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Scheme 1. Synthetic Route of Poly(glycerol-sulfur) (PG-S)

remove pollutants from wastewater.**** For instance, a
silsesquioxane-based disulfide-containing polymer has demon-
strated selective and e cient adsorption of cationic dyes, with
the maximum capacities of 12.94 mg g~* for methylene blue,
18.47 mg g~ for rhodamine B, and 26.69 mg g~* for crystal
violet. The adsorption mechanism and high selectivity of this
polymer for cationic dyes are attributed to electrostatic
interactions between the anionic charges of sulfur and oxygen
anions (formed by the deprotonation of thiols) and the
positively charged dyes, along with the swelling behavior of the
polymer.

Due to its abundant availability and cheapness as an
industrial element, along with its reactivity, the scientific
community has been interested in using this compound to
prepare polymeric and chemical materials.®® With approx-
imately 70 million tons of annual production from petroleum
refining, elemental sulfur is widely available and inexpensive.
On the other hand, glycerol is an important byproduct that can
be obtained from various chemical processes, including
biodiesel production, soap production, and fatty acid
hydrolysis reactions. As a byproduct of biodiesel production,
glycerol is readily available and inexpensive, making it an
attractive starting material for chemical synthesis. The
production of other chemicals from glycerol is of great
importance both in terms of waste reduction and the extraction
of new products from waste.***’

In this work, we present a cost-e ective method for
producing a sponge-like composite through the copolymeriza-
tion of sulfur and glycerol, which is then utilized to remove
industrial dyes from water. The synthesis of a copolymer from
elemental sulfur and glycerol marks a significant step toward
enhancing sustainability. The resulting copolymer shows great
promise as an adsorbent for industrial dyes, aiding both the
reduction of hazardous pollutants in water and the e cient
utilization of industrial waste.

The synthesized network demonstrated a high adsorption
capacity for Janus Green (JG) and Crystal Violet (CV) dyes.
This capacity can be attributed to electrostatic interactions
between the electron pairs in the polymer structure and the
positive charges of the dyes, as well as hydrogen bonding
between the polymer’s hydroxyl groups and the amine groups
of the dyes. The maximum adsorption capacity of the glycerol-
based sponge-like materials remained stable in a wide range of
pH (6—12) after multiple recycling cycles, with only a 16%
decrease in capacity after 10 cycles, highlighting the
compound’s excellent recyclability for dye removal.

I EXPERIMENTAL SECTION

Materials. Glycerol (Mw: 92.09, Da: 99.5%) and elemental sulfur
(Mw: 256.48, Da: 99%) were purchased from Sigma-Aldrich. DMSO,
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acetone, methanol, Janus Green (JG), Crystal Violet (CV), Methylene
Blue (MB), Methyl Orange (MO), Fluorescein (FI), and Congo Red
(CR) were purchased from Merck and Sigma-Aldrich and used
directly without further purification.

Methods. Fourier transform infrared (FTIR) spectra were
recorded by a Bruker-Tensor 320 FTIR Spectrometer at a scanning
range from 4000 to 400 cm™. Elemental analysis was carried out
using an ECS 4010 instrument (NC technologies (Costech)) with
four columns and a detector for C, H, S, and N elements. The
morphology and surface structure of materials were investigated using
LEO440I electron scanning microscopy (SEM) under vacuum at an
operating voltage of 10 kV. Before analysis, all samples were sprayed
with gold by sputtering for 15 s. SEM was equipped with an X-ray
energy dispersion microanalysis system (energy-dispersive X-ray)
(EDX) that could identify the number of relevant elements in the
compounds. X-ray di ractograms (XRD) were recorded using a
Halland Philips xpart device (Cuk, radiation, A=0.154056 NM) in the
range of 2 10—80° and with a scanning rate of 2°/min.
Thermogravimetric analysis (TGA) was recorded by STA PT1600
Linseis (Robbinsville, USA) (Netzsch TG 209 f1 Iris) under nitrogen
at a 25—800 °C range with a 10 °C/min heating rate. A Shimadzu
UV-vis 1650 PC spectrophotometer equipped with a quartz cell 1.0
cm path length was used to record the adsorption spectra of samples
at room temperature. The nitrogen adsorption—desorption isotherms
and features such as surface area, the volume of holes, and average
diameter of holes were measured using the BET (Micromeritics
TriStar 11 plus). Solid-state *3C NMR cross-polarization magic-angle
spinning (CP/MAS NMR spectra were recorded using a JEOL
ECZ600 MHz spectrometer operating at 150.9 MHz).

