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Abstract: Excess sulfur has become a global problem in petrochemical industry. Inexpensive and easily
available cottonseed oil (CSO) is still underutilized. To resolve these issues, bio-based polysulfide
composites were prepared via inverse vulcanization of sulfur and CSO. The density of polysulfide
composites was adjusted by fillers. The results showed that Elm and cattail as the fillers had
no effects on the thermal properties and chemical structures of polysulfide composites. However,
the morphologies of polysulfide composites were significantly influenced by the fillers. Different types
and amounts of fillers produced significantly different holes and folds in the composites. The fillers
were embedded in polysulfide composites by physical filling. This study provides an alternative and
promising approach for preparing affordable density-adjustable bio-based polysulfide composite.
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1. Introduction

Sulfur (S) as a byproduct of petroleum refining, gas reserves, and other petrochemical industry,
being produced in excess of 70 million tons each year. Sulfur is widely used in commodity chemicals,
such as sulfuric acid, fertilizers, and rubbers [1–3]. However, these traditional applications cannot
consume excessive amount of sulfur. There are still about 10 million tons of sulfur surplus every
year, creating large unwanted stockpiles and a global issue “excess sulfur problem” in petrochemical
industry [4,5]. Therefore, it is a promising way to effectively utilize sulfur to develop value-added
polymer materials [6–9].

Orthorhombic sulfur (Sα) is the most thermodynamically stable form of elemental sulfur.
Sα presents in the form of eight-membered rings (S8) [10]. The heating of Sα leads it to be converted
into monoclinic sulfur (Sβ, S8) at 95.6 ◦C. Further heating, solid sulfur (mainly Sβ and residual Sα)
melts, and yellow liquid sulfur (Sλ, S8) was obtained at melting point temperature of 119 ◦C. When the
temperature continues to rise to 159 ◦C, sulfur S8 rings opening polymerization forms the deep red
liquid sulfur (Sµ). Sµ continues to spontaneously polymerize, resulting in the formation of linear
sulfur radical high polymer (Sw) [6,10–14].
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Free radical polymerization of sulfur with compound containing unsaturated bonds has been
investigated as a good means of generating sulfur-based polysulfide. The reaction between sulfur and
unsaturated compound is known as “inverse vulcanization” [5]. Polysulfides usually exhibit excellent
properties preferring them suitable for direct use or as intermediates for further functionalization for
various applications [15,16] such as solar cell [17], hydrogen fuel cell [18], lithium-ion batteries [11,19–26],
high refractive index and IR transmitting optical devices [27–30], sulfur-doped carbon materials [31],
heavy metal remediation [14,31–35], rubber [10], fertilizer [36,37], and other advanced materials [38–40].

The majority of polysulfides are obtained via the copolymerization of sulfur with vinylic
monomers. Vinylic monomers are mainly derived from non-renewable petroleum resources. Therefore,
the development of bio-based renewable monomers is very important in practice [41]. Bio-based
polysulfides are desirable new chemical materials that not only help solve environmental pollution
problems, but also achieve a sustainable future. It would be ideal to replace petroleum-based monomers
with cheaper, renewable bio-based resources to reduce the increasing consumption of fossil fuels [42].

There is a growing demand to develop inexpensive bio-based polymers to replace conventional
petroleum-based polymers [41]. Recently, researchers began to use vegetable oils as vinylic monomers
to develop bio-based polysulfides [32,36,43–45]. The main component of vegetable oil is triglyceride.
The alkene functional groups in triglyceride aliphatic chain provide the necessary crosslinking points for
inverse vulcanization. It has been reported that the Z stereochemistry of these alkenes, imparting strain
to the olefin, would conducive to rapid react with the sulfur free radicals generated in the process of
inverse vulcanization [32]. The reaction mechanism of vegetable oil with sulfur to prepare polysulfide
is as follows. The C=C double bonds present in the triglyceride of vegetable oil break to react with
ring-opened sulfur leading the formation of cross-linked polysulfide at a certain temperature [41].

Theato et al. prepared bio-based polysulfides via vegetable oils (linseed oil, sunflower oil and olive
oil) and sulfur [43]. The properties of these polymers as cathode materials for “green Li-S batteries”
were studied. SEM showed that the composite materials consist of micron-sized sulfur particles
embedded in a cross-linked polymeric network. The polymeric network formed by copolymerization
of fatty chain residues with sulfur was similar to factice. This was the first time to use polysulfide
as the active cathode material of Li-S batteries. Chalker et al. have done a series of work on
bio-based polysulfides [32,44,46]. Chalker et al. used unsaturated cooking oils to prepare polysulfide.
The polysulfide was used as low-cost mercury sorbents [32]. In addition, Chalker et al. set out to
assess the iron-binding properties of polysulfide prepared via the reaction of canola oil and sulfur.
They found that the porous polysulfide was superior in the rate of Fe3+ removal from water [44].
Furthermore, Chalker et al. prepared polysulfide adsorbent to remove hydrocarbons via cooking
oil and sulfur. The polysulfide had an affinity for hydrocarbons such as crude oil and diesel fuel
that can be quickly removed from seawater, and the polysulfide showed good recovery and multiple
reusability [46]. Ribeiro et al. used soybean oil as monomer to prepare a new fertilizer. The results
showed that S8 structure is more accessible to oxidizing microorganisms by chemical modification via
inverse vulcanization [36]. Wang et al. synthesized a polysulfide using sulfur and transgenic soybean
oil. Gel permeation chromatography results indicated that the polysulfide was a hyperbranched
polymer and it is potential green plasticizers for plastics or elastomers [45].

In summary, the preparation of environmentally friendly bio-based polysulfides using vegetable
oils and sulfur has attracted considerable attention. The polysulfides have broad application prospects.
Cotton is the ninth largest oil-producing crop [47–49]. Cottonseed oil (CSO) is extracted from the
seeds of cotton plant after removal of cotton lint. CSO contains significant amounts of saturated
fatty acids palmitic acid (22–26%), lesser amounts of monounsaturated fatty acids oleic acid (15–20%),
diunsaturated linoleic acid (49–58%) being the most prominent fatty acid [49]. CSO has high production
and lower price than other oils, such as soybean oil, canola oil, and peanut oil. However, cheap and
easily available CSO still cannot take advantage of high value [50].

