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Abstract 

Inverse vulcanization reaction is a copolymerization process that involves the interaction of elemental sulfur with alkenes at 

high temperatures to yield highly distinctive materials having high percentage content of sulfur. In this study, new polymeric 

sulfur compounds were synthesized via inverse vulcanization reaction in which elemental sulfur interacts with two different 

types of materials including thermoplastic polymers like amorphous Poly Alfa-Olefin (APAO) copolymer, and Ethylene-

vinyl-acetate copolymer (EVA), while the second kind was thermoplastic rubber like styrene-butadiene-styrene copolymer 

(SBS), and rubber waste from MAC Carpet. The reaction occurred at 180 oC in the presence of bitumen as dissolving media. 

The polymeric sulfur products were chemically characterized by FTIR and XRD. Changes in the morphology of surfaces were 

examined by SEM. Thermal stability was also examined through DSC and TGA. Finally, dynamic mechanical properties 

were investigated using DMA. The result approved that all prepared polymeric sulfur have high stiffness, and the polymeric 

sulfur based on alfa olefin, and SBS have higher storage modulus than EVA, and Mac waste materials. Also, glass transition 

temperatures Tg of prepared polymerics sulfur were around 58 °C to 63 °C that confirms their high thermal resistance. 

Consequently selected synthesized materials succeeded as good elasticators for sulfur polymerization.   
Keywords: styrene-butadiene-styrene, olefins, Industrial waste materials, inverse vulcanization, Polymeric sulfur 
 

1. Introduction 

Nowadays sulfur is produced with megatons as 

byproducts from oil and gas refinery processes 

through the removal of poisonous and corrosive 

hydrogen sulfide and carbon dioxide gases to prevent 

the pollution of the environment and corrosion of the 

metals [1]. This process leads to the availability of 

sulfur in large quantities with the anniversary overall 

production that ranged about 70 Mm3 ton which 

makes it one of the cheapest materials on Earth [2]. 

The sulfur element is mainly employed for producing 

sulfuric acid, cosmetics, fertilizers, and crosslinking 

agents for rubbers. However, these applications are 

considered limited due to the huge surplus of the 

sulfur element, which sometimes reaches mega tons 

per year [3]. Furthermore, for almost a century, 

polymeric sulfur and polymers containing sulfur have 

attracted scientific interest. However, obstacles in the 

chemistry of elemental sulfur have made it difficult 

to produce sulfur-based polymeric compounds in 

substantial quantities. In the end, the straightforward 

production of distinctive polymers and composites 

directly from elemental sulfur offers an alluring new 

avenue in chemistry, the science of materials, and 

chemical engineering to produce inventive materials 

from an unusual chemical source. Incorporating a 

high content of S-S bonds into polymers provides 

beneficial features to substances since these groups 

are redox active, strongly polarizable, and display 

dynamic covalent nature [4]. It is well known that the 

vulcanizing process is one of the most important 

dependent reactions in the world of rubber 

manufacturing, which depends on the reaction of the 

double bond in polymer units with a little sulfur 

content at high temperatures that were found out by 

Charles Goodyear since 1844 as illustrated in 

Scheme (1a) [5]. This reaction yields the most 

famous cross-linked rubbers in our life now, where 
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most car tires are made. However, they introduced a 

mechanism of inverse vulcanization referring to the 

method at which the high content of sulfur is cross-

linked by certain olefins in contrast to the usual 

vulcanization process as shown in Scheme 1(b). This 

approach was demonstrated in 2013. This mechanism 

can be able to obtain various polymers with high 

content of sulfur from various olefins to be applied 

for different industries [6–8]. Several research efforts 

were carried out for using S8 to prepare 

thermoplastic polymeric sulfur with high content of 

sulfur [9–11]. The mechanism of these attempts was 

depending on the ring-opening polymerization (ROP) 

reaction [12–14]. Where at temperatures higher than 

159 °C, S8 of octameric ring S8 is opened and 

diradicals are generated which attack another one of 

S8 molecules and so on until the S-S bond backbone 

of linear polymer is obtained [15]. Unfortunately, the 

prepared polymers in this way are not stable because 

the terminal free radicals orient themselves to a 

cyclic sulfur form and depolymerization is done [16]. 

So, the free radicals must be blocked to stabilize the 

polymeric sulfur through the reaction with certain 

dienes. Many dienes can be utilized for this process, 

including; synthetic dienes such as styrene [17], 1,4-

diphenyl-butadiene [18], 1,3-di-isopropenyl-benzene 

(DIB)[19], 1,3,5-tri-isopropenyl-benzene [20], 

methylated styrene [21], fractional distillates of C5 

[22, 23], natural di-enes as cardinol benzox-azines 

[24], limon-ene [25], myrc-ene [13],  the oil of canola 

[26], epoxy resin [27], terpenoids, triglycerides, fatty 

acids, sorbitan esters, amino acid derivatives, and 

guaiacol derivatives. 

