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In this work, thiol (-SH) and sulfonic acid (-SO3H) groups post grafted on Titanosilicate (TS-SH, TS-SO3H)
was successfully prepared and efficiently used for the remediation of 1, 4 dioxane from aqueous medium
employing batch experiments. The non-chemical interaction between the dioxane molecules and the
titanosilicate surface plays a vital role in the remediation process, and the surface porosity can signifi-
cantly boost the adsorption performance. The surface area of TS is 122 m2/g and decreases to 110 and
95 m2/g for TS-SH and TS-SO3H, respectively, while the pore volume declines from 0.213 cm3/g to
0.193 and 0.184 m3/g for the same samples. The results revealed that TS-SH follows the Freundlich iso-
therm (R2 = 0.9954), while TS-SO3H follows the Langmuir isotherm (R2 = 0.9963). The Langmuir removal
capacity of TS-SO3H for dioxane was found to be 164 mg/g. The adsorption kinetics for dioxane fits
Pseudo second-order (PSO) and intraparticle diffusion (IPD). Such models suggest that particle diffusion
and columbic interactions governed the adsorption characteristics. The desorption of dioxane using low
concentration of HNO3 resulted in a considerable regeneration performance. The adsorption of dioxane
on TS-SH and TS-SO3H was 98%, and 96%, respectively, reduced to 55%, and 75%, after four consecutive
adsorption cycles.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

1,4-Dioxane is a new pollutant that is often employed as a
stabilizer in the chlorinating solvent industries, notably in the pro-
duction of tri-chloroethane. Although tri-chloroethane was forbid-
den in 1990 by Paris Agreement, 1,4-dioxane is a high-volume
compound utilized in the manufacture of several everyday prod-
ucts, personal care, and pharmaceuticals as well as an inadvertent
by-product of the production of plastic [1]. 1,4-Dioxane is a stub-
born environmental pollutant that has been discovered in both
surface and groundwater [2,3] with typical levels ranging from
10 � 1000 g/L, but as much as 100,000 g/L at some polluted
groundwater locations [3]. Historically, this run ether was utilized
as a solvent stabilizer for various chlorinated solvents [4]. Further-
more, 1,4-dioxane is a by-product of the manufacturing of
polyester, plastics, and soap. Because 1,4-dioxane is extremely ver-
satile and durable in the environment due to its chemical features,
there is a considerable risk of human exposure [5], demanding
effective separation of 1,4-dioxane from polluted locations to pro-
tect public health. To uptake 1, 4-dioxane from aquatic environ-
ment, numerous strategies such as biodegradation process,
adsorption, and chemical oxidation were examined [6]. While
chemical oxidation has indeed been extensively explored for the
remediation of 1, 4-dioxane, it can yield hazardous transition prod-
ucts or necessitate huge amounts of chemicals and energy [7–9].
1,4-dioxane biodegradation was also well investigated for bacterial
pristine [10–13] and blend cultures [6,14], in the existence of co-
pollutant containing chlorinated species [15,16].

Adsorption is the most appropriate approach for organic con-
taminants removal due to its low-cost, high performance, simplic-
ity, and lack of secondary contamination. Numerous adsorbents
comprising activated carbon and [17] the polymeric materials
[18,19] were examine to uptake 1,4-dioxane from aquatic environ-
ment, but few were noted to offer sufficient amount for
economically-viable site cleanup implementation. However, these
adsorbents exhibit several limitations, such as pore size
distribution and nonspecifically of adsorbents.
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Titanosilicate (TS) was synthesized as a novel type of zeolite
with unique features such as strong hydrophobic nature and selec-
tivity [20], indicating its promise for chemical separation imple-
mentations. Chen and coworkers fabricated a membrane of TS
and examined its separation performance for mixtures of etha-
nol/water [21], and the findings revealed good selectivity for etha-
nol in the mixture. Temperature programmed desorption methods
were utilized by Serrano et al., to establish preferential adsorptions
of organic compounds in water-comprising flows on titanium cen-
ters with great hydrophobic indices [22]. The processes of adsorp-
tion of common hydrocarbon on diverse kinds of zeolites were
thoroughly studied. Mellot demonstrated the textural and energies
of hydrocarbon adsorption centers in zeolite, leading to the conclu-
sion that typical hydrocarbon uptake in zeolites comprises H-
bonding with the framework oxygens [23]. To date, the uptake of
1,4-dioxane on conventional adsorbents, like pure and modified
titanosilicate is not yet well investigated, and the various parame-
ter regulating the performance removal of 1,4-dioxane are not
completely known. The tailoring of thiol and sulfonic acid groups
on titanosilicate (TS) can enhance the removal performance of
dioxane from aqueous environment.