In this study, the raw material sulfur is a by-product of petrochemical industry and CSO is cheap
and has excellent biodegradability. The preparation of polysulfide using sulfur and vegetable oil is
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an innovative example of green chemistry and waste valorization. Furthermore, this approach helps
increasing atom economy and requires no solvent. In order to broaden the application of polysulfide,
tuning the density of polysulfide is extremely important for practical applications. Along these lines,
the density-adjustable polysulfide composites were designed with bio-based fillers, elm and cattail.
The results showed that the fillers were crucial for regulating the density of polysulfide composites.
To the best of our knowledge, our work is the first attempt to adjust and control the density of
polysulfide composites, and systematically studying the effects of fillers on the density and structure of
polysulfide composites. This study has important theoretical and practical significance for the resource
utilization and the development of value-added products with sulfur and vegetable oil.

2. Materials and Methods

2.1. Materials

Sulfur and active carbon were purchased from Tianjing Baishi Chemical Industry Co. Ltd.,
(Tianjing, China). Cottonseed oil (CSO) was purchased from Xinjiang Sayram Modern Agriculture Co.
Ltd., (Bole, Xinjiang, China). Active clay was purchased from Jiangsu Goldenstone Attapulgite Minng
Industry Co. Ltd., (Huaian, Jiangsu, China). We purchased 300–800 carboxymethyl cellulose (CMC)
from Shanghai Shanpu Chemical Co. Ltd., (Shanghai, China). Elm from the samara of the elm tree
was collected from Xinjiang Technical Institute of Physics and Chemistry, China (Urumqi, Xinjiang,
China). Cattail from the fruit part of the plant was collected from Bortala River, China (Bole, Xinjiang,
China). Elm and Cattail were cleaned with distilled water and dried in a vacuum drying oven at 60
◦C until constant weight. The dried materials were pulverized and screened to prepare bio-based
polysulfide composites.

Characteristics of the fillers are as follows. Active carbon is a kind of black porous solid
carbon with a hydrophobic surface and a specific surface area of 800–1200 m2 g−1. Active clay is
an adsorbent with high activity which is processed from bentonite. The chemical formula of active
clay is Al2O3·4SiO2·nH2O, which contains a large number of exchangeable cations. Carboxymethyl
cellulose (CMC) is an anionic cellulose ether, and its degree of polymerization affects the viscosity of
the product. In this study, CMC with viscosity of 300–800 mPa s and 800–1200 mPa s were selected
and tested. Elm and cattail are mainly composed of cellulose, hemicellulose, and lignin. Cellulose is a
macromolecular polysaccharide composed of glucose. Hemicellulose is a polyphase polymer composed
of several different types of pentose and hexose. Lignin is an aromatic high polymer whose molecular
structure contains phenylpropanol and its derivatives.

2.2. Synthesis of Bio-Based Polysulfide Composite

Firstly, a certain amount of sulfur was added to a 100 mL glass beaker equipped with a magnetic
stir, and heated to 160 ◦C in a thermostated oil bath until a molten phase was formed. Then 10.0 g
CSO was added dropwise, resulting in a two-phase mixture. The mixture was stirred vigorously to
ensure efficient mixing. After one phase was formed, a certain amount of filler was added gradually.
Heating was continued at 160 ◦C to make the reactant form a uniform liquid. Along with the extension
of time, the viscosity of the polymer gradually increased. When the polymer became solid, the reaction
stopped. The beaker was taken out to cool down naturally, and the bio-based polysulfide composite
was obtained. Active carbon, active clay, CMC, elm and cattail were chosen as filler materials.
Synthesis route of bio-based polysulfide is shown in Scheme 1.
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Scheme 1. Synthesis route of bio-based polysulfide.

2.3. Density and Hardness Determination of Bio-Based Polysulfide Composite

XF-120MD (Xiamen, Fujian, China) digital densitometer was used to determine the density of
bio-based polysulfide composite. LX-A Shore durometer (Shanghai, China) was used to measure the
hardness of bio-based polysulfide composite.

2.4. Characterizations

Morphological analysis was carried out on a SUPRA 55vp ZEISS field emission scanning electron
microscopy (Oberkochen, Germany), while element mapping were obtained using a corresponding
energy dispersive X-ray (EDX) spectra. Elemental analysis was carried out on Elementar vario MICRO
cube elemental analyzer (Frankfurt, Germany). Carbon, hydrogen, nitrogen, and sulfur content
(% CHNS) was determined by combustible analysis using a thermal conductivity detector. Differential
scanning calorimetry (DSC), thermogravimetry analysis (TGA), and derivative thermogravimetry (DTG)
were heated under nitrogen to 800 ◦C at a heating rate of 10 ◦C min−1 using a simultaneous thermal
analyzer Setaram Labsys Evolution (Lyons, France). Fourier-transform infrared spectroscopy (FT-IR)
was performed using a Bruker VERTEX-70 FT-IR spectroscopy (Ettlingen, Germany), between 650 cm−1

to 4000 cm−1. Raman spectra was acquired using a Horiba Scientific Raman microscope (Paris, France)
at an excitation laser wavelength of 532 nm with a 50X objective.

3. Results and Discussion

3.1. Synthesis of Bio-Based Polysulfide Composite

Chemically stable bio-based polysulfides were obtained via inverse vulcanization of sulfur (S8)
with CSO, the rubbery-like polysulfides are shown in Figure 1. No solvents or exogenous reagents
were needed in the synthesis process [32]. Table 1 depicts that the amount of sulfur was a key factor
affecting the formation of bio-based polysulfides, determining the density, hardness and gelation
point of polysulfides. When the mass ratio of CSO to sulfur was too small (10.0 g:2.0 g), the solid
polysulfide cannot be formed. With the increase of sulfur content, the density and hardness of the
polysulfides increased and the gelation time shortened. However, due to the high sulfur content
(over 10.0 g), the polysulfides had holes on the surface and inside, resulting in uneven and fragile
polysulfides. This was attributed to the variation in excessive sulfur content. Some residual sulfur
did not participate in inverse vulcanization. These results were confirmed by Wręczycki [10] and
Valle et al. [36]. The results showed that the amount of sulfur had a great influence on the appearance
of bio-based polysulfides. The polysulfides with low sulfur content were dark in color. As the amount
of sulfur increased, the color of the polysulfides gradually changed from black to light brown.
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Table 1. Effect of sulfur content on density and hardness of bio-based polysulfides.