Synthesis of Poly(glycerol-sulfur) (PG-S). Glycerol (10 g, 108
mmol) and sulfuric acid (0.25 mL, 4.7 mmol) were mixed in a round-
bottom flask and heated at 120—130 °C for 6 h under N, gas.
Afterward, sulfur (1 g, 31 mmol) was added to the reaction mixture,
and it was stirred at 120—130 °C for 24 h (Scheme 1). Afterward, the
mixture was cooled down and washed three times, each with DMSO,
ethanol, and acetone. Finally, a sponge-like composite (10.2 g) was
obtained and it was dried at 40 °C.

The price of the synthesized composite can be estimated by
calculating the price of the precursors and the process used for the
preparation of this compound. The results are summarized in Table 1.

I RESULTS AND DISCUSSION

The reaction between glycerol and elemental sulfur under
acidic conditions led to the formation of a sponge-like
polymeric network (Scheme 1).

Table 1. Cost of Raw Materials for Synthesizing PG-S
Composite

item cost ref
glycerol 650—700 USD/Ton 38
sulfuric acid 120—-140 USD/Ton 39
sulfur 100—120 USD/Ton 40

synthesized polymer
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Scheme 2. Schematic Representation of the Cationic Ring-Opening Copolymerization of Glycerol and Elemental Sulfur

In the presence of acid, a cationic ring-opening polymer-
ization of elemental sulfur by protonated glycerol took place.
The proposed reaction pathway for the formation of this
polymeric network is illustrated in Scheme 2.

Poly(glycerol-sulfur) (PG-S) was characterized by di erent
spectroscopy methods as well as thermal and elemental
analysis. In the IR spectra of PSG, the broad absorbance
band at 3000—3600 cm™* and two absorbance bands at 2939
and 2883 cm™ as well as a band at 1700 cm™ are attributed to
the OH, C—H, and C=0 functional groups, respectively
(Figure 1a(iii)). Absorbance bands at 400—500 and 600—700
cm™, related to the bending vibration of S—S and C—S bonds,
respectivelg, indicated successful synthesis of the PG-S
composite.”

Scanning electron microscopy (SEM) images showed a
porous structure for PG-S, providing active sites for the
adsorption of pollutants (Figure 1b(i—iv)). The average pore
size calculated from the SEM images was approximately 6 um.
However, the pore sizes obtained through BET analysis are
considered more reliable, as SEM measurements can be
a ected by factors such as lyophilization and drying. To gain
further information about the structure of the synthesized
compound, the X-ray di raction (XRD) of elemental sulfur
and PG-S was recorded (Figure 1c). Elemental sulfur displayed
several distinct peaks at 26 16, 20, 22, 24, 29, 33, and 36°,
indicating its crystalline nature.”* The absence of these peaks
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in the di ractogram of PG-S and the appearance of a new
broad peak at 26= 10—35° indicated an amorphous structure
for this compound. This result demonstrated the presence of
sulfur as a flexible linkage in the structure of PG-S.

Based on energy-dispersive X-ray spectrometry (EDX)
(Figure 1d(ii)), PG-S was mainly composed of carbon, oxygen,
and sulfur. The elemental mapping (Figure 1d(i)) demon-
strated a porous structure for PG-S in which carbon, sulfur, and
oxygen are well distributed in the structure of this compound
(Figure 1d(iii—v)).

The surface charge of the adsorbent can be one of the
e ective factors in the dye adsorption process. The surface
charge of the adsorbent was measured by zeta potential (Figure
1e), demonstrating a highly negative charge (—47 mV) for this
compound, which is attributed to sulfur atoms.*>**

The surface area, volume, and average diameter of pores of
PG-S were investigated by Brunauer—Emmett—Teller (BET)
analysis (Figure 1f). A IV isotherm with residual H3 was
counted for a mesoporous structure for PG-S.** The pore size
of PG-S calculated by BET was in the range of 1—22 nm with
4.6 nm average. Also, the surface area and pore volume of this
composite were 88.7 m?/g and 0.162518 cm®/g, respectively.