According to the literature citation, there is no explication for
dioxane adsorption on modified titanosilicate (TS) adsorbent with
thiol (-SH) and sulfonic acid (-SO3H), and there is no data on mod-
ified TS for dioxane adsorption. This is the first time an adsorption
process has been investigated employing a TS adsorbent modified
with thiol (-SH) and sulfonic acid (-SO3H) moieties. Therefore, the
purpose of this work is to look into the fundamental adsorption
process of pure TS, TS-SH (thiol functionalized TS), and TS-SO3H
(sulfonic acid functionalized TS) for the adsorption of 1,4-dioxan
from aqueous medium. A set of adsorption tests were conducted
to investigate the adsorption behavior and the effects of various
parameters (pH, contact time, dose, and concentration).
2. Experimental

2.1. Materials

NaOH (�98%), 1,4-dioxane (99.8%), (3-Mercaptopropyl)
trimethoxysilane (MPTEOS, 95%), tetrabutyl titanate (TBOT, 97%),
tetrapropylammonium hydroxide (TPAOH, 1.0 M in H2O), tetra-
ethyl orthosilicate (TEOS, 98%), hydrogen peroxide (H2O2, 35%),
HCl (37%), Sodium Sulphite (�98%), and ethanol (95%) were pro-
cured from Sigma-Aldrich Co., USA. Toluene (99.9%) was provided
from Scharlau, Spain. Sodium disulfite were obtained from BDH
Chemicals Ltd. Poole, England. 1-Amino-2-naphthol-4-sulphonic
acid (95%) was supplied by Acros organics (Belgium). All materials
were used in their natural state, with no further processing. The
Milli-Q direct 8 purification systemwas employed to get the deion-
ized water (DI) used in all of the tests (Millipore, France).
2.2. Materials synthesis

2.2.1. Hydrothermal preparation of titanium silicate composite (TS)
The hydrothermal synthesis approach was utilized to develop

TS, as described in previous study [24]. The materials ratio was
TEOS: TBOT: TPAOH: H2O = 15: 0.23: 7.35: 17.5, and the blend
was agitated at 50 �C until a homogenous solution is obtained.
The solution was then heated at 80 �C to eliminate alcohol before
being transferred into Teflon autoclave followed by heating for
24 h at 170 �C. The obtained product was centrifuged, rinse with
distilled water and vacuum dried overnight. To eliminate the
organic framework, the white powder was calcined at 550 �C for
10 h.
2

2.2.2. Preparation of thiol and sulfonic acid modified TS
TS-SO3H were fabricated through a combination between

hydroxyl moieties present on TS and MPTEOS followed by in situ
oxidation utilizing a solution of H2O2 (30 wt%) (Scheme 1) [25].
TS (1 g) were typically was suspended utilizing a sonicator in
toluene (50 ml) for 2 h. The TS dispersion was transferred into a
round-bottom flask, followed by the gentle addition of MPTEOS
(1.5 ml). The obtained suspension was then refluxed at for 24 h
105 �C. TS-SH were developed, and then separated and thoroughly
washed with toluene, ethanol and water–ethanol mixture followed
by vacuum dried at 100 �C. TS thiol (–SH) moieties were changed to
sulfonic acid (–SO3H) by a moderate oxidation process utilizing
H2O2 (40 ml, 35%) for 24 h at ambient temperature. The sulfonic
acid-functionalized TS-SO3H was separated and rinsed several
times with ethanol and DI water before drying in an 80 �C vacuum
oven.

