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This study aims to utilize sulfur-1,3-diisopropenylbenzene (S-DIB) to develop a more cost-effective
treatment method for dye-contaminated wastewater. The behavior and mechanisms of adsorption and
photodegradation on the removal of methylene blue (MB) by S-DIB in water were studied systematically,
including three isotherm model fitting tests, kinetics and thermodynamic analysis. With the optimization
of the adsorption experimental conditions, the results revealed that S-DIB achieved a 96.53% removal
percentage of MB at pH 11, initial dye concentration of 8 mg L%, adsorbent dose of 20 mg, temperature
of 293 K and contact time of 180 min. The adsorption data fitted well with the Langmuir isotherm and
pseudo-second order models, with regression coefficients (R?) of 0.9990 and 0.9993, respectively.

Thermodynamic studies showed that the adsorption of MB by S-DIB was exothermic and spontaneous.
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Accepted 12th April 2025 Furthermore, S-DIB exhibited a unique photodegradation property in visible light regions with the
removal of MB from water, offering a dual mechanism of adsorption and photodegradation, with

DOI: 10.1039/d5ra01297] a degradation efficiency is 94%. This work enhances the possibilities and potential for the application of
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Introduction

Water is a vital resource for sustaining life on Earth, and access
to clean water is essential for maintaining both human health
and the stability of the ecosystems. Nevertheless, during the last
decades, the extensive presence of organic dye in wastewater
from textile and paper manufacturing industries has caused
considerable environmental pollution. The substantial amount
of harmful substances and carcinogenic compounds in dye
effluents can cause hazards to the human health, even at
extremely low concentrations. Therefore, the removal of organic
dyes from wastewater is imperative."?

At present, the adsorbents commonly used in methylene
blue adsorption are composite membrane materials,® biomass
materials,*® and chemically modified carbon materials.”®
About 70 million tons of elemental sulfur, which is generated as
a by-product of hydrogenation desulfurization, is stored in open
areas in petrochemical industries each year,” potentially
threatening the environment (such as soil, water and creatures)
when it flows with wind or rain. Therefore, effectively utilizing
large quantities of by-products to solve dye pollution in waste
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sulfur-rich copolymers in wastewater treatments.

water is mutually beneficial.’***> In 2013, Pyun and his group
pioneered a groundbreaking method known as “inverse vulca-
nization,” which facilitated the extensive copolymerization of
liquid elemental sulfur and vinylic comonomers. This innova-
tive approach eliminated the requirement for external initiators
or organic solvents, making the reaction simple and econom-
ical; accordingly, sulfur-1,3-diisopropenylbenzene (S-DIB) was
first synthesized as an inverse vulcanization product.** The
miscible sulfur diisopropenylbenzene copolymer (S-DIB) is
a shape persistent stable polymer; its current applications are in
batteries to enhance battery performance'® and as stretching
materials.””*® Similar inverse vulcanization reaction products
have been widely studied and applied in various fields, such as
infrared imaging," cathodes of Li-S batteries, sorbents for oil
spills, metal and organic decontamination,**** and matrices for
slow-release fertilizers and antimicrobial materials.?
Sulfur-rich polymers for adsorption and photodegradation
have been reported, including elemental sulfur polymers with
sunflower oil to absorb heavy metal ions,* gasoline and diesel
in water.”** A novel series of high sulfur polymers containing
fatty acids, such as oleic acid (OA), linoleic acid (LA) and lino-
lenic acid (LnA), were synthesized via inverse vulcanization,
which offered superior sensitivity for the removal of MB dye
from aqueous solutions, cooperating with magnetic and TiO,
nanoparticles in composites, and the photodegradation activity
of the sulfur co-polymers was improved significantly.”® The
formation of porous sulfur polymers (PSPs) via template fabri-
cation of pores with table salt during the synthesis of S-DIB
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could intensively adsorb and chemically neutralize organic
contaminants such as caffeine.?”” Nevertheless, research on the
application of S-DIB as an adsorbent for the removal of organic
dye pollutants has not yet been reported. Consequently, we
utilized a simply synthesized and low-cost copolymer sulfur-1,3-
diisopropenylbenzene as an adsorbent and explored its influ-
encing factors and adsorption mechanism, including the
adsorption isotherm and adsorption thermodynamics for
methylene blue. This study aims to enrich the application fields
of sulfur copolymers and provide references for wastewater
treatment.