Thermogravimetric analysis (TGA) was used to investigate
the thermal stability of PG-S. While elemental sulfur
decomposed in a single step at a 220—350 °C temperature
range, PG-S showed two weight losses. The first weight loss
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Figure 1. (a) IR spectra of elemental sulfur (i), glycerol (ii), and poly(glycerol-sulfur) (iii). (b) SEM images of PG-S (i—iv) and (c) XRD
di ractogram of elemental sulfur and PG-S. (d) EDX and elemental mapping of PG-S. Max View image (i), elemental contents (ii), and mapping of
PG-S (iii—V). (e) Zeta potential diagram of PG-S. (f) BET analysis of PG-S polymer: adsorption—desorption isotherms of PG-S and its pore size
distribution. (g) TGA thermograms of Sg and PG-S at a heating rate of 10 °C/min under argon. (h) Solid-state **C NMR cross-polarization magic-
angle spinning (CP/MAS NMR spectrum of PG-S).

( 6%) related to detachment of hydroxyl functional groups Solid-state *3C NMR cross-polarization magic-angle spin-
from PG-S occurred at 220—350 °C. The second weight loss at ning (the CP/MAS NMR spectrum of PG-S reveals multiple
350—450 °C was around 80% and attributed to the signals in the range of 20—50 ppm, indicating the presence of
degradation of the main backbone of PG-S (Figure 1g).* disulfide groups (e.g., —C—S— and —C—S—S-). Additionally,
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Figure 2. E ect of pH (a), adsorbent quantity (b), and the volume of JG dye (c, d) on removal e ciency of the adsorbent. The UV—vis spectra of
JG (e) and CV (f) aqueous solution (0.02 mg mL™) at di erent time frames after incubation with PG-S. Insets: the change in the color of dye

solutions before and after incubation with PG-S for 60 min.

signals at the range of 60—90 ppm were assigned to the
carbons of poly and oligoglycerol parts (Figure 1h).>*

After characterization, the ability of PG-S to adsorb dyes
including Janus Green (JG), Crystal Violet (CV), Methylene
Blue (MB), Methyl Orange (MO), Fluorescein (FI), and
Congo Red (CR) from water under ambient conditions was
investigated (Figure Sla,b). PG-S (10 mg) was able to remove
20 mg L™* of JG and CV from water in 40 min. However, a
lower removal e ciency was observed for other dyes (Figure
Sla,b). Therefore, JG and CV were chosen for further studies
and investigation of the mechanism of their interactions with
PG-S. The maximum adsorption capacities of PG-S for JG and
CV were 267 and 226 mg g%, respectively (Figure Sic,d).

The adsorption capacity is predominantly reliant on the
specific surface area and accessibility of the pores. When the
pore size falls within the mesoporous range (2—50 nm), the
specific surface area is typically greater, facilitating easier
penetration of dye molecules into the porous structure and
subsequently enhancing adsorption capacity. The high
adsorption capacity of PG-S was due to the average pore size
in the mesoporous range and also other driving forces, which
will be discussed in the following pages.

To determine the optimal conditions for the maximum dye
adsorption, the adsorption capacity of 10 mg of the adsorbent
in 20 mL of an aqueous JG solution (20 mg L™) was
investigated at five di erent pH values ranging from 3 to 11.
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The highest dye adsorption occurred at pH 7; thus, it was
selected as optimal pH for the next studies (Figure 2a).

The adsorption of the dye in the presence of di erent
amounts of PG-S was investigated (Figure 2b). The results
indicated that increasing the amount of adsorbent led to a
higher percentage of dye removal. However, due to the
negligible di erence in dye removal between 10 and 15 mg of
adsorbent, 10 mg was chosen as the optimal quantity for the
subsequent experiments. The e ect of the volume of dye
solution was also investigated through two distinct approaches.
In the first approach, various volumes of dye solutions were
tested while keeping the dye concentration constant. In the
second approach, di erent volumes of JG dye solutions were
evaluated at various concentrations. In both cases, the highest
removal e ciency was observed with a 20 mL volume of dye
solution (Figure 2c,d).