Entry CSO (g) S (g) Density
(g cm−3)

Shore Hardness
(Shore A)

Gelation Time
(min)

1 10.0 2.0 - - -
2 10.0 2.5 1.01 - 120–130
3 10.0 3.0 1.02 4.5 60–65
4 10.0 4.0 1.08 12.3 50–55
5 10.0 6.0 1.12 19.5 40–43
6 10.0 8.0 1.12 28.9 38–42
7 10.0 10.0 1.27 29.3 30–33
8 10.0 12.0 1.27 29.4 28–30
9 10.0 15.0 1.34 30.0 24–26
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Figure 1. Picture of bio-based polysulfides prepared with different sulfur content.

10.0 g CSO + 10.0 g sulfur system was selected to study the effects of different types of fillers on
the density of bio-based polysulfide composites. This was considered appropriate ratio according to
the density, hardness, and gelation time of the polysulfides composites. Moreover, sulfur content was
relatively higher, which was desirable for the resource utilization. Active carbon, active clay, CMC,
elm and cattail as fillers were examined and screened (Table 2). Table 2 shows that active carbon,
active clay and CMC had little effect on the density of polysulfide composites. Elm and cattail made the
density of polysulfide composites decreased. Elm and cattail are cheap and readily available, and they
had a relatively great influence on the density of polysulfide composites, so they were chosen as the
density-controlling materials of polysulfide composites in this study.

Table 2. Effect of fillers on the density of bio-based polysulfide composites.

Entry CSO (g) S (g)
Filler Density

(g cm−3)Material Content (g)

1 10.0 10.0 No Filler 0 1.27
2 10.0 10.0 Active Carbon 1.0 1.26
3 10.0 10.0 Active Clay 1.0 1.29
4 10.0 10.0 300–800 CMC 1.0 1.25
5 10.0 10.0 800–1200 CMC 1.0 1.25
6 10.0 10.0 Elm 1.0 1.23
7 10.0 10.0 Cattail 1.0 1.16

One important application of polysulfide composites is in water. Density is a key performance to
determine the effectiveness of its use. The density of polysulfide composites should be close to that
of applied water. Therefore, this study also explored 10.0 g CSO + 3.0 g sulfur system, the density
of polysulfide was 1.02 g cm−3 (Table 1). Consequently, 10.0 g CSO + 10.0 g sulfur system and
10.0 g CSO + 3.0 g sulfur system were selected to study the regulatory ability of bio-based fillers
(elm and cattail) on the density of polysulfide composites (Figures 2 and 3).

Figure 2 shows that the effects of fillers content on the densities of polysulfide composites were
consistent in different CSO and sulfur system. With the increased of fillers content, the density of
polysulfide composites decreased first and then remained unchanged. The densities of polysulfides
prepared by 10.0 g CSO + 10.0 g sulfur and 10.0 g CSO + 3.0 g sulfur were 1.27 g cm−3 and
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1.02 g cm−3, respectively (Table 1). While the densities of elm and cattail were 0.48 g cm−3 and
0.32 g cm−3, respectively.

The results showed that the density of polysulfide composites decreased first and then remained
unchanged with the increased amount of fillers. Noticeably, elm and cattail are both materials with
loose structure and low density, the density of the prepared polysulfide composite will decrease when
the amount of filler increased only if the simple physical mixture occurred. However, the preparation
of polysulfide composites involves chemical crosslinking reactions as well as expel and trap of air in
cavities and channels within both plant rubber and filler materials. As the results of both reasons, so the
density of polysulfide composites decreased with the increase of filler within a certain range. However,
when the amount of filler further increased, the density of polysulfide composites was basically
unchanged. This is due to more polysulfide penetrate the pores and replace the air pores during
the preparation of the composite. When the pores and cavities inside the composite are filled with
polysulfide, the density of the polymer composite does not change too much. The results showed that
addition of appropriate amount of elm and cattail could adjust the density of polysulfide composites
within a certain range.
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Figure 3 shows that the contents of sulfur had a great influence on the appearance of bio-based
polysulfide composites. When the sulfur content was higher, the polysulfide composite was light
in color. While, when the sulfur content was lower, the color of polysulfur composite was dark.
Figure 3A,B shows that the colors of polysulfide composites prepared by 10.0 g CSO + 10.0 g sulfur
system were nearly brown. This was due to sulfur was excessive, there were residual sulfur particles
inside and on the surface of bio-based polysulfide composites. Moreover, when the amount of elm
was more than 3.0 g and cattail was more than 1.5 g, fillers were attached with the polysulfide
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composites. The same situation also occurred in 10.0 g CSO + 3.0 g sulfur system, the colors of
polysulfide composites were nearly black (Figure 3C,D). When the amount of elm was more than 1.5 g
and cattail was more than 0.5 g, fillers were also attached with the polysulfide composites. Therefore,
the content of fillers should be controlled within a certain range when regulated the density of bio-based
polysulfide composites.
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3.2. Characterization

3.2.1. SEM and EDX

The bio-based polysulfide composites were analyzed by SEM and EDX to assess the surface
morphology and elemental composition. The results are shown in Figure 4. The polysulfide composites
presented different morphology characteristics with different sulfur content and fillers.