2.3. Physicochemical characterization

Fourier transform infrared (FTIR) spectra were recorded using
Shimadzu IR Tracer-100 (Shimadzu, 1 Nishinokyo Kuwabara-cho,
Nakagyo-ku, Kyoto 604–8511, Japan) in the range of 4000–
400 cm�1 to validate the modification of TS. Using Shimadzu
diffractometer (XRD7000), X-ray diffraction (XRD) were carried
out using Cu-Ka radiation (1.54056 Å) at 40 kV and 40 mA. Ther-
mogravimetric analysis (TGA) profiles (25–600 �C, 10 �C min�1,
under flowing air gas) were done on a Shimadzu TGA-51. A
NOVA-4200e (Quantachrome Instruments, Quantachrome GmbH
& Co. KG, Boynton Beach, USA) was utilized to acquire the N2 iso-
therms and surface properties at �196 �C. The pore size distribu-
tions were determined using the Barrett–Joyner–Halenda (BJH)
technique using the adsorption branch of the nitrogen isotherms.
The morphology was evaluated utilizing the field emission scan-
ning electron microscope (FESEM, thermo Scientific Quattro ESEM,
Thermo Fisher, Waltham, MA, USA). The UV–vis spectra were
obtained on a UV Visible spectrophotometer Agilent Cary 60 Spec-
trophotometer (Agilent Technologies, USA).

2.4. Batch experiment

To best explain the adsorption behavior of TS, TS-SH, and TS-
SO3H for 1,4-dioxane, varying factors such as pH (2.5–9.4), initial
concentration of dioxane (25–300 ppm), contact time (1–
420 min), and adsorbent dose (0.01–0.05 g), adsorption/desorption
experiments were investigated. Following the analysis of these
variables, the concentration of the residual dioxane was assessed
utilizing UV–Visible spectrophotometer Agilent Cary 60 Spec-
trophotometer (Agilent Technologies, USA) [26], and the adsorp-
tion (%) and uptake capacity are estimated utilizing the following
Equations (1)–(3)

Removal %ð Þ ¼ ðCi � CeÞ
Ci

� 100 ð1Þ

Adsorption Capacity ðqeÞ ¼
VðCi � CeÞ

m
ð2Þ

qt ¼
VðCi � CtÞ

m
ð3Þ

where m, v, Ci, Ct, Ce, qt, and qe are the dose of adsorbent (g), diox-
ane volume (L), initial dioxane concentration at certain time, equi-
librium concentration, adsorption capacity at Ct and adsorption
capacity at Ce, respectively.

Kinetic models explain the adsorption mechanism as well as the
reaction order. The dioxane removal process is considerably time-
dependent and influenced by the physicochemical characteristics



Scheme 1. . Schematic representation displaying the synthesis of TS-SO3H.
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of pure TS and modified TS. Four distinct kinetic models such as
Elovich, intraparticle diffusion (IPD), pseudo second-order (PSO),
and pseudo first-order (PFO) were utilized to evaluate the various
kinetic variables to investigate the removal mechanism. The four
kinetic models were provided using the following Eqs. (4)–(7):

Elovichqt ¼
1
b

� �
ln axbxtð Þ þ 1

b

� �
Ln t ð4Þ

IPD qt ¼ ki x
ffiffiffi
t

p
xXi ð5Þ

PSO
t
qt

¼ 1

ðk2 xq2
eÞ

þ t
qt

ð6Þ

PFO ln qe � qtð Þ ¼ lnqe � k1t ð7Þ
Adsorption models describe the adsorption mechanism, adsor-

bate interaction mode with adsorbent, and adsorption capacity.
The most generally used models were utilized to analyze the
removal process, as presented in Eqs. (8)–(10):

Langmuir
1
qe

¼ 1
ðqm xkL xCeÞ þ

1
qm

ð8Þ

Freundlich lnqe ¼ lnKf þ 1
n
lnce ð9Þ

Temkinqe¼ BTxln ATxCeð Þ ð10Þ
Fig. 1. FTIR spectra of TS, TS-SH, and TS-SO3H materials.
2.5. Desorption studies

For the desorption measurements, 20 mg of the TS-SO3H was
introduced to 50 ml of dioxane solution and the dispersion was
then agitated for 2 h at 200 rpm. After that, the dioxane saturated
TS-SO3H was separated. Then, the adsorbent was introduced into
25 ml of 1 M HCl, 1 M NaOH, 1 M HNO3, with continuous stirring
for 120 min. The TS-SO3H was separated from the solution and
recycled for adsorption again. The solution was determined by
3

UV visible to determine the concentration of the eluted dioxane.
The % desorption of the dioxane was determined as:

%Desorption ¼
concentrationof dioxane elutedby1MHCl

Initial concentrationof dioxane capturedonTS� SO3H
x100

ð11Þ
3. Results and discussion

3.1. Characterization of the fabricated materials

3.1.1. Spectroscopic characterization
FTIR spectra of TS, TS-SH, and TS-SO3H are illustrated in Fig. 1.

The wide characteristic band in the range from 3100 to



Fig. 3. TGA profiles of TS, TS-SH, and TS-SO3H materials.
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3435 cm�1 are ascribed to the stretching mode of O–H moieties on
TS, TS-SH, and TS-SO3H. The peaks at 1635 cm�1 are ascribed to Ti-
O-Ti stretching present in all fabricated samples [27]. In the FTIR
spectrum, the peaks at 1344 and 1140 cm�1 are attributed to
S = O and the band at 1051 cm�1 is ascribed to O = S = O stretching
vibration. The characteristic bands of TS matrix at 981, 1187 and
1411 cm�1 which are related to the common Si-O-Ti, asymmetric
stretching of Si-O-Si, and d (zeolite) which were shifted to 998,
1200 and 1450 cm�1, respectively [28–30]. The remarkable band
shifts to greater wavenumbers for the TS-SO3H, sulfonic acid mod-
ified TS confirmed the grafting of sulfonic acid moieties on TS
through coupling and in situ oxidation process (Scheme 1).

XRD was used to characterize the crystallinity of the fabricated
materials. The XRD patterns of TS, and TS-SO3H in the 5 to 50�
range are displayed in Fig. 2. Both developed materials had a char-
acteristic MFI structure. Substantial peaks were shown at 2h = 7.6�,
8.7�, 22.8�, 23.7� and 24.3�, which assigned to the five typical peaks
of MFI structure [31]. Furthermore, the sole diffraction peak at 2h =
29.5� were attributed to the Ti-atom that was integrated into the
zeolite matrix [32]. Thus, the XRD results thus indicated a success-
ful fabrication of TS, and the fabricated TS showed no noticeable
changes in the crystal structure following modification with a sul-
fonic acid group. Meanwhile, the diffraction peaks of TS-SO3H were
more intense than those of TS, presumably indicating that TS-SO3H
has a larger crystal size.
3.1.2. Thermal stability
Thermogravimetric assessment (TGA) of TS, TS-SH, and TS-SO3H

was done using thermogravimetric analyzer in the temperature
range of 50–600 �C at heating rate of 10 �C min�1 under N2 atmo-
sphere to determine the quantity of thiol (-SH) and sulfonic acid (-
SO3H) groups grafting in titanosilicate (TS). The obtained results is
depicted in Fig. 3. The inclusion quantity of thiol/-SH and sulfonic
acid/-SO3H moieties in TS was calculated from the weight remain
for TS, TS-SH, and TS-SO3H at 600 �C applying the following
equation.

ThegraftingamountofSHorSO3H %ð Þ

¼ WTS �WTS�SHorTS�So3H

WTS
� 100 ð12Þ

where WTS is the weight of TS remaining (%) and WTS-SH or TS-SO3H is
the weight of thiol/-SH and sulfonic acid/-SO3H moities residue
remain (%) at 600 �C. The grafting quantity of thiol (-SH) and sul-
Fig. 2. XRD patterns of TS, and TS-SO3H materials.
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fonic acid (-SO3H) groups in TS was found to be 3.98% and 6.64%,
respectively.