Methods

Reagents and materials

All the chemicals are commercially available and used without
further purification. Elemental sulfur (Sg, sublimed powder,
reagent grade, = 99.5%) was purchased from Harbin Reagent
Chemical Plant. 1,3-diisopropenylbenzene (stabilized with TBC,
>97%) and methylene blue (MB) were purchased from Macklin.

Preparation of S-DIB

Polymerization of inverse vulcanization was carried out in an
open glass vial of 30 mL volume on aluminum heating blocks.
The vial was heated to 159 °C, and 3 g elemental sulfur was
added. The sulfur completely melted in few minutes from light
yellow powder to yellow-orange liquid under continuous stir-
ring. Subsequently, 3 g DIB was introduced dropwise into the
molten sulfur, and the mixture was stirred at 185 °C for 8-
10 min until the reaction was completed. Finally, the product
was cooled to room temperature (Fig. 1)."* According to this
method, S-DIB samples with a mass ratio of elemental sulfur to
DIB monomer ranging from an equal 50: 50 split to a signifi-
cantly higher 95 : 5 proportion were prepared.

Characterization of S-DIB

The structural and compositional analyses of the S-DIB were
carried out using a combination of advanced analytical
methods. Scanning electron microscopy (SEM) imaging coupled
with energy-dispersive X-ray spectroscopy (EDS) was conducted
on an FEI Inspect F system, operating at an acceleration voltage
ranging from 10 to 20 kV. To ensure optimal electrical

159~185°C
- +
melting sulfur 1.3-diisopropenylbenzene
S . Sulfur =
5~10 mml
- {
™ - m—— -—— 7 s
- T
o = =
S-DIB

after adsorption dye adsorption

Fig. 1 Synthesis scheme and adsorption/photodegradation applica-
tion of S-DIB for MB removal.
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conductivity with SEM imaging, the samples were coated with
a fine layer of gold using an automated sputter coater. Fourier-
transform infrared (FTIR) spectroscopy was performed using
a NEXUS-670 instrument, capturing spectra across a wave-
number ranging from 500 cm™"' to 4000 cm~'. For Nuclear
Magnetic Resonance (NMR) analysis, a Bruker NEO spectrom-
eter operating at 400 MHz was employed, with deuterated
chloroform serving as the solvent and tetramethylsilane (TMS)
as the internal reference.

Adsorption experiments of MB

S-DIB was added to the MB aqueous solution and then agitated
on a hot plate at 300 rpm using a 25 mm X 7 mm magnetic
stirrer bar. At various times, 3 mL samples were withdrawn and
passed through a 0.22 pm filter to measure the remaining
concentrations of MB at 664 nm (ref. 28) using an ultraviolet
spectrophotometer (UV-2550, Shimadzu, Japan).

The experiments used a batch approach to investigate the
effects of various factors, including pH, adsorbent amount,
duration of contact, initial concentration, and temperature. The
role of pH was analyzed using 0.1 mol L' NaOH or 0.1 mol L *
HCI to adjust the pH in the range of 3-11. The effect of adsor-
bent dosage was explored by adjusting quantities ranging from
5 mg to 120 mg. The effects of contact time ranging from 30 to
180 minutes, temperature ranging from 293 K to 318 K, and
initial concentration of MB ranging from 2 to 16 mg L~ " were
assessed.

Based on the remaining concentrations of MB, the efficiency
of removal and the capacity for adsorption were calculated
using eqn (1) and (2), respectively.?

R() = 2 (1)

Co

de=l—c)x ©

where R (%) is the removal efficiency, ¢, (mg L) is the initial
MB concentration, ¢, (mg L") is the equilibrium concentration
of MB, g. (mg g™ ") is the equilibrium adsorption capacity of the
adsorbent for MB, m (g) is the dry weight of the material and V
(L) is the solution volume.

Results and discussion
Preparation results of the S-DIB

A series of transparent red glassy copolymer S-DIB were ob-
tained via inverse vulcanization. This indicates that the viscosity
progressively increased with higher DIB content for samples
that contained 5-25 wt% DIB. However, the 50 wt% DIB sample
demonstrated a sharp reduction in the viscosity, which is
beneficial for adsorption generation.

