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Abstract 

Metal parts of endoprosthesis have a detrimental effect on the bones that come into contact 

with them and on the entire body of the patient. Coating them with biocompatible layers 

(hydroxyapatite and bioglass) has not yet brought about permanent results. In this study, the 

author showed the possibility of using a binder containing sulfur waste for this purpose. The 

sulfur binder is used industrially in electrical engineering and construction applications. The 

chemical properties of elemental sulfur indicate that it is a biocompatible material. Previous 

studies on rats have shown that sulfur binder is a biocompatible material. A steel surgical nail 

covered with sulfur waste, placed in a sheep's femur, showed excellent stabilization by 

adhering bone tissue to the composite layer. From the results, it is convinced that the 

composite made of sulfur waste creates new possibilities in the field of production of 

biocomposites for surgical applications. The prepared biocomposite composition was sulfur 

waste-69.5%, mineral quartz dust-30%, and technical soot-0.5%. There is no information on 

similar studies in the world literature. So far, sulfur waste has been used in the electrical and 

construction industries. The literature shows that no researcher has used sulfur waste in 

biocomposites. So, the current study is a pioneering experimental study in this area.  

http://creativecommons.org/licenses/by/4.0/
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1. Introduction 

Several tons of sulfur wastes are deposited in landfills, which develops the problem related to 

their management. One of the fruitful ways of reusing sulfur waste is a biocomposite formation. 

Accordingly, the prepared biocomposites as a surface protection agent for metal endoprosthesis 

were carried out in the Building Research Institute Wroclaw-Warsaw (The Instytut Techniczny 

Budownictwa Wrocław-Warszawa). The experimental steps involved in the preparation of binder 

was the optimization of synthesis conditions to achieve the proper composition of biocomposite, 

characterization of the biocomposite, selection and investigation of physical, chemical, and 

mechanical properties of biocomposites, investigations related to their tangent and original 

adhesion capability to a metal endoprosthesis, and its biocompatibility. Presently, polymer sulfur 

composite has several industrial applications [1-4]. For example, in construction, it is used as surface 

protection against corrosion of building elements [1-3, 5, 6]. An interesting and novel application of 

the sulfur polymer composite can be the formation of the biocompatible protective coating of the 

metal endoprosthesis. Corrosion of metal endoprosthesis is a major problem in implantology 

because it shortens their service life [3, 5, 7, 8]. Chemical and electrochemical corrosion in the 

aggressive medium of a living organism practically concerns all-metal implants, not only metal 

endoprosthesis [2, 9-12]. The main approach to prevent corrosion is surface protection of the metal 

implant, which significantly extends its failure-free life [13-15]. 

 In this context, a preliminary study was conducted to show the efficacy of polymer sulfur 

composite as a tight protective biocompatible surface protection layer for the metal endoprosthesis. 

For this purpose, sulfur binder and additives collected from industrial waste were used as source 

material [16-18], and it is composed of sulfur and carbon black [2, 11, 19, 20]. 

The special features of polymer sulfur composite are resistance toward aggressive aqueous 

solutions, high surface hydrophobicity (i.e., low water absorption), and relatively high adhesion to 

many surfaces, including metal surfaces [21, 22, 31]. Polymer sulfur composite is a high-

performance thermoplastic material that is prepared by the thermal treatment (150–160 °C) of 

sulfur waste and additives [2, 6, 23-25, 31]. The suitable physicochemical properties of the polymer 

sulfur composites, such as chemical passivity, excellent resistance toward acids and salt solutions, 

and hydrophobic properties [17, 18, 26, 31], find their application as a biocompatible surface 

coating material.  

The main component of the sulfur polymer composite is an industrial waste, which is deposited 

on high heaps and landfills [2, 27-29, 31] (Figure 1). 
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Figure 1 View of industrial sulfur waste in landfills 1a) in Europe, 1b) in Poland [2, 28]. 

The properties of the elemental sulfur atoms have been well reported in the literature. 