3.1.3. Surface and textural features
N2 adsorption isotherms at (77 K) provided insights on the

porosity and the textural properties of the prepared materials,
allowing the determination of surface area, and pore volume.
Fig. 4 depicts the N2 isotherms and pore size distribution of TS,
TS-SH, and TS-SO3H. According to the International Union of Pure
and Applied Chemistry (IUPAC) classification, all materials’ iso-
therms were type IV with an H1 hysteresis loop, suggesting that
all materials have well-defined mesoporous materials. Further-
more, all materials had a comparable isotherm shape, indicating
that the initial pore structure of TS remained mostly constant fol-
lowing alteration with thiol (-SH) and sulfonic acid group (-SO3H).
The N2 adsorption � desorption of the TS-SH and TS-SO3H in com-
parison with that of pure TS indicated a considerable reduction in
the N2 adsorption; nevertheless, much greater N2 uptake at the rel-
ative pressure of P/Po less than 0.02 is a characteristic of porous
zeolites. The larger hysteresis loop with completion at the smaller
P/Po of TS revealed more meso-porosity than that of TS-SH and TS-
SO3H. The surface area of pristine TS is 122 m2/g and drops to 110
and 95 m2/g for TS-SH and TS-SO3H, respectively, while the pore
volume drops from 0.213 cm3/g to 0.193 and 0.184 m3/g for the
same samples. The significant reduction in surface area and pore
volume might be attributed to the post grafting of the functional
moieties as thiol or sulfonic acid moiety, which cause some pores
to become partly occluded and inaccessible to nitrogen molecules.
Moreover, The Pore size distribution of TS showed similar behavior
to that of TS-SH and TS-SO3H materials, with a distinct pore cen-
tered at 2.5 nm for all developed materials.

The morphology of the materials was inspected using FESEM on
the developed materials, as seen in Fig. 5. The FESEM image of pris-
tine TS revealed a narrow range of particle sizes as well as uneven
morphology with rounded rectangular shapes. TS-SH and TS-SO3H,
on the other hand, had more homogeneous particle sizes and a
more regular merged spherical and oval-like shape.

3.2. Batch adsorption investigations

3.2.1. Influence of pH
The solution’s pH has a crucial influence on the uptake ten-

dency of the fabricated adsorbents, which is dependent on the
type of adsorbent in relation to the columbic interaction on



Fig. 4. N2 adsorption–desorption isotherm at 77 K and pore size distribution of (A) TS, (B) TS-SH, and (C) TS-SO3H materials.
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the employed dioxane molecules. The influence of the dioxane
solution’s pH on the uptake process was assessed at pH level
(2–10). The influence of the pH on the removal of 1,4 dioxane
on TS-SH and TS-SO3H adsorbents were tested while the other
variables were constant (25 �C, 300 min, 5 mg), as presented
in Fig. 6a and Fig. 7a, respectively. The results revealed that
the removal capacity rises with increasing pH, reaches the high-
est at slightly basic pH for TS-SH sample (Fig. 6a) and neutral
pH for TS-SO3H (Fig. 7a), and then declines. The smaller
removal capacity of both adsorbents was shown at small pH
(2–5). An appropriate reason for minimal removal at small pH
is the existence of greater quantities and high movement of
H+ ions that combine to water molecules to produce H3O+
5

(hydronium ions), so that the adsorption centers on the adsor-
bent’s surface are covered by H3O+, restricting dioxane from
attaining the adsorbent’s binding centers [33]. A significant
reduction in the dioxane adsorption performance was seen in
high pH (greater than 9). This could be attributed to the devel-
opment of OH–(hydroxyl ions), which then compete with the
dioxane molecules for removal centers, resulting in to a reduc-
tion in dioxane’s removal performance [34]. Furthermore, the
significant decrease in the uptake could be attributed to the
generation of a negative charge on both adsorbents which
may result in a repulsion effect with dioxane. Therefore, the
optimum pH chosen for this work was 8.6 and 7.1 for TS-SH
and TS-SO3H, respectively.



Fig. 5. FESEM of (A) TS, (B) TS-SH, (C) TS-SO3H, and (D) EDX of TS-SO3H.

Fig. 6. (a) Effects of pH (25 ppm, 25 �C, 300 min, 5 mg); (b) effect of contact time (25 ppm, 25 �C, PH 8.6, 5 mg) (c) effect of initial concentration of dioxane (25 �C, 35 �C, and
45 �C, 5 mg, pH 8.6), (d) Effect of dose (25 �C, 300 min, 5 mg) on the removal capacities of dioxane over TS-SH material.
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3.2.2. Influence of contact time
The impact of contact time is a critical component in determin-

ing the adsorbents’ remediation performance. The effect of adsor-
bate/adsorbent contact time on the dioxane uptake properties of
6

the utilized adsorbents (TS-SH and TS-SO3H) was investigated
throughout a range time interval (1–420 min), as depicted in
Fig. 6b and Fig. 7b. The dioxane removal was seen immediately
after the introducing of adsorbents, showing a rapid accessibility



Fig. 7. (a) Effects of pH (25 ppm, 25 �C, 300 min, 5 mg); (b) effect of contact time (25 ppm, 25 �C, PH 8.6, 5 mg) (c) effect of initial concentration of dioxane (25 �C, 35 �C, and
45 �C, 5 mg, pH 8.6), (d) Effect of dose (25 �C, 300 min, 5 mg) on the removal capacities of dioxane over TS-SO3H material.

