studied,
exhibiting adsorption capacities of 112 mg g−1 for Cr(VI) and
84 mg g−1 for Pb(II), which is attributed to their increased
surface accessibility and thiol availability.66 Compared to non-
cellulosic adsorbents, such as activated carbon (Hg(II) capacity
of 50–200 mg g−1), thiol-graed JFs offer superior sustainability
and cost-effectiveness.67 The eco-friendly synthesis using the
Fenton reagent, which produces water and oxygen as by-
products, contrasts with energy-intensive activated carbon
production or costly TEMPO-based oxidation methods.37,61 The
increased hydrophobicity of TJF-I and TJF-II also enhances their
compatibility with non-polar pollutants, such as organic dyes,
broadening their applicability in complex wastewater matrices.

The strong affinity of thiol groups for so metal ions posi-
tions TJF-I and TJF-II as effective adsorbents for Hg(II), Cd(II),
and Pb(II) in industrial effluents, mining runoff, and contami-
nated groundwater. Their theoretical adsorption capacity,
which is comparable to thiol-functionalized nanocellulose,
suggests their efficacy in removing toxic metals from water
sources.52 TJF-I and TJF-II have a high degree of substitution (DS
of 4.3–4.5%), with residual carboxyl groups in TJF-II, suggesting
dual functionality in multi-pollutant systems. They can adsorb
cationic and anionic pollutants in applications such as xed-
bed columns, ltration membranes, and dispersible adsor-
bents, while being biodegradable. The increased hydropho-
bicity and surface heterogeneity of TJF-I and TJF-II make them
suitable for adsorbing organic dyes, such as methylene blue and
disperse dyes, which are common in textile effluents. The thiol
groups can interact with cationic dyes via electrostatic forces,
while hydrophobic interactions capture non-polar dyes, as
supported by Yang et al. (2014).66 Their alleviated hydrophilicity
minimizes swelling, improving their stability in ltration
systems. Compared to activated carbon, jute-based adsorbents
are renewable and cost-effective, leveraging abundant jute
resources in regions such as Bangladesh and India.12 TJF-I and
TJF-II can be applied as soil amendments to immobilize heavy
metals, preventing their leaching into groundwater. Further-
more, their thiol groups form stable complexes with metals,
reducing their bioavailability and environmental risk.

4. Conclusions

In this study, a new method was presented for graing thiol
compounds in JFs, which were pretreated with an alkali solu-
tion, followed by an oxidation reaction. Hemicellulose seemed
much easier to remove by the alkalization process compared to
lignin. The alkali treatment effectively removed hemicellulose,
as evidenced by the disappearance of its FT-IR band at
1738 cm−1, while lignin was partially retained, as conrmed by
its FT-IR peaks at 1502 and 1030 cm−1. Oxidation with 20%
Fenton reagent introduced a signicant amount of carboxylic
groups (280.39 mmol g−1), which decreased post-
thioesterication, conrming the successful graing of
ethanedithiol onto the cellulose backbone. The presence of the
thioester bond (C]O–S) was indicated by a new FT-IR band at
1697 cm−1. X-ray diffraction revealed a partial transformation
43888 | RSC Adv., 2025, 15, 43877–43890
from cellulose I to cellulose II in TJF-I and TJF-II, with a slight
reduction in the crystallinity index, reecting the increased
disorder due to bulky thiol groups. SEM analysis showed their
heterogeneous morphology with micro-sized aggregates,
enhancing their adsorption potential. The decrease in contact
angle, caused by the increased hydrophilicity, further
conrmed the successful incorporation of thiol into the cellu-
lose moiety. This modication improves the compatibility with
hydrophobic polymer matrices for composite applications by
enhancing the interfacial adhesion. Thermal stability improved
in TJF-I compared to OJF, which is attributed to its stable
thioester bonds. The brittleness observed in TJF-I and TJF-II,
due to mechanical disintegration, suggests their suitability for
high-surface-area applications such as dispersible adsorbents.
The thus-synthesized JF derivative containing the thioester
group display potential for environmental applications such as
the removal of heavy metals, industrial dyes, and wastewater
treatment. The method described herein for graing could
potentially be extended to functionalize other natural cellulose-
based materials with a high cellulose content. This work
demonstrates a simple, one-step thioesterication route for JFs
that introduces thiol groups with potential for further func-
tionalization, alongside improved thermal and surface proper-
ties. These features position this material as a more versatile
candidate for composite and functional material applications
compared to conventional modications. Thus, the thiol-
graed JFs exhibit signicant potential for environmental
applications, particularly in wastewater treatment and heavy
metal remediation, due to their high thiol content and hetero-
geneous surface morphology.
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