 

 
Scheme 1: (a) vulcanization and (b) inverse 

vulcanization processes [28]. 

 

In this manuscript, two types of material including 

aliphatic thermoplastic polymers such as (Ethylene-

vinyl acetate-copolymer (EVA), Amorphous poly 

alfa-olefin (APAO) copolymer), and aromatic 

thermoplastic rubber-like (styrene-butadiene-styrene 

copolymer (SBS), and styrene rubber waste from 

industrial MAC Carpet company that were examined 

as plasticizing agents (elasticators) for elemental 

sulfur. Polymeric sulfur is chemically characterized 

by FTIR and XRD. Also, the surface morphology 

was scanned with SEM. Moreover, thermal stability 

was examined through DSC and TGA.  Finally, the 

dynamic mechanical characteristics of prepared 

polymers were studied using DMA. 

 

2. Materials and Methodology 

2.1. Materials:  

Sulfur element, Styrene butadiene styrene (SBS) 

copolymer purchased from KIMIA, amorphous poly 

alfa-olefin (APAO) copolymer Evonic industries. 

Germany, Tertiary amine, Ethylene Vinyl Acetate 

(EVA) copolymer purchased from Exxon-Mobil, and 

rubber waste from MAC Carpet Co.  

 

2.2. Methods of preparation 

Different high sulfur content polymers were 

prepared with different copolymers including; SBS, 

amorphous alfa olefin, EVA, and MAC residue. 

Firstly; 10 gm from each olefinic copolymer were 

individually dissolved in bitumen at 180 oC which 

acts as dissolving media then 100gm of sulfur was 

added dropwise for each mixture, with continuous 

stirring for 2 hrs. The prepared polymeric sulfurs 

were allowed to cool at ambient temperatures. The 

general strategy for inverse vulcanization in this 

study is the direct dissolution of olefinic monomers 

into asphalt at 180 oC followed by heating the molten 

state liquid sulfur above the floor temperature (Tf 

=159 oC) for the ring opening polymerization (ROP) 

of S8, which enabled free-radical copolymerization to 

take place without the need for additional initiators or 

organic solvents at 180 oC.  

 

2.2.1 Copolymerization conditions and 

requirements  
For the preparation of polymeric sulfur 

copolymers via inverse vulcanization, the 

copolymerization of different feedstock olefinic 

copolymers in liquid sulfur was conducted at 180 oC 

to promote efficient ROP of S8 and afford chemically 

stable copolymers that did not readily depolymerize 

(Scheme 2). Bulk copolymerization in liquid sulfur at 

180 oC was conducted to ensure a sufficiently high 

concentration of sulfur diradicals generated from 

homolytic cleavage of S8 to promote the efficient 

initiation of the polymerization, as well as efficient 

propagation to S8 sulfur diradicals. 

 

2.3 Evaluation of polymeric sulfur  

The high-content polymeric sulfur was chemically 

evaluated via different techniques including: - FTIR 

(Fourier Transform Infrared Spectroscopy) using 
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NICOLETIS-10 (Thermo Fisher Scientific). Sulfur 

element and modified sulfur were taken as thin film 

and mixed with  KBr powder to make the pellets for 

IR analysis, X-ray diffractometer (XRD) based on a 

Brucker D8 advanced X-ray diffractogram with Ni 

filter, Cu-Kα radiation (λ=1.542 Å) at 40 KV, 30 mA 

and the speed of scanning is 0.02º / S, The 

morphology was scanned using Scanning electron 

microscope SEM Model ZEISS (EVO10) with 500X 

magnification power, and 20 kv of electron high 

tension (EHT)  which is used for characterizing the 

microstructure and the morphology of polymeric 

sulfur, Thermal properties were evaluated using DSC 

and TGA through Universal TA instrument. (Perkin 

ElmercDSC7), Dynamic mechanical characteristics 

were examined by a micro-scale technique using 

TTDMA (Triton Technology)- according to (ASTM 

4065, ASTM 4440, and ASTM 5279).  