Characterization results of S-DIB

Fig. 2 displays the "H NMR spectra of $-DIB (50%) in a solvent of
CDCl3, in which the signal peaks indicate the formation of S-
DIB by sulfur and DIB through copolymerization. It was found
that the alkene proton signal at 6 = 5.00-5.40 ppm of DIB

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 'H NMR spectra of the S-DIB (50%) copolymer in CDCls.

became extremely weak, which confirmed that DIB almost
reacted with sulfur completely during the crosslinking process.
Furthermore, the '"H NMR spectra confirmed the existence of
aromatic proton signals at ¢ = 7.37-8.39 ppm and methyl
proton signals at 6 = 1.26-2.16 ppm.

As shown in Fig. S1,T the FTIR spectra of DIB and S-DIB with
various mass ratios were determined. The strong absorption
band at 1630 cm ™" is attributed to the stretching vibration of
exocyclic C=C groups in DIB, while the peaks of several S-DIB
with different mass ratios at the same wavenumber vanish. In
addition, compared to the stretching vibration peak of the
exocyclic = C-H groups at 3080 cm ™' in DIB, these peaks in S-
DIB became very weak. The peak at 887 cm ™" is attributed to the
out-of-plane bending vibration of the = C-H alkene groups in
DIB, and the signals of S-DIB disappeared after crosslinking.
These facts confirmed the occurrence of polymerization
between DIB and sulfur. The characteristic peaks of C-S bonds
can be observed at 1120 cm ™" and 695 cm ™ in the FTIR spectra
of S-DIB, confirming that the 7 bonds of C=C groups in DIB are
broken up and the alkene carbon is combined with sulfur.®
This further confirmed the successful synthesis of S-DIB.

The thermal stability evaluation of S-DIB by TGA is shown in
Fig. S2,T which illustrates that the decomposition temperature
of S-DIB is 207.82 °C. Within the temperature range of 199-296 °©
C, the mass loss of S-DIB significantly increases. The mass
change during this stage is mainly attributed to the breaking of
S-S bonds inside S-DIB molecules and the cross-linking and
degradation reactions of the copolymer chains. These chemical
changes lead to the reorganization of the copolymer structure
and a decrease in mass. Compared with pure sulfur, the
decomposition temperature of the S-DIB copolymer is higher,
which proves that cross-linking between organic molecules and
Sg enhances the network structure of the polymer.*® Therefore,
S-DIB material has significant advantages in thermal stability
because it can withstand higher temperatures without rapid
decomposition, thus exhibiting better performance in high-
temperature environments. As the temperature continued to
increase from 296 °C to 600 °C, the mass fraction of the material
changed from 35.5% to 25.5%, which indicated that more stable
inorganic sulfides and highly cross-linked carbon skeletons
may remain after the polymer material collapses.*

SEM images (Fig. 3a and b) showed the changes in the S-DIB
surface before and after adsorption. Being a kind of glassy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 SEMimages of 50% S-DIB (a) before adsorption (inset: EDS of S-
DIB before adsorption) and (b) after adsorption (inset: EDS of S-DIB
after adsorption).

copolymer, the surface of the S-DIB product is notably smooth
without any adhesion before the adsorption experiments.
Compared with the spectra before adsorption, the EDS spectra
after adsorption not only retained the original S and C elements
but also presented abundant N element signals. In fact, there
are only three substances in the adsorption experimental
system: S-DIB, MB and water. As a result, the N element signal
observed in EDS can come from only the MB molecule.
Consequently, the appearance of the N element signal is
important evidence of the successful adsorption of methylene
blue on the S-DIB surface.*

Effects of MB adsorption

Effect of sulfur content. Polymers with varying sulfur
concentrations were synthesized to investigate the impact of
sulfur content on MB adsorption efficiency. The data revealed
a distinct pattern (Fig. 4). As sulfur mass ratios increased within
the range of 50-100%, the adsorption capacity (g.) took a notice-
able dip; the g. values of S-DIB are 7.72, 6.14, 2.46, 1.53, and
0.15 mg g~ *. The adsorption capacity of polymer S-DIB reached
its maximum (7.72 mg g~ ') at a sulfur content of 50 wt%. Thus,
50 wt% S-DIB polymers were selected for further study.