Figure 4A1,A2 shows that the surface of polysulfide prepared by 10.0 g CSO and 10.0 g sulfur
was uniform and rough, with the appearance of fish scales. Figure 4B1,B2 shows that the surface of
elm-added polysulfide composite was also uniform and rough, like fish scales, but there were a few holes
and cracks in the polysulfide composite. But, the surface of cattail-added polysulfide composite was
completely different (Figure 4C1,C2). The surface morphology was uneven, the structure was complex,
and there were many holes in cattail-added polysulfide composite. The filler cattail can be seen clearly
in Figure 4C1,C2. These results confirmed that elm and cattail can reduce the density of polysulfide
composite. Compared with the polysulfide prepared by 10.0 g CSO and 10.0 g sulfur, the polysulfide
prepared by 10.0 g CSO and 3.0 g sulfur had a uniform and smooth surface with ridges and folds,
similar to mountains (Figure 4D1,D2)). This proved that the density of later polysulfide composite was
relatively lower than that of former. Figure 4E1,E2 shows that the surface of elm-added polysulfide
composite was uneven and irregular with abundant holes and folds. While the surface of cattail-added
polysulfide composite was more uneven and irregular with abundant holes and folds and the filler
cattail also can be clearly seen in cattail-added polysulfide composite (Figure 4F1,F2). These results
suggested that elm and cattail can reduce the density of polysulfide composite. We speculated that elm
and cattail might be embedded in the polysulfide composites by physical filling to achieve the goal of
regulating the densities of polysulfide composites.

The elemental mappings show the spatial distribution of carbon, oxygen and sulfur.
Figure 4A3–A5,B3–B5,C3–C5 shows that carbon and oxygen elements were uniformly dispersed
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in bio-based polysulfide composites in 10.0 g CSO + 10.0 g sulfur system. The aggregation of sulfur
element shows that raw material sulfur was excessive. The presence of unreacted sulfur in polysulfide
composites made the material brittle. Figure 4D3–D5,E3–E5,F3–F5 shows that carbon, oxygen and
sulfur elements were homogeneously distributed in the polysulfide composites in 10.0 g CSO + 3.0 g
sulfur system. This indicated that the polysulfide composites were homogeneous in structure and
sulfur was fully involved in inverse vulcanization reaction.
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3.2.2. Elemental Analysis

The element contents of bio-based polysulfide composites were analyzed by an element analyzer
(Table 3). The contents of S, C, H and N in polysulfide prepared in 10.0 g CSO + 10.0 g sulfur system
were 52.70%, 38.02%, 5.57%, and 0.07%, respectively, consistent with the high sulfur content envisioned
for this product. The results were basically consistent with Crockett et al., elemental composition
of polymer were 56.6% S, 38.97% C, and 4.97% H [14]. The contents of S, C, H and N in bio-based
polysulfide prepared in 10.0 g CSO + 3.0 g sulfur system were 23.31%, 59.49%, 8.48%, and 0.05%,
respectively. Theoretically, adding fillers to the system can reduce the content of S element in polysulfide
composites. Table 3 shows that both in 10.0 g CSO + 10.0 g sulfur and 10.0 g CSO + 3.0 g sulfur system,
the contents of S element in polysulfide composites decreased slightly after adding elm and cattail.
The results were consistent with the theory.
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Table 3. Elemental analysis of bio-based polysulfide composites.

Entry CSO(g) S(g)
Filler Elemental

Material Content (g) S (%) C (%) H (%) N (%)

1 10.0 10.0 No Filler 0 52.70 38.02 5.57 0.07
2 10.0 10.0 Elm 1.0 50.46 39.09 5.63 0.13
3 10.0 10.0 Elm 2.0 48.69 39.05 5.60 0.19
4 10.0 10.0 Cattail 0.2 52.35 39.15 5.57 0.10
5 10.0 10.0 Cattail 1.0 52.26 38.80 5.44 0.10
6 10.0 3.0 No Filler 0 23.31 59.49 8.48 0.05
7 10.0 3.0 Elm 0.15 22.98 59.86 8.50 0.12
8 10.0 3.0 Elm 0.45 22.57 59.90 8.50 0.07
9 10.0 3.0 Cattail 0.06 22.29 60.24 8.52 0.03
10 10.0 3.0 Cattail 0.3 21.98 59.82 8.45 0.07

3.2.3. DSC

Differential scanning calorimetry (DSC) analysis was conducted to investigate the phase structures
of bio-based polysulfide composites. The comparison of DSC thermograms is presented in Figure 5.
Sulfur exhibited three endothermic peaks during heating (Figure 5A). The first peak occurred
at approximately 109 ◦C and corresponded to the change in crystalline structure of sulfur from
orthorhombic (Sα) to monoclinic (Sβ). The second one, which occurred at approximately 120 ◦C,
was related to the melting of Sβ crystals and residual Sα crystals into yellow liquid (Sλ). The third peak
occurred during approximately 200–360 ◦C. This indicated S might undergo a phase change along
with evaporation and sublimation at that temperature. Liquid sulfur was converted to gaseous sulfur.
During heating, CSO exhibited one endothermic peak during near 280–510 ◦C, the phase structure
of CSO began to change, CSO could also decompose to produce other substances. Similar DSC
thermograms were observed in bio-based polysulfide composites with and without fillers (Figure 5B,C).
This was due to the contents of fillers in vulcanized composites were too low, which had no effects
on the phase transition of the polysulfide composites. Bio-based polysulfide composites prepared in
10.0 g CSO + 10.0 g sulfur system showed two endothermic peaks, approximately 125 ◦C and during
200–300 ◦C, respectively (Figure 5B). The first peak indicated that there were incomplete sulfur in
polysulfide composites, which was caused by the phase transition of sulfur. The second peak was the
phase transition peak of bio-based polysulfide composites. The results indicated that the unreacted
sulfur remained in the polysulfide composites. The polysulfide composites prepared in 10.0 g CSO
+ 3.0 g sulfur system also showed two endothermic peaks, during approximately 200–300 ◦C and
300–500 ◦C, respectively (Figure 5C). The first peak was the phase transition peak of polysulfide
composites. The second peak was the phase transition peak of residual COS. The results indicated that
the unreacted CSO remained in the polysulfide composites. DSC thermograms proved that fillers did
not affect the phase transition of bio-based polysulfide composites.