 

 
Scheme 2. The preparation of different types of 

high content polymeric sulfur copolymers by 

reaction of elemental sulfur with different kinds of 

an olefinic compounds such as (Styrene butadiene 

styrene (SBS), amorphous poly alfa-olefin 

(APAO), Ethylene Vinyl Acetate (EVA), (MAC 

residue) using one-pot inverse vulcanization 

 

 

3. Results and Discussion  

3.1 Structure elucidation of the prepared 

compounds 

The chemical reaction between bitumen and sulfur 

can be classified into three kinds. Primary kind, 

sulfur dissolved into different segments of bitumen 

thus resulting in a solution. Another kind, sulfur 

interacts with bitumen and substitutes hydrogen to 

form hydrogen sulfide. The last kind, sulfur 

crystallizes into micrometer-sized structures that 

perform as filler elements and residues in suspension 

form [29]. Bitumen can absorb as much as twenty 

percent (by weight of binder) or greater sulfur into its 

liquid form at representative mixing temperatures 

[30]. Sulfur performs as a binder and forms 

polysulfide at temperatures higher than 160oC. The 

creation of polysulfide is important for cross-linking 

the bitumen with the organic molecules. In other 

words, sulfur chains (with hydrogen or alkyl group) 

perform as the linker between adjacent organic 

molecule chains, thereby bringing stiffness and 

strength. Bitumen's variable character and 

composition allow for varying levels of sulfur 

solubility. When the media is returned to room 

temperature, some of the dissolved sulfur may re-

crystallize. Noted that additional mixing can avoid 

such re-crystallization [31]. 

 

3.1.1. FTIR Explanation 

The initial formation of polymeric sulfur has been 

characterized by FT-IR spectra which depict the clear 

interaction of SBS, amorphous alfa olefin, EVA, and 

MAC olefinic with elemental sulfur. Figures 1(from 

A to D) illustrate FTIR curves for all polymeric sulfur 

and their corresponding elasticators, where Figure 

1(A) represented the FTIR of pure EVA and its 

corresponding polymer (modified EVA), but Figure 

1(B) displayed the FTIR of pure SBS and its 

corresponded polymer (modified SBS), while Figure 

1(C) exposed FTIR of Pure MAC olefinic residue 

and its corresponded polymer (modified MAC 

olefinic residue), and Figure 1(D) showed FTIR of 

pure amorphous alfa olefin and its corresponded 

polymer (modified alfa olefin). By studying all 

curves, it was noticed the vanish of signals at 3040, 

3010, and 1650 cm-1, corresponded to the symmetric 

and symmetric stretching vibrations of C=C-H and 

stretching vibration of C=C respectively [32] which 

confirmed that the olefin moieties had been 

consumed in the reaction, as considered by loss of the 

olefinic C-H bending at 920 cm−1, in addition to the 

appearance of a new peak at 966 cm-1 which 

corresponded to C-S bond vibration which resulted 

from free radical polymerization. Also, The lowering 

in peak intensity of the signal at 700 cm-1, which is 

correlating to the C-H bending of cis di-substituted 

alkene [12], which considered as another proof of the 

polymerization reaction 
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Figure (1) FTIR of elemental sulfur and polymeric 

sulfur based on different modifying agents 

 

3.1.2. XRD Explanations 

The copolymers produced from the inverse 

vulcanization process possess a natural amorphous 

structure with popular of them having cross-linked 

buildings and crystals of unreacted sulfur entrenched 

dependent on the content of sulfur and conditions of 

the vulcanization reaction [33]. The construction of 

the inverse vulcanized copolymer and the variation in 

the crystallite structure of pure sulfur before and after 

the vulcanization process were examined by X-ray 

diffraction. A representative example of pure sulfur 

compared with prepared polymeric sulfur (amorphous 

poly alfa-olefin (APAO), EVA modified, modified 

MAC olefinic residue, and modified styrene butadiene 

styrene) was presented in Figure 2. It was observed the 

Sulfur is crystalline; it showed sharp peaks at 

andJCPSD

 [34, 35]. On contrary, the XRD pattern of the 

inverse vulcanized copolymer showed no crystalline 

peaks in other words the peaks of diffraction 

disappeared due to polymer formation [9].  
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 Figure (2) XRD of elemental sulfur and polymeric 

sulfur based on different modifying agents 

3.1.3. Morphological study  

The surface morphology of the sulfur before and 

after the vulcanization process with different olefinic 

compounds (amorphous poly alfa-olefin (APAO), 

EVA, MAC olefinic residue, and styrene butadiene 

styrene) was analyzed by scanning electron 

microscopy (SEM) Figure 3(a-d)   

The surface morphology of pure sulfur is 

presented in Figure 3a. Showed particles with 

irregular shapes and it was noticed that the presence 

of high numbers of pores formed in the surface of 
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pure sulfur due to β- to α- a transition which led to 

crack propagation in the surface.  