Accordingly, at ambient temperature, the polymerized sulfur present in the industrial waste as 

binders exists in the rhombic crystalline form (α-S), it melts at 110°C and forms monocyclic crystals 

(β-S), which changes again to the α-S at 95.6 °C [2, 3, 10, 12, 17, 18, 29-31]. 

The temperature-dependent polymerization of sulfur as follows [2, 3, 12, 19, 30-32]:  

>160 °C it is brown and featured with high viscosity, 

between 200 and 250 °C it is in dark brown with relatively high viscosity, 

>250 °C depolymerizations and viscosity reduction start at 400 °C. At this stage, sulfur is very fluid 

and finally, it reaches a boiling temperature at 444.6 °C. Therefore, the rapid cooling of boiling sulfur 

in water changes its form from fluid to an elastic-plastic state with a brown-yellow colored product. 

In this state, sulfur is composed of two different polymerized forms: Sλ (yellow) and Sµ (dark red-

brown). Sµ has a higher molecular mass than Sλ. Sµ was obtained by treating colloidal state [2, 6, 30-

33] sulfur after boiling with water and Ca(OH)2 and further precipitation with HCI. Later, hydrolysis 

with alcohol yielded Sλ [30-34]. 

From the point of chemical reactivity, the modified form of sulfur was in its oxidized form and it 

can be easily reduced into other sulfides and organo-sulfur compounds. It is noteworthy to point 

out that direct application of elementary sulfur is rare. Commonly it is used to prepare cement for 

special purposes, e.g., to join ceramic and metallic parts of electric insulators. The mechanical 

properties of this cement are good (strength about 40 MPa by compression), and its chemical 

inertness is also appreciated (in comparison to the Portland cement containing concretes). Other 

than this, sulfur is also used in dermatology [3, 30-35]. 

The idea of the sulfur application in orthopedic implants was based on the following observations 

[3, 23, 31]: metal implants manifest their harmful influence on the surrounding bone and other 

functions, e.g., metabolic, immunological, neoplastic of the patient. Also, covering the metal 

implant surface with biocompatible layers made up of either hydroxyapatite or bioglass did not 
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provide satisfactory results. Remarkably, after few years, the coated layers were absorbed by the 

biochemical action or split away from the metal surface. Sometimes, the preparation of the metal 

surface prior to deposition of a layer decreases the implant mechanical strength. On the other hand, 

the sulfur-metal bond and the sulfur-ceramic bond are very stable in industrial applications. So the 

oxidizing influence of the physiological medium on sulfur might be negligible by considering the 

hydrophobic character and the formed different sulfur compounds (e.g., sulfites, sulfates) are well 

tolerated by this medium [30-36]. 

The sulfur polymer composite prepared from the industrial waste can be applied in the industries 

objects [2, 8, 12, 17, 28, 31]: in sealing reinforced concrete constructions against corrosion; in 

sealing of concrete and reinforced concrete structures resistant to harsh environments such as sea-

water, wastewater, and chemicals (e.g., tanks containing chemicals and drinking water or concrete 

flooring); in sealing the inner surface of the prefabricated elements (e.g., a pipe, a sludge well or a 

cesspool) of the sewage system in order to obtain chemical resistance and smooth surface; in 

proofing reinforced concrete piles against the sea-water action; in the protection of asbestos 

cement slabs, used in building external walls, against the release of asbestos microfiber [30]. 

Therefore, to verify the possibility of the sulfur application in the metal implants, experiments 

were carried out. The biological reaction during the contact between sulfur and living tissue was 

explored in experimental animal models [31]. 

2. Experimental Procedure 

2.1 Biomaterials 

The initial biomaterials used in the technological procedure for special sulfur biomaterial 

production were: sulfur binder applied as industrial waste (Figure 1, [2, 3, 28-31]), quartz, and 

technical soot. Sulfur cement was used in experiments that contained sulfur waste (69.5%), quartz 

(30%), and technical soot (0.5%). The grain size of quartz was under 0.2 mm. Also, sulfur binder and 

technical soot are applied as industrial waste. 