Fig.8. Kinetic model for adsorption of 1, 4 dioxane on TS-SH and TS-SO3H (a) PFO, (b)PSO, (c)IPD, and (d)Elovich.
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Table 1
Kinetics variables applying pseudo-first-order (PFO), pseudo-second-order (PSO), intraparticle diffusion (IPD), and Elovich of 1, 4 dioxane adsorption on TS-SH and TS-SO3H.

PFO TS-SH TS-SO3H PSO TS-SH TS-SO3H

k1 (min�1) 0.005 0.004 k2 (g mg�1 min�1) 0.006 0.009
qe (mg/g) 156 188 qe (mg/g) 173 221
R2 0.9858 0.9488 R2 0.9989 0.9989
IPD TS-SH TS-SO3H Elovich TS-SH TS-SO3H
ki(g mg�1 min�0.5) 9.021 9.70 a 12.30 15.50
Ci (ppm) 2.065 50.5 b 0.029 0.028
R2 0.9877 0.9964 R2 0.8670 0.9511

Fig.9. Adsorption isotherm model for adsorption of 1, 4 dioxane on TS-SH and TS-
SO3H (a � d) (a) Freundlich, (b) Langmuir, and (c)Temkin,
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of active centers for the dioxane remediation. An improve in the
uptake of the dioxane was achieved as the contact time was pro-
longed and up to 70 % and 83.4% dioxane remediation was
achieved with both TS-SH and TS-SO3H within 360 and 240 min,
respectively. The optimal contact time for dioxane and TS-SH
was 360 min and 240 min for TS-SO3H based on the maximal
removal capabilities. These adjusted contact periods were then
employed for the remainder of the remediation tests.

3.2.3. Influence of initial concentration of dioxane
The performance of dioxane remediation on TS-SH and TS-SO3H

adsorbents was tested in relation to the initial concentration of
dioxane (25–300 mg/L) at pH 8.6 and 7.1 for both TS-SH and TS-
SO3H, respectively, (Fig. 6c and Fig. 7c). The remediation capability
of dioxane was boosted from 84 to 750 mg.g�1 and from 104 to
509 mg.g�1 as the dioxane concentration raised from (25–
300 mg/L) using TS-SH and TS-SO3H, respectively. This might be
connected to the fact that when the dioxane initial concentration
was increased, a significant adsorption capacity was attained
owing to the accessibility of empty adsorbed centers. Furthermore,
the removal capability of both adsorbents diminishes as the tem-
perature rises from 25 to 45 �C, indicating that the removal process
is exothermic.

3.2.4. Influence of dose
The impact of the TS-SH and TS-SO3H on the remediation of

dioxane at ambient temperature with an initial dioxane concentra-
tion of 25 mg L�1 was examined as depicted in Fig. 6d and Fig. 7d.
As the TS-SH and TS-SO3H doses rose from 0.01 to 0.05 g, the
capacity of remediation decreased while the performance of the
uptake improved.

3.2.5. Kinetic studies
To fully grasp the kinetics of the remediation process, four dis-

tinct kinetic models were applied: pseudo-first-order (PFO)
(Fig. 8a), pseudo-second order (PSO) (Fig. 8b), intraparticle diffu-
sion (IPD) (Fig. 8c), and Elovich (Fig. 8d). The regression coefficient,
R2, reflected the agreement between experimental results and
model predictions. A large R2 value suggests that the kinetic model
was well matched. The adsorption kinetics for dioxane remediation
using both TS-SH and TS-SO3H adsorbents based on the regression
factor (R2) fits Pseudo second-order (PSO) and intraparticle diffu-
sion (IPD). Such models suggest that particle diffusion and colum-
bic interactions governed the adsorption mechanism. The
additional kinetic variables of various models are presented in
Table 1.