 
Figure (3) SEM micrograph of Sulfur (a) and 

prepared polymeric sulfur (b,c,d) 

On the other side, the surface of polymeric sulfur 

Figure 3(c-d) showed smooth surfaces with the 

absence of phase separation and crystals because 

during inverse vulcanization reaction, cross-linking 

destroyed the crystalline arrangements of sulfur and it 

turned into a uniform amorphous polymer [37], 

which indicates the successful conversion of the 

crystalline sulfur to amorphous copolymers. The 

results reveal graphically how the polymer controls 

the crystallization of sulfur, preventing the growth of 

macro crystals, and thereby imparting durability. This 

result was compatible with the XRD data. 

3.2 Thermal studies 

3.2.1. DSC analysis  

In general, there are numerous crystalline types of 

elemental sulfur. From 116°C to 160°C as a liquid, 

Sulfur's structural form can be divided into two 

general groups. The first type was intra-molecular 

allotropes, in which sulfur atoms create molecules 

through chemical bonds. While the second kind is 

inter-molecular allotropes where lattice structures 

form through the arrangement of molecules [38]. 

Sulfur can create both rings and chains, giving rise to 

a wide variety of intra-molecular allotrope 

combinations. Sulfur exists in two prevalent solid 

allotropes: orthorhombic (α) and monoclinic (β) [39]. 

These sulfur allotropes are made up of cyclic units 

with eight sulfur elements. The most prevalent and 

anisotropic form of sulfur is orthorhombic. 

Orthorhombic, (Sα) was stable at temperatures up to 

95oC, While monoclinic (Sβ) is stable at temperatures 

ranging from 95oC to 120oC (melting point) [40]. 

However, it is crucial to remember that if the 

monoclinic sulfur form was quenched to a solid form 

at room temperature, it is probable to revert to its α 

form [41]. It is known that for pure sulfur, Sα→Sβ 

transition occurs at 105 °C, however, Sβ→Sγ 

transition occurs at 122 °C. The thermal properties of 

sulfur-based polymers were investigated using DSC. 

As shown in Figure 4, the DSC thermo-gram of the 

elemental sulfur was utilized as a control sample 

which displays two melting peaks at 109 o C 

comparable to the melting transitions from the 

orthorhombic, and 119oC identical to melting 

transitions from monoclinic phases [42]. While the 

DSC thermo-grams of the inverse vulcanized 

copolymers showed a significant decrease in the 

height of the peaks compared with the corresponding 

one in pure sulfur and no melting peaks could be 

detected which demonstrates these copolymers are 

amorphous [33]. The DSC curves exposed that 
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mentioned elasticators have effectively prevented α 

→ β transformation process which is responsible for 

sulfur depolymerization which is responsible for 

crack formation. Similar findings were observed from 

XRD analysis and scanning electron microscopy 

(SEM). 
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Figure (4) DSC of pure and polymeric sulfur based 

on different modifying agents 

3.2.2. TGA Analysis 

Figure 9 shows the TGA curves for the sulfur 

element and prepared polymeric sulfur. All samples 

started to decompose at around 250 °C. Also, it is 

noticed that pure sulfur is completely decomposed at 

approximately 300 °C, with a weight loss of around 

95%. However, other prepared polymeric sulfur was 

completely decomposed at around 500 °C, with 

weight loss ranging from 60 to 80 %. However, the 

thermal stability and decomposition tendency 

changed when sulfur was incorporated into a bulk 

copolymerization process with olefinic compounds. 

In this case, the inverted vulcanized copolymer 

decomposes in three stages, the first of which begins 

at about around 210 oC released SO2 gas due to sulfur 

degradation [43]. The weight loss in the first step 

increased with an increase in the sulfur content in the 

copolymers [44]. While the second decomposition 

step was due to the decomposition of the organic 

content of the copolymer which starts decomposing 

at temperatures ranging from (250 to 300oC) 

depending on the type of co-monomer this step 

corresponds with releasing CO and CO2
 [3, 45]. The 

third step occurred at a temperature above 300 oC 

accompanied by released traces of CO and CO2 

beside SO2 from the sulfur that is directly bonded to 

C-atoms [46]. By making a comparison, it is 

concluded that the inverse vulcanized copolymer is 

more thermally stable than sulfur, with an important 

portion of mass residual after heating to 500 oC, 

indicating the creation of polymeric material. 