RSC Adv, 2025, 15, 13225-13234 | 13227
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Fig. 4 Adsorption capacity of S-DIB with different sulfur mass ratios
(50-100% sulfur, co = 8 mg L m=20 mg; T =293 K; t =180 min;
and pH = 11.0).

Effect of adsorbent dose. Fig. S37 illustrates the effects of the
S-DIB dosage on MB adsorption efficiency. The adsorption
efficiencies of S-DIB at masses of 5, 10, 15, 20, 30, and 50 mg in
20 mL 8 mg L' MB aqueous at 293 K and pH = 11.0 were
47.2%, 72.83%, 86.68%, 96.65%, 96.7%, and 96.82%, respec-
tively. When the dose of S-DIB increased from 5 mg to 20 mg,
the adsorption efficiency of MB increased from 19.9% to
96.65%. A possible reason is that the active sites of S-DIB
increase with an increase in adsorbent content.*® In addition,
it can be noted that when the dosage of S-DIB increased from
20 mg to 50 mg, its adsorption efficiency for MB changed from
96.65% to 96.82%, with only a 0.17% change in adsorption
efficiency. The reason may be due to the limited active sites on
the surface of S-DIB. At a certain concentration of MB solution,
when the adsorbent content increases to a certain extent, the
adsorbate molecules already occupy most of the available active
sites.>*

Therefore, considering the cost-effectiveness and adsorption
performance, 20 mg of S-DIB adsorbent was selected for
subsequent MB adsorption experiments.

Effect of pH. The pH level of the medium stands out as
a critical factor in the adsorption process, wielding significant
influence over both the surface charge of the adsorbent and the
structural characteristics of the chemical compound involved.
This variable can dramatically shape the efficiency and
dynamics of adsorption, making it a key player in determining
overall outcomes. Therefore, the effect of pH on MB adsorption
was investigated.

Fig. S41 shows that with an increase in pH from 3 to 11, the
adsorption efficiency of S-DIB on MB increased. To determine
the surface charge of S-DIB, the zeta potential of the material
was tested at pH = 3-11. The result is shown in Fig. S5; ¥ pH,p,
of 50 wt% S-DIB was 3.47. If pH > pH,,, the zeta potential
gradually decreases, and the adsorbent S-DIB carries a negative
charge, which makes it easy to adsorb cationic dyes, such as MB,
due to the electrostatic attraction between the adsorbent and
the dye. As the pH value continued to increase, the zeta
potential of S-DIB with different sulfur contents gradually
decreased, and its overall trend echoed the trend of MB
adsorption. In other words, the adsorption capacity of S-DIB
was significantly enhanced under alkaline conditions, and the
ideal pH level for this adsorption was found to be 11.0.

13228 | RSC Adv, 2025, 15, 13225-13234
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Effect of initial MB concentration. Fig. S61 shows the effect
of the initial MB concentration on the adsorption capacity and
efficiency of S-DIB. The loading capacity of S-DIB on MB
increased with the enhancement of MB concentration in the
range of 2-16 mg L~ '. The adsorption almost reached an
equilibrium at an MB concentration of 8 mg L', which is
attributed to the saturation of the adsorption site of S-DIB. Its
adsorption ratio reached 96.65%, and the saturated adsorption
amount of S-DIB was 7.72 mg g '. Therefore, the optimum
initial concentration of MB was determined to be 8 mg L™ ".

Effect of contact time. Fig. S7f shows the effect of the
adsorption time of MB. Apparently, S-DIB adsorbed MB rapidly
and reached adsorption equilibrium within 180 min. During
the first few minutes, the S-DIB surface exhibited enough
adsorption sites to capture MB. Later, as MB gradually filled, the
S-DIB surface largely occupied the adsorption sites, and the
adsorption capacity was approximately constant. Thus, the
adsorption material has reached the saturation capacity.** The
ideal adsorption duration was determined to be 180 minutes.
The adsorption process can be characterized by three distinct
phases: the initial rapid adsorption taking place during the first
50 minutes, a slower phase from 50 to 180 minutes, and the
equilibrium phase beyond 180 minutes. In the initial phase, dye
molecules quickly spread across the adsorbent's surface due to
mass transfer. As many active functional groups on the adsor-
bent become occupied by the dye, the subsequent diffusion of
dye molecules from the surrounding layer into the adsorbent's
surface and inner regions occurs at a much slower rate, even-
tually leading to a dynamic equilibrium in adsorption.®
Consequently, the optimal time for the adsorption of MB by S-
DIB was established at 180 minutes.