Thermal stability of bio-based polysulfide composites were investigated by thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTG). Figures 6 and 7A show that sulfur began to
decompose at 200 ◦C, and completely decomposed at approximately 360 ◦C. The maximum weight
loss temperature was 345 ◦C. While CSO began thermal decomposition at approximately 280 ◦C,
and completely decomposed at approximately 510 ◦C. The maximum weight loss temperature was
425 ◦C. It can be seen that TGA and DTG curves of bio-based polysulfide composites prepared with
different fillers were similar to those prepared without fillers. This may be due to the small contents of
fillers did not affect the thermal decomposition of polysulfide composites. The polysulfide composites
prepared in 10.0 g CSO + 10.0 g sulfur system showed a two-step thermal decomposition process,
during approximately 200–290 ◦C and 290–520 ◦C, respectively (Figures 6A and 7B). The maximum
weight loss temperatures were 250 ◦C and 410 ◦C, respectively. The masses of polysulfide composites
no longer decreased at around 520 ◦C, and the residual masses of polysulfide composites were about
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15%. The polysulfide composites prepared in 10.0 g CSO + 3.0 g sulfur system also showed a two-step
thermal decomposition process. The temperature range was consistent with the system of 10.0 g CSO +

10.0 g sulfur (Figures 6B and 7C). But the maximum weight loss temperatures were different, 260 ◦C
and 390 ◦C, respectively. The masses of polysulfide composites no longer decreased at around 520 ◦C
as well, but the residual masses of polysulfide composites were only about 5%.
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Bio-based polysulfide composites exhibited a two-step thermal decomposition process. The first
thermal degradation of bio-based polysulfide composites were due to decomposition of polysulfide
composites. The degradation may be a depolymerization process through S-S bond cleavage [14].
This was supported by the endothermic peak in the DSC thermograms (Figure 5). The second mass
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loss was the thermal decomposition of the residual CSO in polysulfide composites with the increase
of temperature [32]. The two-step thermal decomposition process was as a result of the unreacted
sulfur and residual CSO present in polysulfide composites influenced the kinetics of their thermal
decomposition. The mutual dispersion and distribution of raw material sulfur and CSO in polysulfide
composites were unknown on micromorphological level. Therefore, the TGA curves in Figure 6 exhibit
non-stable kinetics. Additionally, the chemical structures of polysulfide composites were not well
defined. Molecular mass and its distribution, sulfur/CSO comonomer ratio and structure may vary
considerably, additionally influenced the kinetics of decomposition [10]. TGA curves show that the
residual mass of elemental sulfur and CSO were minimal and had been decomposed completely.
In the same system, the residual masses of bio-based polysulfide composites were basically the same.
This indicated that the thermal properties of polysulfide composites prepared in the same system
were similar. However, the residual masses of polysulfide composites in 10.0 g CSO + 10.0 g sulfur
system were about 15%, while the residual masses of polysulfide composites in 10.0 g CSO + 3.0 g
sulfur system were about 5%. The higher sulfur contents of the polysulfide composites, the larger
residual masses of the materials. This was due to the residue materials of polysulfide composites were
consists of porous carbon doped with the remaining sulfur atoms [10]. Besides, the newly generated
chemical bonds of polysulfide composites, such as C-S bonds, improved the thermal stability compared
with the raw material sulfur and CSO. Moreover, bio-based polysulfide composites macromolecules
presumably underwent fragmentation due to the reversibility of widely occurred S-S bonds at elevated
temperatures, and formed shorter linkages that were more thermally stable. In that, after extremely
high temperature exposition sulfur remained [51]. In general, the addition of fillers did not affect the
thermal stability of bio-based polysulfide composites.

3.2.4. FT-IR

The effects of sulfur and fillers content on chemical bonds of bio-based polysulfides were
investigated in Figure 8. Figure 8A shows that FT-IR spectra of the five groups of polysulfides were
consistent. Figure 8B,C presents that FT-IR spectra of the polysulfide composites prepared with
different fillers in 10.0 g CSO + 10.0 g sulfur and 10.0 g CSO + 3.0 g sulfur system were consistent with
those of polysulfide prepared without fillers. After polymerization, the signals of raw material CSO at
~3010 cm−1 of the C=C–H stretching vibrations and ~1650 cm−1 of the C=C stretching vibrations were
disappeared. This indicated that the C=C double bonds in CSO reacted with sulfur. There were no new
peaks at 2600–2550 cm−1, indicated that mercapto functional group (S-H) was probably not present
in the structure of polysulfides and the composites. Wu and Valle et al. also found that mercapto
functional group was not generated during inverse vulcanization of polysulfide [4,36]. The FT-IR
spectra of the five groups of polysulfides (Figure 8A) and composites (Figure 8B,C) were identical,
indicating that the chemical structures of them were similar. Both sulfur and fillers content did not
affect the chemical structures of the polymers.
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3.2.5. Raman Spectra

The chemical bonds of bio-based polysulfide composites were further investigated by Raman
spectra. Figure 9 shows that Raman spectra of bio-based polysulfide composites prepared with
different amount of fillers were basically the same in 10.0 g CSO + 10.0 g sulfur and 10.0 g CSO + 3.0 g
sulfur system. The broad peaks at ~430 cm−1 and ~465 cm−1 were consistent with various symmetric
and asymmetric stretching modes of S-S bonds. The results were compliance with those of Crockett,
Worthington [14,32] and Mu [52] et al. The peaks of raw material CSO disappeared at ~560 cm−1,
~790 cm−1 and ~1090 cm−1, indicating that CSO was basically involved in inverse vulcanization
reaction. Raman spectra also shows that no new chemical bonds were generated. The added fillers did
not react with raw materials CSO, sulfur, and the products polysulfide composites.
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3.3. Density Regulation of Bio-Based Polysulfide Composite

By adding fillers, elm and cattail, to CSO and sulfur system, density-adjustable bio-based
polysulfide composites can be prepared via inverse vulcanization. The above results of polysulfide
composites showed that the thermal properties and chemical structures of polysulfide composites with
fillers were the same as those without fillers, indicating that no new chemical bonds were generated.
But the surface morphologies of the polysulfide composites were different. Due to the different types
and contents of fillers, the polysulfide composites with different densities were prepared by forming
folds and holes of different sizes on the surface of the composites. These indicated that the added
fillers were not chemically crosslink with CSO, sulfur, and polysulfide composites. The fillers were
embedded in the polysulfide composites in the way of physical filling. Through heating and stirring,
the fillers were dispersed in the reaction system during inverse vulcanization reaction. The fillers
remained in the products when the polysulfide composites formed.