Additionally to this, the polymeric sulfur based on 

EVA, SBS, and Mac waste is the most thermally 

stable prepared polymers.  
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Figure (5) TGA of pure and polymeric sulfur based 

on different modifying agents 

3.2.2. Dynamic Mechanical characteristics (DMA) 

The variety of inverted vulcanized copolymer 

structures makes it difficult to characterize these 

copolymers. Since the copolymers produced by the 

reaction of sulfur and olefinic compounds take the 

form of thermosets with highly cross-linked 

structures, it is impossible to assess their rheological 

properties using rheometers, which needs re-melting 

of the copolymer [47]. DMA can be an effective 

substitute method provided that the standard 

protocols are followed. They involve first creating 

the pre-polymer, then molding it, and curing process 

it at the same creation temperature [48].  As well as, 

the DMA unlike the DSC thermogram which was 

established to be more sensitive and is valuable in 

determining the transition between the glassy states 

to rubbery states Tg of such copolymers, So, it is 

greatly recommended to use DMA as a main 

characterization method for these copolymers [28, 

49]. Figure (6) and Figure (7) represent the study of 
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storage modulus and damping coefficient (tan δ) 

respectively using DMA is useful in determining the 

performance of the preparation of polymeric sulfur 

based on EVA, SBS, alfa olefin, and Mac waste 

residue under the stress at a temperature range 

between 20 to 100 OC. It is observed in Figure (6) 

that polymeric sulfur based on EVA, alfa olefin, and 

SBS have outstanding improvements in strength 

modulus than Mac waste residue, this can be 

attributed to the higher proportion of organic material 

in the polymeric sulfur based on EVA, alfa olefin, 

and SBS, which contains more double bonds and can 

stabilize the chains of sulfur crosslinking the 

material, the storage modulus rises as the weight  

percentage of sulfur in the composites declines [39, 

42]. Although the increase in the cross-linking 

resultant of the existence of additional double bonds 

in Mac wastes residue molecule, the close nearness of 

cross-linkable sites leads to encouraging the intra-

molecular cross-linking-based formation of some 

cyclic structures. Such intra-molecular crosslinks 

would increase the overall strength of the materials 

[7, 50]. As a result, Mac waste residue possesses a 

lower value of storage modulus. Also, the glass 

transition temperature (Tg) can be measured from the 

temperature corresponding to the highest peak for tan 

δ curves shown in Figure (7). It was observed that 

the Tg of the prepared polymeric sulfur ranged from 

58.4°C (alfa olefin) to 63.6°C (EVA). This confirms 

the high thermal resistance of polymeric sulfur 

samples, which is in agreement with the thermal 

study previously mentioned in section (3.2.2). 
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 Figure (6) Modulus of polymeric sulfur based on 

EVA, SBS, alfa olefin, and Mac waste residue 
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Figure (7) Tan delta of polymeric sulfur based on 

EVA, SBS, alfa olefin, and Mac waste residue 

4-Conclusion 

In this study, two types of materials were used as 

elasticators for sulfur polymerization including 

thermoplastic polymers (such as EVA, and APAO), 

and thermoplastic rubber (such as SBS, and rubber 

waste from the industrial MAC carpet). The inverse 

vulcanization process was chemically confirmed by 

FTIR spectra which approved the occurrence of a 

free radical polymerization reaction. The 

crystallographic structure was studied by an XRD 

spectrophotometer that showed a complete difference 

between diffraction peaks for pure sulfur and 

prepared polymeric sulfur. The scanning microscope 

showed an obvious distinction between the surface 

morphology of sulfur and prepared polymeric sulfur. 

The scanned surface for polymeric sulfur showed one 

phase surface with no pores that enable crack 

propagation. Differential scanning calorimetry study 

confirmed the reaction of the elasticators with sulfur 

able to prevent α → β transformation process which 

is responsible for sulfur depolymerization and 

followed by cracks formation. Also, a thermal 

gravimetric study conclude that polymeric sulfur 

based on EVA, SBS, and MAC waste rubber showed 

high thermal stability than polymeric sulfur based on 

APAO. Finally, the prepared polymeric sulfurs were 

exposed to a temperature sweep from 20 °C to 100 

°C to study their dynamic mechanical properties 

including storage modulus and damping co-efficient 
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tan delta. The results confirmed that polymeric sulfur 

based on APAO, and SBS gave higher stiffness than 

EVA and MAC waste rubber. Also, glass transition 

temperatures Tg were around 58 °C to 63 °C that 

confirms their high thermal resistance.   

4. Acknowledgment 

This work is funded by STDF YRG/STDF Youth 

Program Grant No. (ID 43226), and the authors would 

like to acknowledge Deanship of Scientific Research, 

Taif University for participating in this work. As well 

as the authors would like to thank Egyptian Petroleum 

Research Institute (EPRI). 