Effect of temperature. Temperature (7) impacted the
adsorption efficiency of the adsorbent. Thus, the MB adsorption
of S-DIB was investigated in the temperature range of 293-318
K. As the temperature increased, the adsorption rate of MB
decreased from 96.53% to 64.71% (Fig. S81), indicating that the
adsorption process is exothermic.”” Consequently,
temperatures are beneficial for the adsorption of MB.

Based on the previous experiments, the optimal adsorption
conditions were determined as follows: 20 mg of S-DIB dosage,
pH of 11.0, temperature of 293 K, and contact time of 180 min.
Under the optimized experimental conditions above, the
adsorption capacity of the S-DIB copolymer on MB was 7.72 mg
g~ ', and the adsorption efficiency was 96.53%.

Adsorption isotherms. The isothermal data of MB were
characterized using the Langmuir model and the Freundlich
model at 293 K to further uncover the adsorption mechanism of
MB by S-DIB. The linear equations of these two models are
presented as eqn (3) and (4), respectively.*® The fitting curves are
depicted in Fig. 5(a) and (b). The fitting parameters of the
models are tabulated in Table 1.

lower

Ce 1 Ce
i — 3
e quL dm ( )
1
Ing.= In Kf+;l In ¢, (4)
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Fig. 5 Fitting curve of the (a) Langmuir model and (b) Freundlich
model.

Table 1 Fitting parameters of isotherm models

Langmuir model Freundlich model

Ky (Lmg™) R* n K¢ R*
0.184 0.9990 3.95 2.24 0.6743

dm (mg g™
7.22

where ¢, (mg g~ ') is the monolayer saturation adsorption
capacity, K, (L mg ") is the adsorption equilibrium constant,
and K; and n are the Freundlich constants. ¢, is the concentra-
tion of the solution when adsorption equilibrium is achieved.

The correlation coefficient (R*) of the Langmuir model (0.999)
is greater than that of the Freundlich model (0.6743), which
indicates that the adsorption isotherms are consistent with the
Langmuir model and are in accordance with monolayer
adsorption behavior. In this adsorption condition, the sites on
the adsorbent's surface are uniformly spaced, allowing each site
to accommodate just one molecule of the adsorbate, with no
interactions occurring between the adsorbate molecules.*

For the sake of an in-depth discussion of the interaction
between S-DIB and MB, we fitted a Dubinin-Radushkevich (D-
R) model that estimates the mean adsorption energy (E), which
may be used to predict the mechanisms involved in adsorption
(eqn (5) and (6)). Physical adsorption, ion exchange and
chemical adsorption corresponding to the values of E are less
than 8 kJ mol ™', 8-16 k] mol " and greater than 16 kJ mol *,
respectively.*®

e:RTln(1+%) (5)

E=

5~
=

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Fitting curve of the Dubinin—Radushkevich model.

where E is the energy of adsorption, as described in the D-R
isotherm model; 8 represents the activity coefficient of the
sorption energy in the form (mmol* J~2); e is the Polanyi
potential; R is the gas constant taken at a value of (8.314 J mol "
K '); and T denotes the temperature in kelvins (K).

The fitting curve of the Dubinin-Radushkevich model is
shown in Fig. 6. The values of constants § and E are presented in
Table 2. The E-value calculated for the adsorption of S-DIB on
MB is 25.01 k] mol ™, further suggesting that the adsorption
mechanism can be described as chemical adsorption.

Adsorption kinetics. The adsorption kinetics mechanism of
MB by S-DIB was investigated, including the proposed primary

Table 2 Fitting parameters of the Dubinin—Radushkevich model

8 (mmol®J 3 E (k] mol ™) R
7.99 x 10710 25.01 0.9371
2
(a)
[N
\\
1 N
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5 . R2=0.9700
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e
1 . ) .
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Fig.7 (a) Pseudo-first-order model for the adsorption of MB on S-DIB

and (b) pseudo-second-order model for the adsorption of MB on S-
DIB.
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Table 4 Parameters of three periods in the intraparticle diffusion
model for the adsorption of MB on S-DIB

Pseudo-first-order model Pseudo-second-order model

ge(mgg™) K R ge(mgg™) K R

5.12 0.002 0.97 7.5 0.1146 0.9993

model (Pfo) and the proposed secondary model (Pso), as given
by eqn (7) and (8).*"** The linear fitting curves for the Pfo and
Pso models are illustrated in Fig. 7(a) and (b), and the relevant
parameters are listed in Table 3.