As illustrated in Figure 2, the dye adsorption process was
investigated over di erent time intervals ranging from 10 to 60
min. The results indicated that the value of dye removal
increased over the time. The di erence in removal between 40
and 50 min was negligible; thus, 40 min, with a dye removal
e ciency of 95%, was considered the optimal adsorption time.
The UV-vis spectra of the dye solution at di erent time
frames and the change in the color of solution for JG and CV
before and after incubation with the adsorbent for 60 min are
shown in Figure 2ef.
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Wastewater and rivers contain considerable salts that
interfere with dye removal. Accordingly, di erent concen-
trations of sodium and calcium chloride, as the most abundant
ions in water, were added to the aqueous solution of dye and
the removal e ciency of adsorbent was investigated (Figure
3a). A slight decrease in the dye removal at high salt
concentrations was observed due to the competition between
cationic dyes and metal ions.

Figure 3. (a) Dye removal e ciency of PG-S at di erent
concentrations of CaCl, and NaCl. A slight decrease in the e ciency
of the adsorbent can be seen at high salt concentrations. Di erent
investigated kinetic models and isotherms for the adsorption of JG
and CV by PG-S. (b, ¢) Pseudo-first-order and second-order kinetic
models, respectively. (d, e) Langmuir and Freundlich isotherms,
respectively.

To gain information regarding the mechanisms of dye
adsorption, two types of kinetics including first-order and
second-order models were investigated.*”*® Di erent param-
eters and profiles related to both models can be seen in Table
S1 and Figure 3c—e, respectively. The results showed that the
correlation coe cient R? for the second-order kinetics for both
JG and CV dyes is higher and closer to one, and also, the
calculated g, value in the second-order Kkinetics is closer to the
experimental ¢, values. Therefore, the adsorption process
follows a second-order kinetic model.

Langmuir and Freundlich’s isotherms were evaluated to
investigate the type of interaction between the adsorbent and
dyes (Figure 3b—e). The correlation coe cient (R?) for both
JG and CV dyes was closer to unity in the case of the Langmuir
isotherm (Table S1). Based on isotherms, the dye adsorption
was a chemical process including noncovalent interactions
between dye and adsorbent and a monolayer assembly of dye,
which was consistent with the results of BET analysis.
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The e ect of the temperature on the adsorption process was
also investigated. The time of adsorption of dye by PG-S was
decreased as the temperature of the medium was increased
from 298 to 338 K. Under the optimal conditions for JG and
CV, the dye removal e ciency at 45 and 65 °C exceeded 90%
within 20 min.

Van't Ho plot and thermodynamic parameters are shown
in Figure Slefand Table S2. Positive values for AS° and AH°
indicated the endothermic nature of the adsorption process
and the increased entropy of the surface versus temperature,
respectively. An increase in temperature enhances the mobility
of cationic dyes, leading to the higher entropy and di usion
rate into the adsorbent pores. Moreover, the negative AG°
versus increased temperature indicated the spontaneity of the
dye adsorption process.

The pursuit of sustainable and cost-e ective methods for dye
removal from wastewater has generated significant interest in
the reusability of adsorbents. Investigating the reusability of
adsorbents is crucial, as it impacts both the overall e ciency of
dye removal and the associated costs as well as environmental
considerations. To address these factors, the reusability of the
adsorbent was evaluated. Initially, the adsorption of JG was
carried out under optimal conditions using PG-S. Then, the
adsorbent was washed with methanol, the amount of dye
removal was calculated, and the adsorbent was reused (Figure
4). The results indicated >80% dye removal e ciency for PG-S
after 10 cycles.

Figure 4. Reusability of PG-S to remove JG from aqueous solutions
for 10 cycles of adsorption and washing by methanol.

To assess the adsorbent’s performance in removing dye from
real water samples, river water from the Shahivand River
(Lorestan, Iran) and wastewater from an industrial town in
Lorestan, Iran, were collected and used in the subsequent
experiments. By applying the spiking method, a Janus Green
dye solution with a concentration of 20 mg L™* was prepared
from both water samples. Then, 20 mL of the JG dye solution
and 10 mg of the adsorbent were incubated, and after 40 min,
the dye removal e ciency was measured using UV-vis
spectroscopy. The results (Table 2) indicated a dye removal
e ciency of 97% for river water and 95% for wastewater,
demonstrating the adequate performance of the adsorbent
under these conditions.