2.1.1. Sulfur Waste 

Initially, the elementary sulfur waste was used as a binder in the production of special sulfur 

biomaterial. However, in spite of excellent mechanical properties after preparation, the samples 

exhibited low stability, so spalling and failure occurred after a short period [17]. The development of 

modified sulfur binder contributed to better endurance of sulfur biomaterial, which led to its use in 

implantology [27, 31]. 

Sulfur waste, the basic component for a modified sulfur binder, originates from technical soot. 

Both the elementary and the prepared modified sulfur were investigated by scanning electron 

microscope (SEM) (JEOL JSM-5800) with EDX (Figure 2), and their microstructures were analyzed 

according to the literature [2, 3, 7, 29, 37]. The results showed that the elementary sulfur waste was 

composed of dense orthorhombic crystals of the alpha form (Sα), Figure 2a, while modified sulfur 

consists of plate monoclinic crystals of the beta form (Sβ), partially polymerized in zigzag chains, Figure 

2b. From these results, it was proved that modification of sulfur was achieved [17]. 
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Figure 2 Structure of sulfur: 2a) elementary, 2b) modified [3, 23, 38]. 

According to the results presented in Table 1, the composition of the sulfur binder applied as the 

industrial waste consisted of 97.86% S8 fine sulfur, 2.13% oil, 0.01% ash, and producer “Siarkopol” 

Tarnobrzeg. The results of the preliminary tests were analyzed, and the polymerized sulfur in the 

industries objects possessed the best properties among the tested composites, and it was selected 

for further studies. The information about the preparation of the polymerized sulfur composition 

and experimentally determined properties are presented in Tables 2, 3, and 4, respectively. The 

sulfur binder used for these investigations is shown in Figure 3 [1-3, 6]. 

Table 1 Composition of the sulfur binder used as industrial waste [1-3, 6]. 

 Component Content [%] 

1 Fine sulfur, S8 97.86 

2 Oil 2.13 

3 Ash 0.01 

4 Leaven as H2SO4 0.001 

5 Piece volatile 0.02 

6 Remainder on the sieve 0,063 mm 0.01 

Table 2 Preparation of polymerized sulfur. 

Binder 

Temperature of 

the 

polymerization 

[°C] 

Time of the 

polymerization 

[min] 

Time of 

coagulation [min] 

Sulfur applied as industrial 

waste 
150–160 30–60 30–40 
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Table 3 Composition of the polymer sulfur composite used as a biomaterial. 

Content in [%] of total composite mass 

Binder Filler Additive 

Sulfur 

[%] 

Mineral quartz dust 

[%] 

Technical soot 

[%] 

69.5 30.0 0.5 

Table 4 Experimentally determined properties of the polymer sulfur composite used as 

a biomaterial. 

Average 

bulk 

density 

pm 

 

[g/cm3] 

Average 

absorbability 

by wt. 

nwm 

 

[%] 

Average 

bending 

strength 

fdm 

 

[MPa] 

Average 

splitting 

tensile 

strength 

fct,sp 

 

[MPa] 

Average 

compressive 

strength 

fcmc 

 

[MPa] 

Coefficient 

of fragility 

 

k 

 

[-] 

Coefficient 

of direct 

elasticity 

Edm 

under 

bending 

[GPa] 

Coefficient 

of direct 

elasticity 

Ecm 

under 

compression 

[GPa] 

1.95–

1.96 

0.01 12.0 

5.5% 

3.5 

7.0% 

44.0 

8.0% 

0.90 50–60 60–70 

Note: The percentages under the line are coefficients of variation. 
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Figure 3 A view of the sulfur used in investigations [2, 3, 8-12]. 

The viscosity of the melt of polymerized sulfur was examined. The viscosity of polymerized sulfur 

as a function of temperature is shown in Figure 4 [2, 3, 33-37]. 