4. Conclusions

Density-adjustable bio-based polysulfide composites were designed and synthesized by inverse
vulcanization of sulfur and CSO. The density regulation of polysulfide composite was achieved by
using bio-based filler elm and cattail. Fillers were embedded in polysulfide composites in the way of
physical filling. The polysulfide composites prepared in this study were tunable in density, so they
have a broad application prospects in oilfield water plugging and profile control, marine oil spill
accident treatment, and heavy metal removal in water bodies, etc. Our work provides an alternative
and promising approach for preparing affordable density-adjustable bio-based polysulfide composites.
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10. Wręczycki, J.; Bieliński, M.D.; Anyszka, R. Sulfur/organic copolymers as curing agents for rubber. Polymers
2018, 10, 870. [CrossRef]

11. Chung, W.J.; Griebel, J.J.; Kim, E.T.; Yoon, H.; Simmonds, A.G.; Ji, H.J.; Dirlam, P.T.; Glass, R.S.; Wie, J.J.;
Nguyen, N.A. The use of elemental sulfur as an alternative feedstock for polymeric materials. Nat. Chem.
2013, 5, 518–524. [CrossRef] [PubMed]

12. Kennedy, S.J.; Wheeler, J.C. Free-radical concentration in doped sulfur. Theory and experiment. J. Phys. Chem.
1983, 87, 3961–3966. [CrossRef]

13. Meyer, B. Elemental sulfur. Chem. Rev. 1976, 76, 367–388. [CrossRef]
14. Crockett, M.P.; Evans, A.M.; Worthington, M.J.H.; Albuquerque, I.S.; Slattery, A.D.; Gibson, C.T.;

Campbell, J.A.; Lewis, D.A.; Bernardes, G.J.L.; Chalker, J.M. Sulfur-limonene polysulfide: A material
synthesized entirely from industrial by-products and its use in removing toxic metals from water and soil.
Angew. Chem. Int. Ed. 2016, 55, 1714–1718. [CrossRef] [PubMed]

15. Zhu, Y.; Romain, C.; Williams, C.K. Sustainable polymers from renewable resources. Nature 2016, 540, 354–362.
[CrossRef]

16. Mutlu, H.; Ceper, E.B.; Li, X.; Yang, J.; Dong, W.; Ozmen, M.M.; Theato, P. Sulfur chemistry in polymer and
materials science. Macromol. Rapid Commun. 2019, 40, 1800650. [CrossRef]

17. Liu, P.; Gardner, J.M.; Kloo, L. Solution processable, cross-linked sulfur polymers as solid electrolytes in
dye-sensitized solar cells. Chem. Commun. 2015, 51, 14660–14662. [CrossRef]

18. Zhuo, S.; Huang, Y.; Liu, C.; Wang, H.; Zhang, B. Sulfur copolymer nanowires with enhanced visible-light
photoresponse. Chem. Commun. 2014, 50, 11208–11210. [CrossRef]

19. Simmonds, A.G.; Griebel, J.J.; Park, J.; Kim, K.R.; Chung, W.J.; Oleshko, V.P.; Kim, J.; Kim, E.T.; Glass, R.S.;
Soles, C.L.; et al. Inverse vulcanization of elemental sulfur to prepare polymeric electrode materials for li–s
batteries. ACS Macro Lett. 2014, 3, 229–232. [CrossRef]

20. Manthiram, A.; Fu, Y.; Su, Y.-S. Challenges and prospects of lithium–sulfur batteries. Acc. Chem. Res. 2013,
46, 1125–1134. [CrossRef]

http://dx.doi.org/10.1007/s11671-008-9140-6
http://dx.doi.org/10.1016/j.jcis.2009.12.004
http://dx.doi.org/10.1007/s41061-019-0242-7
http://dx.doi.org/10.1038/s41467-019-08430-8
http://www.ncbi.nlm.nih.gov/pubmed/30733431
http://dx.doi.org/10.1039/C7GC00014F
http://dx.doi.org/10.1016/j.progpolymsci.2016.04.003
http://dx.doi.org/10.1002/anie.201409468
http://dx.doi.org/10.1002/nadc.20164043825
http://dx.doi.org/10.1002/anie.201604615
http://dx.doi.org/10.3390/polym10080870
http://dx.doi.org/10.1038/nchem.1624
http://www.ncbi.nlm.nih.gov/pubmed/23695634
http://dx.doi.org/10.1021/j100243a033
http://dx.doi.org/10.1021/cr60301a003
http://dx.doi.org/10.1002/anie.201508708
http://www.ncbi.nlm.nih.gov/pubmed/26481099
http://dx.doi.org/10.1038/nature21001
http://dx.doi.org/10.1002/marc.201800650
http://dx.doi.org/10.1039/C5CC04822B
http://dx.doi.org/10.1039/C4CC05574H
http://dx.doi.org/10.1021/mz400649w
http://dx.doi.org/10.1021/ar300179v


Polymers 2020, 12, 2127 14 of 15

21. Griebel, J.J.; Li, G.; Glass, R.S.; Char, K.; Pyun, J. Kilogram scale inverse vulcanization of elemental sulfur to
prepare high capacity polymer electrodes for Li-S batteries. J. Polym. Sci. Polym. Chem. 2015, 53, 173–177.
[CrossRef]

22. Sun, J.; Ma, J.; Fan, J.; Pyun, J.; Geng, J. Rational design of sulfur-containing composites for high-performance
lithium–sulfur batteries. APL Mater. 2019, 7, 020904. [CrossRef]