To assess the adsorbent’s performance of PG-S in removing
dyes from a mixture, the adsorption experiments were
performed under optimal conditions for aqueous solutions
containing JG, CV, and Fl (Figure 5). The presence of
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Table 2. Removal E ciency of JG from the River and
Wastewater by PG-S

initial concentration final concentration %

sample (mg L™ (mg L) removal
river water 20 0.85 97
wastewater 20 124 95

Figure 5. UV spectra of an aquous solution of a mixture of JG, CV,
and FI dyes, 0.02 mg mL™, before/after incubation with PG-S for 40
min at room temperature, 25 °C.

di erent dyes did not a ect the removal e ciency of PG-S
inversely (Figure S2). In the UV—uvis spectra of the mixture of
dyes, the adsorption peak corresponding to JG at 602 nm was
eliminated completely and CV exhibited a removal e ciency of
up to 95% at 590 nm. Moreover, FlI did not impede the
removal e ciency of PG-S for both JG and CV. However, the
Fl adsorption peak at 490 nm remained almost unchanged
postadsorption, as it was expected.

Based on the pseudo-second-order model and negative
surface charge of PG-S, it can be concluded that the adsorption
mechanism mainly involves electrostatic interactions. Tapping
of dyes into the pores of PG-S by noncovalent interactions can
be a further driving force for dye removal. Figure 6 shows the
proposed mechanism for the removal and adsorption of
cationic dye by the PG-S adsorbent.

Table 3 presents a comparison of the maximum adsorption
capacity (q,,) of various adsorbents reported in the literature
for the removal of di erent dyes. As shown, the adsorption
capacity values of PG-S are 267 and 226 mg g~* for JG and CV
dyes, respectively, which are significantly higher than other

Figure 6. Representation of interactions between cationic dyes and
PG-S, leading to a high removal e ciency.
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Table 3. Comparison of the Maximum Adsorption
Capacities of Di erent Adsorbents with PG-S for Cationic
Dye Removal

adsorbents dye 0m (Mg g7 ref
HPG-based MMG MB/MV 345.4/336.8 53
DiS-COP CVv/MB 1181/211 42
WHPA-OMCNT MB/MV/MG  800.0/970.9/840.3 52
nanocomposites
SBA/HPG-COOH MB 159.9 51
silsesquioxane-based cv 26.69 33
disulfide-linked polymer
GO@Ag nanocomposite Ccv 48.78 49
COPs cv 134 27
porous sponge (PPS) RB/MB/CV 262/49/59 50
PG-S JG/CV 267/226 this
work

reported materials. For instance, the disulfide-linked polymers
based on silico-oxane and GO@Ag nanocomposite have
shown adsorption capacities of 26.69 and 48.78 mg g7,
respectively.***° Similarly, porous sponge (PPS), COPs, and
SBA/HPG-COOH have demonstrated relatively low adsorp-
tion capacities in the range of 262/49/59, 13.4, and 159.9 mg
g +2"*%1 However, DiS-COP, WHPA-OMCNT nanocom-
posites, and HPG-based MMG have exhibited higher
adsorption capacities, with values reaching up to 1181, 800,
and 345 mg g%, respectively.*>°>°3 While PG-S does not
achieve the highest adsorption values among all reported
materials, it demonstrates competitive and e cient adsorption
performance compared to many existing adsorbents. Given the
sustainable nature of PG-S, its ability to add value to
byproducts from the biodiesel and oil industries, and its
potential to mitigate the environmental concerns associated
with these byproducts, the synthesized composite shows a high
potential for dye removal.

To further understand the integrity of the adsorbent after
multiple uses, the composition and structure of PG-S were
investigated by XRD and IR. The results did not show any
significant change in the structure of PG-S after four cycles of
recovering by the solvent and reusing for dye removal (Figure
S3).

I CONCLUSIONS

In this study, we have successfully synthesized a sustainable
composite from glycerol and sulfur, two byproducts of the
biodiesel and oil industries. This composite demonstrates
excellent e ciency in removing cationic dyes from water,
highlighting its potential as an e ective solution for water
purification. The composite’s remarkable stability against
varying pH levels and other environmental factors further
underscores its practical applicability in real-world conditions.
Additionally, its high recyclability, maintaining a significant
adsorption capacity after multiple cycles, makes it an
environmentally friendly and cost-e ective option for con-
tinuous dye removal. Overall, the synthesis of this composite
not only contributes to the sustainable utilization of industrial
waste but also presents a promising material for addressing
water pollution, o ering a green alternative to conventional
water treatment methods.
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