 

Figure 4 View of the viscosity of polymerized sulfur as a function of temperature [2, 3, 

33-37]. 
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2.1.2 Filler Waste 

The filler waste used in this production was technical soot “Seva Carb” (granulation: 0.300 

µm.-0.330 µm.). Chemical analysis indicated that the filler waste mainly consisted of carbon (99.99%). 

2.2 Preparation and Characterization of Biomaterials Samples. 

Polymer sulfur biocomposite was prepared according to the manufacturing technological 

procedure described in the literature [2, 3, 12, 20, 29, 30]. The method of producing a polymer sulfur 

biocomposite is shown in Figure 5 [30-40]. Details of the preparation and application of the sulfur 

composite on the surface of the samples can be found elsewhere [1-3, 6, 40]. 

 

Figure 5 Scheme of production of a polymer sulfur biocomposite. Description: 1-mixer, 

2-evaporator, 3-water cooler, 4-separator, 5-water tank, 6-steam generator, 7-modifier 

feeder, 8-sulfur feeder, 9-solvent feeder, 10-pump, 11-reflux condenser: A-for the 

production of sulfur concrete, B-for the production of road binders, C-for the production 

of biocomposites, DD-fuel oil inlet and outlet, EE-fuel oil inlet and outlet, FF-water inlet 

and outlet, GG-inlet and outlet water outlet, H-nitrogen 2.5 atm, K-solvent, modifier and 

water vapors, L-contaminated polymer sulfur composite (for construction applications), 

M, C-Chemically pure polymer sulfur composite [30-40]. 

Chemically pure sulfur polymer composite was used as a biocomposite. First experiments were 

carried out on rats (Wistar breed, body mass 320–350 g). The sulfur cement was powdered manually 

in a ceramic mortar. The obtained diameter of the grains was under 60 µm. They were injected 

subcutaneously. Their contact with tissue was examined microscopically after 30, 90, and 180 days. 

The paraffin-embedded specimens were stained with hematoxylin and eosin. Their 

microphotographs are presented in Figures 6–14 [31]. 
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Figure 6 Histological preparations of sulfur cement grains 30 days after their 

implantation subcutaneously in the soft tissue of a rat [31]. 

 

Figure 7 Histological preparations of sulfur cement grains after 30 days of their 

implantation subcutaneously in the soft tissue of a rat at greater magnification [31]. 
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Figure 8 Histological preparation of sulfur cement grains after 90 days after implantation 

[31]. 

 

Figure 9 Histological preparation of sulfur cement grains after 90 days after implantation 

at greater magnification [31]. 
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Figure 10 Histological preparation of sulfur cement grains after 180 days after 

implantation [31]. 

 

Figure 11 Histological preparation 180 days after implantation at greater magnification 

[31]. 
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Figure 12 The steel nail was covered with sulfur cement and alumina grains nine months 

after implantation in the femur of a sheep. Black-sulfur cement, white-alumina grains, 

brown-red-mineralized tissue [31]. 

 

Figure 13 The radiograph of the steel nail in the femur of a sheep. There is no negative 

reaction in the bone tissue [31]. 



Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102023 
 

Page 13/18 

 

Figure 14 The radiograph of the steel nail in the femur of a sheep. There is no negative 

reaction in the bone tissue [31]. 

The sulfur cement was also introduced into the femur of a sheep. Cylinders with 4 mm diameter 

and 6 mm height were inserted into holes drilled in the bone. It was covered with cement and 

alumina grains nail was introduced into the femur of a sheep. After nine months from the date of 

operation, the samples for the microscopic evaluation were taken. The sections through the implant 

with surrounding tissue were made. They were embedded in poly(methyl methacrylate (PMMA), 

polished, and stained with alizarin (mineralized tissue colored in red) and methylene blue (organic 

substances were stained in brown-green). The microscopic observations were carried out in 

reflected light. The nail with the surrounding tissue is presented in Figure 12 [31]. 