5. Declarations 

The authors of the manuscripts confirm that there is no 

conflict of interest between this study with other 

studies 

6. Data Availability Statement 

All data and materials are included in the manuscript 

7. References 

1. Griebel JJ, Glass RS, Char K, Pyun J (2016) 

Polymerizations with elemental sulfur: A novel 

route to high sulfur content polymers for 

sustainability, energy and defense. P,orog Polym 

Sci 58:90–125. 

https://doi.org/https://doi.org/10.1016/j.progpolyms

ci.2016.04.003 

2. Gomez I, Leonet O, Blazquez JA, Mecerreyes D 

(2016) Inverse Vulcanization of Sulfur using 

Natural Dienes as Sustainable Materials for 

Lithium–Sulfur Batteries. ChemSusChem 9:3419–

3425. https://doi.org/10.1002/cssc.201601474 

3. WJ, Griebel JJ, Kim ET, et al (2013) The use of 

elemental sulfur as an alternative feedstock for 

polymeric materials. Nat Chem 5:518–524. 

https://doi.org/10.1038/nchem.1624 

4. Lopez C V., Maladeniya CP, Smith RC (2020) 

Lithium-Sulfur Batteries: Advances and Trends. 

Electrochem 1:226–259. 

https://doi.org/10.3390/electrochem1030016 

5. Goodyear C (1844) Improvement in India-Rubber 

Fabrics. United States Pat Off 2 

6. Karunarathna MS, Lauer MK, Tennyson AG, 

Smith RC (2020) Copolymerization of an aryl 

halide and elemental sulfur as a route to high sulfur 

content materials. Polym Chem 11:1621–1628. 

https://doi.org/10.1039/c9py01706b 

7. Thiounn T, Lauer MK, Bedford MS, et al (2018) 

Thermally-healable network solids of sulfur-

crosslinked poly(4-allyloxystyrene). RSC Adv 

8:39074–39082. 

https://doi.org/10.1039/c8ra06847j 

8. Chalker JM, Worthington MJH, Lundquist NA, 

Esdaile LJ (2019) Synthesis and Applications of 

Polymers Made by Inverse Vulcanization. Top 

Curr Chem 377:1–27. 

https://doi.org/10.1007/s41061-019-0242-7 

9. Wadi VS, Jena KK, Khawaja SZ, et al (2019) 

Preparation and processing of porous sulfur foams 

having low thermal conductivity. RSC Adv 

9:4397–4403. 

https://doi.org/10.1039/C8RA09127G 

10. Abraham AM, Kumar SV, Alhassan SM (2018) 

Porous sulphur copolymer for gas-phase mercury 

removal and thermal insulation. Chem Eng J 

332:1–7. 

https://doi.org/https://doi.org/10.1016/j.cej.2017.09

.069 

11. Zhang B, Petcher S, Hasell T (2019) A ternary 

system for delayed curing inverse vulcanisation. 

Chem Commun 55:10681–10684. 

https://doi.org/10.1039/c9cc04380b 

12. Zhang B, Gao H, Yan P, et al (2020) Inverse 

vulcanization below the melting point of sulfur. 

Mater Chem Front 4:669–675. 

https://doi.org/10.1039/c9qm00606k 

13. Wu X, Smith JA, Petcher S, et al (2019) Catalytic 

inverse vulcanization. Nat Commun 10:647. 

https://doi.org/10.1038/s41467-019-08430-8 

14. Tonkin SJ, Gibson CT, Campbell JA, et al (2020) 

Chemically induced repair, adhesion, and recycling 

of polymers made by inverse vulcanization. Chem 

Sci11:5537–5546. 

https://doi.org/10.1039/d0sc00855a 

15. Lundquist NA, Tikoalu AD, Worthington MJH, 

et al (2020) Reactive Compression Molding Post-

Inverse Vulcanization: A Method to Assemble, 

Recycle, and Repurpose Sulfur Polymers and 

Composites. Chem - A Eur J 26:10035–10044. 

https://doi.org/10.1002/chem.202001841 

16. Thiounn T, Karunarathna MS, Slann LM, et al 

(2020) Sequential crosslinking for mechanical 

property development in high sulfur content 

composites. J Polym Sci 58:2943–2950. 

https://doi.org/10.1002/pol.20200521 

17. Zhang Y, Griebel JJ, Dirlam PT, et al (2017) 

Inverse vulcanization of elemental sulfur and 

styrene for polymeric cathodes in Li-S batteries. J 

Polym Sci Part A Polym Chem 55:107–116. 

https://doi.org/10.1002/pola.28266 

18. Dirlam PT, Simmonds AG, Kleine TS, et al 

(2015) Inverse vulcanization of elemental sulfur 

with 1,4-diphenylbutadiyne for cathode materials 

in Li-S batteries. RSC Adv 5:24718–24722. 

https://doi.org/10.1039/c5ra01188d 

19. Worthington MJH, Kucera RL, Chalker JM 

(2017) Green chemistry and polymers made from 



 AN EFFICIENT RING-OPENING COPOLYMERIZATION OF ELEMENTAL SULFUR WITH VARIOUS ....  .. 
_________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. SI 13 (2023) 