In(ge — q,) = Ing. — Kyt 7
t 1 t
= + — 8
9 K q. (8)

where ¢ (min) is the adsorption reaction time, ¢, (mg g ") is the
adsorption capacity of MB after ¢ minute, k; (g mg ' min™") is
the adsorption rate constant for the pseudo-first-order model,
and k, (g mg~" min") is the adsorption rate constant for the
pseudo-second-order model.

Compared with the R* of 0.9700 in the Pfo model, the Pso
model with the R? value of 0.9993 was superior in accounting for
the adsorption of MB onto S-DIB. In other words, the adsorption
process of MB by S-DIB aligns more closely with the Pso model.
Consequently, the kinetics of adsorption are predominantly
governed by chemisorption mechanisms.

For an in-depth study of adsorption kinetics, the intra-
particle diffusion model (Id) was employed to investigate this
process, as presented in eqn (9):*

qe = k311/2 +c (9)

where c is a constant of the intraparticle diffusion model and k;
is the rate constant for Id.

Initially (Fig. 8, stage I), the rate of intra-particle diffusion is
fast, which is caused by the external mass transfer processes.**
In the second stage (Fig. 8, stage II), MB diffuses slowly through
the internal pores of S-DIB; the adsorption rate becomes rela-
tively slow. In the last step (Fig. 8, stage III), the adsorption rate
tends to be gentle in the final stage of adsorption. To better
compare each linear stage of data fitting, the £ and correlation

8r u
—aa
7}
]
6F .
=
St y=0.625x-0.638
& 1 R?=0.809
4r
3r
2t
1 . A . A .
4 6 8 10 12 14

2

Fig.8 Intraparticle diffusion model for the adsorption of MB on S-DIB.
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Parameters Period I Period II Period III
c —5.373 6.1783 9.5763
k 2.0471 1.4368 0.0197
R? 0.9994 0.9982 0.5543

coefficient R? of each stage are calculated separately,*” and the
results are shown in Table 4. The first part of the linear fitting of
the experimental data using the intraparticle diffusion model
was compared with the other two parts. The steeper slope is
attributed to the dye MB molecules passing through the solu-
tion to the S-DIB surface; the second stage linear fitting
describes the gradual adsorption of dye MB molecules by S-DIB.
The last stage is due to the relatively low concentration of MB
molecules in the solution. Internal diffusion begins to slow
down, tends to balance, and finally reaches equilibrium. In the
linear fitting curves, the straight line does not pass through the
origin. The linear fitting degree of adsorption in the whole time
range is not high, indicating that S-DIB has much force control
in the process of adsorbing dyes and that internal diffusion is
only one of the driving forces.

Thermodynamic study. The thermodynamics of adsorption
were explored to grasp the adsorption mechanism, and the
influencing factors were investigated.

At ambient temperature, a series of adsorption experiments
were carried out to determine the thermodynamic parameters:
changes in enthalpy (AH), entropy (AS), and Gibbs free energy
(AG). The Van't Hoff Equation was employed, as illustrated in
eqn (10)-(12):*

AS AH
AG = —RTh K., (11)
AG = AH — TAS (12)

where K. is the adsorption equilibrium constant, R is the
universal gas constant (8.314 J mol ™' K™ '), and T (K) is the
absolute temperature. Fig. 9 shows a plot of In K. versus 1/T for
MB adsorption by S-DIB. Basically, a linear relationship is
observed, which indicates that the enthalpy change (AH) is
temperature independent in the range of 293-318 K. The
enthalpy change in MB on S-DIB was found to be in the range of
1/T. Therefore, AH and AS values can be directly derived from
the slope and intercept of the straight line, as demonstrated in
Fig. 9, respectively. The thermodynamic parameters calculated
for adsorbed MB are listed in Table 5. AG values are negative at
all selected temperatures, which indicates that the adsorption
process of MB is spontaneous. In addition, the negative AH
values in Table 5 indicate that the adsorption reaction is
exothermic. Meanwhile, the negative AS value indicates
a decrease in the degree of freedom.