3. Results and Discussion 

3.1 Experiments on Rats 

During the observation period (till 180 days), implanted animals behaved normally. They were 

examined post mortem for internal organs (lungs, liver, spleen, kidney), glands, skin, muscles, and 

bones did not demonstrate any pathological changes [31]. 

After 30 days from the date of implantation sulfur cement containing grains were embedded by 

the connective tissue capsule, which contained many collagen fibers, fibrocystic, and some 

fibroblasts. This capsule distinctly separated the implant from the surrounding without affecting the 

tissue. Implants did not result in the blood-derived inflammatory infiltration. Macrophages and 

histiocytes were not present (Figure 6 and Figure 7) Święcki et al. [31]. 
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After 90 days of the multiplication, fibroblasts were peripherally observed around the implanted 

grains. Collagen fibers penetrated between these grains. The inflammatory state was not observed 

(Figure 8 and Figure 9) Święcki et al. [31]. 

After 180 days proliferation, collagen-producing fibroblasts still existed. Therefore, a thick layer 

of the new connective tissue was formed. No inflammatory state was noted (Figure 10 and Figure 

11) Święcki et al. [31]. 

These experiments confirmed the possible biocompatibility of the sulfur-containing cement. 

Nevertheless, some inflammatory tissue factors were observed, which did not interrupt the 

multiplication of fibroblasts and collagen fibers [31]. 

3.2 Experiments on Sheep 

The cylinders, made of sulfur cement, inserted into the sheep femur were surrounded by fibrous 

tissue. Their contact with bone tissue was not observed. Such biological reaction was probably 

caused by the hydrophobic character of the cylinder surfaces. Sulfur-containing cylinders were 

biologically treated as foreign bodies and separated from the femur bone tissue. On the contrary, 

the composite presented in Figure 12 indicated its strong fixation on bone [31]. This composite-

steel nail covered with sulfur cement and additionally with alumina grains made a biological 

connection with bone which penetrated the alumina pores and pits. The irritation of soft tissue as 

observed in rats (multiplication of fibrous and collagen fibers) did not appear in this case. The 

differences in the biological reaction of soft tissue and bone on various implants were stated by 

researchers. The bioactive "Hench glass" in bone tissue involves inflammation in the soft tissue. 

Powdered hydroxyapatite involves inflammation in this tissue in the same manner [31]. 

4. Conclusions 

It can be concluded from the preliminary test results that the tested biocomposite can provide 

surface corrosion protection to the metal endoprosthesis. Sulfur biocomposites have not been 

applied earlier for this purpose. There is no available literature on this subject. 

The first biological experiments (on rats) with sulfur-containing cement confirmed the 

biocompatibility of elementary sulfur waste. Nevertheless, its hydrophobic character indicated the 

fact that some modifications of its surface are needed to make a proper connection with bone tissue. 

One of these possible modifications was applied in the presented experiments in the form of the 

surgical nail covered with sulfur cement and alumina grains. The excellent fixation of this nail in a 

sheep femur was observed in radiographs and histological specimens (Figure 6-Figure 14) [31]. Our 

results offer a reasonable basis to presume that a harmful metal-living tissue contact can be 

completely eliminated by this approach. These preliminary experiments confirmed the 

biocompatibility of the sulfur composite. Nevertheless, it contained some irritating surrounding 

tissue factors, which did not interrupt the multiplication of fibroblasts and collagen fibers. Perhaps, 

elementary sulfur waste would find many clinical applications as the component of several 

biomaterials [31]. 

The biocorrosion test results presented in this paper indicate that the special sulfur biomaterial 

applied as an industrial waste can provide surface protection against corrosion of metal implants 

[31]. 
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The preliminary tests, carried out at the Building Research Institute Wroclaw-Warsaw (The 

Instytut Techniczny Budownictwa Wrocław-Warszawa), were quite extensive. However, we still 

recommend further studies to ensure its biocompatibility. Additionally, simple and fast technology 

of applying the biomaterial to the surface of metal implants in surgical practice needs to be 

developed in the future. 
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