3.2.6. Adsorption isotherms
To investigate the essential adsorption features of removal

capacity and interaction, three adsorption isotherms: Freundlich
(Fig. 9a), Langmuir (Fig. 9b), and Temkin (Fig. 9c) was applied.
The arguments behind these isotherms were summarized in
Table 2. The results revealed that TS-SH follows the Freundlich iso-
therm (R2 = 0.9954), while TS-SO3H follows the Langmuir isotherm
8

(R2 = 0.9963). The Langmuir removal capacity of TS-SO3H for diox-
ane was found to be 164 mg/g. The KL and 1/n values indicates that
the feasible adsorption between the dioxane and the TS-SH or TS-
SO3H. The magnitude for the additional constants of the adsorption
isotherms is listed in Table 2.



Table 2
Adsorption isotherms parameters for 1,4 dioxane on TS-SH and TS-SO3H.

Freundlich TS-SH TS-SO3H Langmuir TS-SH TS-SO3H Temkin TS-SH TS-SO3H

n 0.4953 1.010 1/qm 0.0089 0.0061 AT 2.21 2.95
1/n 2.0187 0.9902 qm 112 164 BT 20.1 23,1
Kf 0.2671 8.561 KL 0.06 0.05 B 180.9 201
R2 0.9954 0.9219 R2 0.9802 0.9963 R2 0.9852 0.9825

Table 3
Comparison of adsorption of 1, 4 dioxane adsorption on TS-SH and TS-SO3H with
other adsorbents.

Adsorbent Q (mg/g) Ref.

AC-A1 0.0652 [35]
AC-D 0.410 [35]
AC/TiO2 0.33 [36]
Activated carbon/TiO2 1.397 [37]
TS 85.17 [38]
TS-SH 112 This work
TS-SO3H 164 This work

Fig. 10. . Desorption efficiency plots of 1,4 dioxane fro
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3.2.7. Adsorption mechanism
Both TS-SH and TS-SO3H demonstrated a significant remedia-

tion of dioxane at neutral or slight basic medium. Because dioxane
is a polar nonionic compound with two oxygen atoms, its high
attachment might not have been attributable simply to hydropho-
bic combinations on the hydrophobic TS surface. 1,4-dioxane can
develop intermolecular hydrogen bonds with the hydroxyl (OH),
and sulfonic acid (SO3H) moieties on the external surface of TS.
The comparison of removal capacity of TS-SH and TS-SO3H to other
fabricated adsorbents is shown in Table 3.
m (a) TS-SH and (b) TS-SO3H by various eluents.



Fig. 11. . Adsorption and desorption cycles of (a) TS-SH and (b) TS-SO3H.
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3.2.8. Regeneration and reusability studies
Regeneration and durability are critical properties of modern

adsorbent materials from economical point of view. The adsorption
of dioxane onto the TS-SH and TS-SO3H was minimal at smaller pH
values, suggesting that the adsorbed dioxane may be detached
from both adsorbents in an acidic medium. The detached studies
were performed utilizing different acidic solutions; HCl (1 M),
HNO3 (1, 0.1, 0.01 M), and NaOH (1 M). The findings reveal that
the HNO3 (1 M) solution eluted easier than the nitrate due to the
smaller the Cl- ion sizes. A solution of HNO3 (1 M) results in the
best elution and recovery, as depicted in Fig. 10 for dioxane
detached from both adsorbents. Furthermore, the dioxane desorp-
tion using low concentration of HNO3 resulted in a considerable
regeneration performance. The adsorption of dioxane on TS-SH
and TS-SO3H was 98%, 96% respectively, reduced to 50%, and 73%
after four consecutive adsorption cycles. These results demon-
strated that TS-SO3H could sustain a large adsorption capacity
during the fourth sorption–desorption run. Fig. 11.
10
4. Conclusion

For the first time, we developed scalable TS-SH and TS-SO3H
adsorbents for dioxane cleanup. These adsorbents demonstrated
exceptional adsorption efficiency. Both adsorbents well obeyed
the Langmuir adsorption isotherm and pseudo-second order model
when removing dioxane. The maximummonolayer capacity (qe) of
TS-SH and TS-SO3H were 112 mg g�1 and 164 mg g�1, respectively,
indicating that the produced adsorbents have a high potential for
usage in removing hazardous organic chemicals from polluted
water and industrial processes.
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