AG values are negative at all selected temperatures, indi-
cating that the adsorption process of MB is spontaneous. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Plot of In K. vs. 1/T for the MB adsorption by S-DIB.

Table 5

Thermodynamic parameters of MB adsorption by S-DIB

T (K) K. AG (kI mol™) AH(kfmol™) AS(Jmol 'K
293.15 15.67  —6.706 —31.42 —-107.2

29815 12.05  —6.170

303.15  9.075 —5.559

308.15  5.557 —4.394

313.15  3.145 —2.983

31815  1.985 —1.813

addition, the negative AH values in Table 5 indicate that the
adsorption process is exothermic. Additionally, the negative AS
value indicates a decrease in the degree of freedom.

Regeneration study. Sustainability and reusability are
extremely significant factors for selecting adsorbents, and
regeneration experiments are the principal methods for veri-
fying these capabilities. The regeneration experiments were
generated as follows: 20 mg S-DIB in 20 mL 8 mg L™ ' MB
solution was shaken for 180 min; then, the residue concentra-
tion of MB was measured by UV-vis. The S-DIB adsorbed with
MB was eluted with an eluent (0.1 mol L™' HCI aqueous:
methanol =1:1),* and the regenerated S-DIB was washed three
times with distilled water for the next adsorption experiment.
Fig. 10 illustrates the regeneration capabilities of S-DIB across
three cycles.

Fig. 10 shows a decrease in MB adsorption efficiency from
96.53% to 65.46%. The results indicated that absorption effi-
ciency gradually decreased with an increase in cycle times,
which may be due to MB undergoing chemical adsorption

100 - 96.53 L 4100

Iy 9023

80 | 4180

70.49

1 65,46
60 -4 60
40 + 440
20 120
0 0

0 1 2 3
Cycles

Adsorption efficiency %
Elution efficiency %

Fig. 10 Regeneration properties of S-DIB on MB adsorption.
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processes and further entering the adsorbent.*®* Moreover, the
elution efficiency of S-DIB during the regeneration experiments
consistently exceeds 65%, indicating that it is an excellent
regenerated copolymer and an efficient and environmentally
friendly MB adsorbent.

Adsorption mechanism discussion. Based on the adsorption
mechanism investigation above, the adsorption isotherms of S-
DIB on MB fit better with the Langmuir model described as
monolayer adsorption behavior; the adsorption kinetics are
consistent with the Pso model as mainly chemical adsorption
behavior, and the mean adsorption energy also suggests that
the adsorption mechanism belongs to chemical adsorption.

Actually, the MB molecule includes a thiazine ring with
sulfur and nitrogen atoms; the electron cloud around the sulfur
atom produces an instantaneous uneven distribution of charge
and forms an instantaneous dipole. The same occurs with the
nitrogen atoms in the thiazine ring of MB and the sulfur atoms
of S-DIB. As the two molecules of MB and S-DIB approach each
other, these instantaneous dipoles interact reciprocally to
produce dispersion forces and attract each other.*

Additionally, copolymer S-DIB has multiple benzene ring
structures linked with C-C, C-S and S-S bonds, and the MB
molecule consists of a phenothiazine ring and two aromatic
rings forming a large conjugated aromatic ring with a more
regular planar plane. Thus, both S-DIB and MB can provide
delocalized m electron clouds. When the two molecules
approach each other, they attract each other owing to the
delocalization of m electrons, and w-m packing may occur.
However, the planar properties of the S-DIB polymer are not
ideal owing to the presence of branched chains and C-S bonds
outside the benzene ring.>

In a word, during the adsorption process between the
adsorbent and cationic dye molecule, the adsorption mecha-
nism can be attributed to chemical adsorption, containing
electrostatic attraction and m-m packing.