23. Zhang, Y.; Peng, Y.; Wang, Y.; Li, J.; Li, H.; Zeng, J.; Wang, J.; Hwang, B.J.; Zhao, J. High sulfur-containing
carbon polysulfide polymer as a novel cathode material for lithium-sulfur battery. Sci. Rep. 2017, 7, 11386.
[CrossRef] [PubMed]

24. Bresser, D.; Passerini, S.; Scrosati, B. Recent progress and remaining challenges in sulfur-based lithium
secondary batteries—A review. Chem. Commun. 2013, 49, 10545–10562. [CrossRef] [PubMed]

25. Zhang, Y.; Griebel, J.J.; Dirlam, P.T.; Nguyen, N.A.; Glass, R.S.; Mackay, M.E.; Char, K.; Pyun, J.
Inverse vulcanization of elemental sulfur and styrene for polymeric cathodes in Li-S batteries. J. Polym. Sci.
Polym. Chem. 2017, 55, 107–116. [CrossRef]

26. Oleshko, V.P.; Kim, J.; Schaefer, J.L.; Hudson, S.D.; Soles, C.L.; Simmonds, A.G.; Griebel, J.J.; Glass, R.S.;
Char, K.; Pyun, J. Structural origins of enhanced capacity retention in novel copolymerized sulfur-based
composite cathodes for high-energy density Li–S batteries. MRS Commun. 2015, 5, 353–364. [CrossRef]

27. Griebel, J.J.; Nguyen, N.A.; Astashkin, A.V.; Glass, R.S.; Mackay, M.E.; Char, K.; Pyun, J. Preparation of
dynamic covalent polymers via inverse vulcanization of elemental sulfur. ACS Macro Lett. 2014, 3, 1258–1261.
[CrossRef]

28. Griebel, J.J.; Nguyen, N.A.; Namnabat, S.; Anderson, L.E.; Glass, R.S.; Norwood, R.A.; Mackay, M.E.; Char, K.;
Pyun, J. Dynamic covalent polymers via inverse vulcanization of elemental sulfur for healable infrared
optical materials. ACS Macro Lett. 2015, 4, 862–866. [CrossRef]

29. Kleine, T.S.; Nguyen, N.A.; Anderson, L.E.; Namnabat, S.; LaVilla, E.A.; Showghi, S.A.; Dirlam, P.T.;
Arrington, C.B.; Manchester, M.S.; Schwiegerling, J.; et al. High refractive index copolymers with improved
thermomechanical properties via the inverse vulcanization of sulfur and 1,3,5-Triisopropenylbenzene.
ACS Macro Lett. 2016, 5, 1152–1156. [CrossRef]

30. Griebel, J.J.; Namnabat, S.; Kim, E.T.; Himmelhuber, R.; Moronta, D.H.; Chung, W.J.; Simmonds, A.G.;
Kim, K.-J.; van der Laan, J.; Nguyen, N.A.; et al. New infrared transmitting material via inverse vulcanization
of elemental sulfur to prepare high refractive index polymers. Adv. Mater. 2014, 26, 3014–3018. [CrossRef]

31. Thielke, M.W.B.; Lindsey, A.; Brauer, D. Rapid mercury(ii) removal by electrospun sulfur copolymers.
Polymers 2016, 8, 266. [CrossRef] [PubMed]

32. Worthington, M.J.H.; Kucera, R.L.; Albuquerque, I.S.; Gibson, C.T.; Sibley, A.; Slattery, A.D.; Campbell, J.A.;
Alboaiji, S.F.K.; Muller, K.A.; Young, J.; et al. Laying waste to mercury: Inexpensive sorbents made from
sulfur and recycled cooking oils. Chem. Eur. J. 2017, 23, 16219–16230. [CrossRef] [PubMed]

33. Parker, D.J.; Chong, S.T.; Hasell, T. Sustainable inverse-vulcanised sulfur polymers. RSC Adv. 2018,
8, 27892–27899. [CrossRef]

34. Hasell, T.; Parker, D.J.; Jones, H.A.; McAllister, T.; Howdle, S.M. Porous inverse vulcanised polymers for
mercury capture. Chem. Commun. 2016, 52, 5383–5386. [CrossRef]

35. Parker, D.J.; Jones, H.A.; Petcher, S.; Cervini, L.; Griffin, J.M.; Akhtar, R.; Hasell, T. Low cost and renewable
sulfur-polymers by inverse vulcanisation, and their potential for mercury capture. J. Mater. Chem. A 2017,
5, 11682–11692. [CrossRef]

36. Valle, S.F.; Giroto, A.S.; Klaic, R.; Guimarães, G.G.F.; Ribeiro, C. Sulfur fertilizer based on inverse vulcanization
process with soybean oil. Polym. Degrad. Stab. 2019, 162, 102–105. [CrossRef]

37. Mann, M.; Kruger, J.E.; Andari, F.; McErlean, J.; Gascooke, J.R.; Smith, J.A.; Worthington, M.J.H.;
McKinley, C.C.C.; Campbell, J.A.; Lewis, D.A.; et al. Sulfur polymer composites as controlled-release
fertilisers. Org. Biomol. Chem. 2019, 17, 1929–1936. [CrossRef]

38. Diez, S.; Hoefling, A.; Theato, P.; Pauer, W. Mechanical and electrical properties of sulfur-containing polymeric
materials prepared via inverse vulcanization. Polymers 2017, 9, 59. [CrossRef]

39. Dirlam, P.T.; Simmonds, A.G.; Shallcross, R.C.; Arrington, K.J.; Chung, W.J.; Griebel, J.J.; Hill, L.J.; Glass, R.S.;
Char, K.; Pyun, J. Improving the charge conductance of elemental sulfur via tandem inverse vulcanization
and electropolymerization. ACS Macro Lett. 2015, 4, 111–114. [CrossRef]