 

1975 

sulfur. Green Chem 19:2748–2761. 

https://doi.org/10.1039/c7gc00014f 

20. Kleine TS, Nguyen NA, Anderson LE, et al 

(2016) High Refractive Index Copolymers with 

Improved Thermomechanical Properties via the 

Inverse Vulcanization of Sulfur and 1,3,5-

Triisopropenylbenzene. ACS Macro Lett 5:1152–

1156. 

https://doi.org/10.1021/acsmacrolett.6b00602 

21.Martin TR, Mazzio KA, Hillhouse HW, 

Luscombe CK (2015) Sulfur copolymer for the 

direct synthesis of ligand-free CdS nanoparticles. 

Chem Commun 51:11244–11247. 

https://doi.org/10.1039/c5cc03587b 

22. Souaya ER, Elkholy SA, El-Rahman AMMA, et 

al (2015) Partial substitution of asphalt pavement 

with modified sulfur. Egypt J Pet 24:483–491. 

https://doi.org/10.1016/j.ejpe.2015.06.003 

23. Elkholy  s. A, El-Rahman AMM, El-Shafie M, 

Abo-Shanab ZL (2018) Physical and Rheological 

Properties of Modified Sulfur Asphalt Binder. Int J 

Pavement Res Technol. 

https://doi.org/10.1016/j.ijprt.2018.07.005 

24. Shukla S, Ghosh A, Roy PK, et al (2016) 

Cardanol benzoxazines – A sustainable linker for 

elemental sulphur based copolymers via inverse 

vulcanisation. Polymer (Guildf) 99:349–357. 

https://doi.org/https://doi.org/10.1016/j.polymer.20

16.07.037 

25. Crockett MP, Evans AM, Worthington MJH, et al 

(2016) Sulfur-Limonene Polysulfide: A Material 

Synthesized Entirely from Industrial By-Products 

and Its Use in Removing Toxic Metals from Water 

and Soil. Angew Chemie - Int Ed 55:1714–1718. 

https://doi.org/10.1002/anie.201508708 

26. Stojcevski F, Stanfield MK, Hayne DJ, et al 

(2022) Inverse Vulcanisation of canola oil as a 

route to recyclable chopped carbon fibre 

composites. Sustain Mater Technol 32:e00400. 

https://doi.org/https://doi.org/10.1016/j.susmat.202

2.e00400 

27. Eldesouki M, Abo-Shanab ZL, El-Shafie M, et al 

(2022) Fabrication and evaluation of novel 

sulfur/epoxy resin composites. Polym Bull. 

https://doi.org/10.1007/s00289-022-04641-0 

28. Smith AD, McMillen CD, Smith RC, Tennyson 

AG (2020) Copolymers by Inverse Vulcanization 

of Sulfur with Pure or Technical-Grade 

Unsaturated Fatty Acids. J Polym Sci 58:438–445. 

https://doi.org/10.1002/pol.20190138 

29. Sakib N, Bhasin A, Islam MK, et al (2021) A 

review of the evolution of technologies to use 

sulphur as a pavement construction material. Int J 

Pavement Eng 22:392–403. 

https://doi.org/10.1080/10298436.2019.1612064 

30. KENNEPOHL GJ, MILLER LJ (1978) Sulfur-

Asphalt Binder Technology for Pavements. In: 

New Uses of Sulfur—II. AMERICAN 

CHEMICAL SOCIETY, pp 113-134 SE–7 

31. Gawel I (2000) Chapter 19 Sulphur-Modified 

Asphalts. In: Yen TF, Chilingarian GVBT-D in PS 

(eds) Asphaltenes and Asphalts, 2. Elsevier, pp 

515–535 

32. Parker DJ, Jones HA, Petcher S, et al (2017) Low 

cost and renewable sulfur-polymers by inverse 

vulcanisation, and their potential for mercury 

capture. J Mater Chem A 5:11682–11692. 

https://doi.org/10.1039/c6ta09862b 

33. Ghumman ASM, Nasef MM, Shamsuddin MR, 

Abbasi A (2021) Evaluation of properties of sulfur-

based polymers obtained by inverse vulcanization: 

Techniques and challenges. Polym Polym Compos 

29:1333–1352. 

https://doi.org/10.1177/0967391120954072 

34. Omeir MY, Wadi VS, Alhassan SM (2020) 

Inverse vulcanized sulfur–cycloalkene copolymers: 

Effect of ring size and unsaturation on thermal 

properties. Mater Lett 259:126887. 

https://doi.org/https://doi.org/10.1016/j.matlet.2019

.126887 

35. Ryu HS, Park JW, Park J, et al (2013) High 

capacity cathode materials for Li-S batteries. J 

Mater Chem A 1:1573–1578. 