Photodegradation mechanism discussion. Sulfur atoms
have larger dispersion and impurity energy levels in the
conduction band, and the increase in the optical corresponding
range indicates that more electrons can be generated, which
can improve their photocatalytic performance.’* In the photo-
catalytic degradation process, when the photon energy of visible
light meets the S-DIB electron transition condition, it can be
absorbed by S-DIB, and the electrons transition from the
valence band to the conduction band, leaving holes in the
valence band and forming photo generated electron hole
pairs.*

According to the curve and calculations, the energy of the
bandgap of 95% S-DIB can be achieved as 2.08 eV,>* as shown in
Fig. 11a. This reveals the favorable photodegradation charac-
teristics of sulfur-rich polymers.>*>® The photodegradation
properties of polymers are modulated by varying the relative
concentrations of monomers in the polymer backbone.*

The S-DIB materials with different sulfur mass ratios were
investigated for their light absorbance using UV-vis spectra
(Fig. 11b). The pure Sg absorbed UV light from 200 nm to
500 nm, and the UV-vis spectra of 50%, 75% and 90% are
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Fig. 11 (a) Tauc plot of 95% S-DIB. (b) Solid-state UV diffuse reflec-
tance of S-DIB and sulfur with different sulfur contents. (c) Estimation
of the contribution of the adsorption and photodegradation to the
removal of MB using S-DIB with different sulfur contents.

similar in the absorption band shape, while 95% S-DIB has an
absorption ranging from 200 nm to 650 nm.

Consequently, the photodegradation properties of S-DIB
with varying sulfur content are systematically studied in
Fig. 11c. Based on the experimental data, the adsorption
performance declined as the sulfur content rose, while the
photodegradation performance progressively improved. As an
illustration, in the case of 50% S-DIB, the adsorption mecha-
nism accounts for about 58.5% of the MB removal, while the
photodegradation activity accounts for 36.1%. Conversely,
76.2% of the MB elimination in the case of 95% S-DIB is due to
photodegradation, while 20.8% is due to the adsorption
mechanism. Thus, 95% S-DIB has the best photodegradation
capacity among the four S-DIB samples.

To further analyze the mechanism of photodegradation, the
products generated from the degradation processes of MB by S-
DIB were determined using UHPLC-MS.

As shown in Fig. 12, the UHPLC chromatograms of MB
mixtures before and after 90 min and 180 min of photo-
degradation under irradiation have different retention
times.*”*® As time passes, the intensity and area of MB UHPLC
peaks decrease. Moreover, the intermediate products related to
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Fig. 12 UHPLC analysis of MB (initial solution of 8 mg L™3).

the cationic dye MB during the photodegradation process can
be detected through the demethylation cleavage of MB,* and
the fragment ions of MB generated from photodegradation are
shown in Fig. S9.7

Based on the reported literature,®* the m/z signal of 284 can
be attributed to the MB molecular ion (Fig. S10at), while m/z
270 corresponds to the oxidation product of MB, which is Azure
B (Fig. S10bt). During the photodegradation process, the ion at
m/z 256 is a by-product of MB degradation, which is Azure A
(Fig. S10ct). Therefore, the photodegradation mechanism of
MB under irradiation can be described as follows. First, MB
molecules undergo demethylation to yield Azure B with m/z 270,
which is subsequently subjected to dealkylation, resulting in
Azure A with signals of m/z 256.

These adsorption-photodegradation experimental results
demonstrate that S-DIB can effectively break down the toxic
cationic dye of MB with high concentrations under visible light.

Conclusions

In summary, there are electrostatic interactions, dispersion
forces, and presumable -7 stacking interactions between S-
DIB and MB, which promote the improvement of the adsorp-
tion efficiency and the regeneration performance. The experi-
mental data fit the Pso kinetic model and Langmuir adsorption
isotherm model well, confirming that the adsorption mecha-
nism of MB can be attributed to chemical adsorption and
monolayer adsorption on S-DIB. The mean adsorption energy
obtained from the Dubinin Radushkevich model further
confirmed the conclusion of chemical adsorption. Furthermore,
the S-DIB copolymer effectively utilizes the energy of ultraviolet
visible light to generate electron-hole pairs and generates its
unique photodegradation properties.

S-DIB synthesized from a large amount of industrial by-
product waste of sulfur can remove methylene blue from dye
wastewater through a dual mechanism of adsorption and pho-
todegradation. This study achieves the goal of waste treatment
from waste and enriches the application of sulfur-rich polymers.

Data availability

The data supporting this article have been included as part of
the ESLt
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