40. Salman, M.K.; Karabay, B.; Karabay, L.C.; Cihaner, A. Elemental sulfur-based polymeric materials: Synthesis
and characterization. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

http://dx.doi.org/10.1002/pola.27314
http://dx.doi.org/10.1063/1.5081915
http://dx.doi.org/10.1038/s41598-017-11922-6
http://www.ncbi.nlm.nih.gov/pubmed/28900260
http://dx.doi.org/10.1039/c3cc46131a
http://www.ncbi.nlm.nih.gov/pubmed/24100379
http://dx.doi.org/10.1002/pola.28266
http://dx.doi.org/10.1557/mrc.2015.41
http://dx.doi.org/10.1021/mz500678m
http://dx.doi.org/10.1021/acsmacrolett.5b00502
http://dx.doi.org/10.1021/acsmacrolett.6b00602
http://dx.doi.org/10.1002/adma.201305607
http://dx.doi.org/10.3390/polym8070266
http://www.ncbi.nlm.nih.gov/pubmed/30974544
http://dx.doi.org/10.1002/chem.201702871
http://www.ncbi.nlm.nih.gov/pubmed/28763123
http://dx.doi.org/10.1039/C8RA04446E
http://dx.doi.org/10.1039/C6CC00938G
http://dx.doi.org/10.1039/C6TA09862B
http://dx.doi.org/10.1016/j.polymdegradstab.2019.02.011
http://dx.doi.org/10.1039/C8OB02130A
http://dx.doi.org/10.3390/polym9020059
http://dx.doi.org/10.1021/mz500730s
http://dx.doi.org/10.1002/app.43655


Polymers 2020, 12, 2127 15 of 15

41. Abbasi, A.; Nasef, M.M.; Yahya, W.Z.N. Copolymerization of vegetable oils and bio-based monomers with
elemental sulfur: A new promising route for bio-based polymers. Sustain. Chem. Pharm. 2019, 13, 100158.
[CrossRef]

42. Smith, A.M.; Moxon, S.; Morris, G.A. 13—Biopolymers as wound healing materials. In Wound Healing
Biomaterials; Ågren, M.S., Ed.; Woodhead Publishing: Shaston, UK, 2016; pp. 261–287. [CrossRef]

43. Hoefling, A.; Lee, Y.J.; Theato, P. Sulfur-Based Polymer Composites from Vegetable Oils and Elemental Sulfur:
A Sustainable Active Material for Li–S Batteries. Macromol. Chem. Phys. 2017, 218, 1600303. [CrossRef]

44. Lundquist, N.A.; Worthington, M.J.H.; Adamson, N.; Gibson, C.T.; Johnston, M.R.; Ellis, A.V.; Chalker, J.M.
Polysulfides made from re-purposed waste are sustainable materials for removing iron from water. RSC Adv.
2018, 8, 1232–1236. [CrossRef]

45. Qin, X.; He, Y.; Khan, S.; Zhang, B.; Chen, F.; Dong, D.; Wang, Z.; Zhang, L. Controllable synthesis and
characterization of soybean-oil-based hyperbranched polymers via one-pot method. ACS Sustain. Chem. Eng.
2018, 6, 12865–12871. [CrossRef]

46. Worthington, M.J.H.; Shearer, C.J.; Esdaile, L.J.; Campbell, J.A.; Gibson, C.T.; Legg, S.K.; Yin, Y.;
Lundquist, N.A.; Gascooke, J.R.; Albuquerque, I.S.; et al. Sustainable polysulfides for oil spill remediation:
Repurposing industrial waste for environmental benefit. Adv. Sustain. Syst. 2018, 2, 1800024. [CrossRef]

47. Ahmad, S.; Anwar, F.; Hussain, A.I.; Ashraf, M.; Awan, A.R. Does soil salinity affect yield and composition
of cottonseed oil? J. Am. Oil Chem. Soc. 2007, 84, 845–851. [CrossRef]

48. Rashid, U.; Anwar, F.; Knothe, G. Evaluation of biodiesel obtained from cottonseed oil. Fuel Process. Technol.
2009, 90, 1157–1163. [CrossRef]

49. Gunstone, F.D.; Harwood, J.L.; Dijkstra, A.J. The Lipid Handbook with CD-ROM, 3rd ed.; CRC Press: Boca Raton,
FL, USA, 2007.

50. Mu, B.; Li, W.; Xu, H.; Emanuel, L.; Yang, Y. Salt-free and environment-friendly reactive dyeing of cotton in
cottonseed oil/water system. Cellulose 2019, 26, 6379–6391. [CrossRef]

51. Bear, J.C.; McGettrick, J.D.; Parkin, I.P.; Dunnill, C.W.; Hasell, T. Porous carbons from inverse vulcanised
polymers. Microporous Mesoporous Mater. 2016, 232, 189–195. [CrossRef]

52. Mu, B.; Liu, L.; Li, W.; Yang, Y. High sorption of reactive dyes onto cotton controlled by chemical potential
gradient for reduction of dyeing effluents. J. Environ. Manag. 2019, 239, 271–278. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scp.2019.100158
http://dx.doi.org/10.1016/B978-1-78242-456-7
http://dx.doi.org/10.1002/macp.201600303
http://dx.doi.org/10.1039/C7RA11999B
http://dx.doi.org/10.1021/acssuschemeng.8b02184
http://dx.doi.org/10.1002/adsu.201800024
http://dx.doi.org/10.1007/s11746-007-1115-8
http://dx.doi.org/10.1016/j.fuproc.2009.05.016
http://dx.doi.org/10.1007/s10570-019-02541-7
http://dx.doi.org/10.1016/j.micromeso.2016.06.021
http://dx.doi.org/10.1016/j.jenvman.2019.03.062
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Bio-Based Polysulfide Composite 
	Density and Hardness Determination of Bio-Based Polysulfide Composite 
	Characterizations 

	Results and Discussion 
	Synthesis of Bio-Based Polysulfide Composite 
	Characterization 
	SEM and EDX 
	Elemental Analysis 
	DSC 
	FT-IR 
	Raman Spectra 

	Density Regulation of Bio-Based Polysulfide Composite 

	Conclusions 
	References