https://doi.org/10.1039/c2ta00056c 

36. Hoefling A, Lee YJ, Theato P (2017) Sulfur-

Based Polymer Composites from Vegetable Oils 

and Elemental Sulfur: A Sustainable Active 

Material for Li–S Batteries. Macromol Chem Phys 

218:18–21. 

https://doi.org/10.1002/macp.201600303 

37. Diez S, Hoefling A, Theato P, Pauer W (2017) 

Mechanical and electrical properties of sulfur-

containing polymeric materials prepared via 

inverse vulcanization. Polymers (Basel) 9:1–16. 

https://doi.org/10.3390/polym9020059 

38. Ragab AA, Farag RK, Kandil UF, et al (2016) 

Thermo-mechanical properties improvement of 

asphalt binder by using 

methylmethacrylate/ethylene glycol 

dimethacrylate. Egypt J Pet 25:397–407. 

https://doi.org/https://doi.org/10.1016/j.ejpe.2015.0

9.001 

39. Allahverdi A, Ehsani M, Janpour H, Ahmadi S 

(2012) The effect of nanosilica on mechanical, 

thermal and morphological properties of epoxy 

coating. Prog Org Coatings 75:543–548. 

https://doi.org/https://doi.org/10.1016/j.porgcoat.20

12.05.013 

40. John G, Nagarajan S, Vemula PK, et al (2019) 

Natural monomers: A mine for functional and 

sustainable materials – Occurrence, chemical 



 Zeniab Aboshanab et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. SI 13 (2023) 

 

 

1976 

modification and polymerization. Prog Polym Sci 

92:158–209. 

https://doi.org/https://doi.org/10.1016/j.progpolyms

ci.2019.02.008 

41. Valle SF, Giroto AS, Klaic R, et al (2019) 

Polymerizations with Elemental Sulfur: From 

Petroleum Refining to Polymeric Materials. Polym 

Degrad Stab 162:102–105. 

https://doi.org/https://doi.org/10.1016/j.polymdegra

dstab.2019.02.011 

42. Stojanovic D, Orlovic A, Markovic S, et al (2009) 

Nanosilica/PMMA composites obtained by the 

modification of silica nanoparticles in a 

supercritical carbon dioxide-ethanol mixture. J 

Mater Sci 44:6223–6232. 

https://doi.org/10.1007/s10853-009-3842-8 

43. Sun Z, Xiao M, Wang S, et al (2014) Sulfur-rich 

polymeric materials with semi-interpenetrating 

network structure as a novel lithium-sulfur 

cathode. J Mater Chem A 2:9280–9286. 

https://doi.org/10.1039/c4ta00779d 

44. Dirlam PT, Simmonds AG, Shallcross RC, et al 

(2015) Improving the Charge Conductance of 

Elemental Sulfur via Tandem Inverse 

Vulcanization and Electropolymerization. ACS 

Macro Lett 4:111–114. 

https://doi.org/10.1021/mz500730s 

45. Thielke MW, Bultema LA, Brauer DD, et al 

(2016) Rapid Mercury(II) Removal by Electrospun 

Sulfur Copolymers. Polymers (Basel) 8:. 

https://doi.org/10.3390/polym8070266 

46. Lundquist NA, Worthington MJH, Adamson N, 

et al (2018) Polysulfides made from re-purposed 

waste are sustainable materials for removing iron 

from water. RSC Adv 8:1232–1236. 

https://doi.org/10.1039/c7ra11999b 

47. Sun P, Liu G, Lv D, et al (2016) Simultaneous 

improvement in strength, toughness, and thermal 

stability of epoxy/halloysite nanotubes composites 

by interfacial modification. J Appl Polym Sci 

133:1–9. https://doi.org/10.1002/app.43249 

48. Lauer MK, Estrada-Mendoza TA, McMillen CD, 

et al (2019) Durable Cellulose–Sulfur Composites 

Derived from Agricultural and Petrochemical 

Waste. Adv Sustain Syst 3:1–6. 

https://doi.org/10.1002/adsu.201900062 

49. Karunarathna MS, Lauer MK, Thiounn T, et al 

(2019) Valorisation of waste to yield recyclable 

composites of elemental sulfur and lignin. J Mater 

Chem A 7:15683–15690. 

https://doi.org/10.1039/c9ta03222c 

50. Thiounn T, Tennyson AG, Smith RC (2019) 

Durable, acid-resistant copolymers from industrial 

by-product sulfur and microbially-produced 

tyrosine. RSC Adv 9:31460–31465. 

https://doi.org/10.1039/c9ra06213k 

 


