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Abstract. This research evaluated styrene-butadiene-
styrene (SBS) composites modified with varying 
concentrations of hydroxyapatite (HAP) synthesized from 
eggshells. Hydroxyapatite is a versatile material with 
diverse applications, including its use as an adsorbent. The 
study investigated the incorporation of HAP particles into 
an SBS matrix a melt blending method in a mixing 
chamber. The composites were analyzed by X-ray 
diffraction (XRD), optical microscopy, infrared 
spectroscopy, and mechanical tests. The results indicate 
that incorporating hydroxyapatite significantly enhances 
several characteristics of the SBS composites, as evidenced 
by structural changes observed in XRD, morphological 
features revealed by optical microscopy, and improvements 
in mechanical strength and chemical properties according   

©2026, Sociedad Química de México. Authors published within 
this journal retain copyright and grant the journal right of first 
publication with the work simultaneously licensed under a 
Creative Commons Attribution License that enables reusers to 
distribute, remix, adapt, and build upon the material in any 
medium or format for noncommercial purposes only, and only so 
long as attribution is given to the creator. 

 

mailto:juventino.lb@queretaro.tecnm.mx
https://www.jmcs.org.mx/
http://creativecommons.org/licenses/by-nc/4.0


Article        J. Mex. Chem. Soc. 2026, 70(1):e2459 
Regular Issue 

©2026, Sociedad Química de México 
ISSN-e 2594-0317 

 

  
 
http://dx.doi.org/10.29356/jmcs.v70i1.2459 2 

to the infrared analysis performed. The SBS/HAP composites containing synthetic hydroxyapatite derived from 
eggshells a 120 % improvement in mechanical properties compared to the reference sample, with compatibility 
between the components observed in the microscopy images. 
 
Resumen. Esta investigación evaluó compuestos de estireno-butadieno-estireno (SBS) modificados con 
concentraciones variables de hidroxiapatita (HAP) sintetizada a partir de cáscaras de huevo. La hidroxiapatita 
es un material versátil con diversas aplicaciones, incluyendo su uso como adsorbente. El estudio investigó la 
incorporación de partículas de HAP en una matriz de SBS mediante un método de mezcla en fundido en una 
cámara de mezcla. Los compuestos se analizaron mediante difracción de rayos X (DRX), microscopía óptica, 
espectroscopia infrarroja y ensayos mecánicos. Los resultados indican que la incorporación de hidroxiapatita 
mejora significativamente varias características de los compuestos de SBS, como lo evidencian los cambios 
estructurales observados en la DRX, las características morfológicas reveladas por microscopía óptica y las 
mejoras en la resistencia mecánica y las propiedades químicas según el análisis infrarrojo realizado. Los 
compuestos de SBS/HAP que contienen hidroxiapatita sintética derivada de cáscaras de huevo mostraron una 
mejora del 120 % en las propiedades mecánicas en comparación con la muestra de referencia, con 
compatibilidad entre los componentes observada en las imágenes de microscopía. 

 
 
Introduction 
 

Hydroxyapatite (HAP) is a crystalline material primarily composed of phosphorus and calcium [1]. It 
is considered a biological material since it makes up approximately 65 % of the mineral fraction of bone [2,3]. 
While naturally occurring in the human body as a fundamental component of bone, HAP can also be synthesized 
artificially to produce synthetic HAP [4]. 

In recent years, green chemistry has focused on valorizing waste to reduce human impact on the 
environment. For example, some food residues have been used as precursors for novel materials, as reported 
by various authors [5-7].  

Synthetic HAP serves as a bone substitute, composed of phosphate and calcium, with a structure 
similar to the inorganic component of human bone tissue. It is capable of biologically integrating into bone 
tissue without triggering an immune response, is not-toxic, and exhibits osteoconductive behavior [8-9]. 

Additionally, synthetic HAP demonstrates bioactivity, biocompatibility, and osteoconductivity, making 
it suitable for applications in bone repair, tissue engineering, drug and gene delivery, and other biomedical areas 
[10]. Moreover, due to its biological similarities to bone tissue and its relative abundance [11-13], HAP offers an 
eco-friendly solution in biomedical research and tissue engineering [4,14,15]. Animal-derived residues such as 
mammalian bones [16], fish spines and scales [17-19], and shells [20,21] play a significant role in the development 
of artificial substitutes for treating bone defects through the extraction of HAP. 

One of the primary motivations for this research is the pressing issue of pollution. This study explores 
a potential alternative to repurpose waste, transforming it into a valuable material that positively impacts the 
environment and contributes to addressing national challenges. Utilizing waste in material production can 
significantly reduce the manufacturing costs of biomaterials while offering the added benefit of recycling, 
helping to mitigate waste pollution [6,22-23]. 

Several studies have proposed using eggshells as a calcium source in the preparation of HAP [24,25]. 
Eggshells are considered agro-industrial waste, and poor waste management leads to negative environmental 
impacts [26]. Chemically, eggshells are fundamentally composed of calcium carbonate (> 94 %) [3]. Multiple 
studies have explored their potential as a calcium precursor in the synthesis of HAP [27-29].  

The use of HAP as a reinforcing material in polymeric composites has been explored to develop novel 
biomaterials, primarily focused on bone regeneration [30]. However, HAP is not limited to biomaterial applications; 
studies have investigated its use as an asphalt modifier [31], cure modifier [32,33], and flame retardant [33]. 

In these applications, the mechanical properties of rubber matrix have been scarcely studied. 
Specifically, understanding how HAP modifies the mechanical properties of styrene-butadiene-styrene (SBS) 
matrices remains as area of limited research. Addressing this knowledge gap could help establish the 
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relationship between mechanical behavior and processing parameters. These findings could offer a new 
perspective on valorizing egg waste by transforming it into a functional reinforcing particle. Furthermore, these 
insights may lead to alternative studies on the effects of HAP particles on SBS properties. 

This research focuses on obtaining HAP from biological waste, as reported elsewhere [27,28]. The 
goal of this study is to produce a composite using styrene-butadiene-styrene (SBS) thermoplastic elastomer and 
HAP at varying concentrations, utilizing the melting method in a mixing chamber. The mechanical, thermo-
degradable, and morphological behavior of the resulting composite is evaluated. 

Synthesizing SBS/HAP composites with HAP derived from eggshell waste is expected to improve 
mechanical properties, provided that compatibility between HAP and SBS is achieved. 
 
 
Experimental 
 
Materials 

Ammonium phosphate (NH4H2PO4, 98 % purity) and nitric acid (HNO3, 70 % purity) were obtained 
from Fermont Company (Monterrey, Nuevo León, México). Radial-structure, thermoplastic copolymer styrene-
butadiene-styrene blocks, containing 30 % total styrene, were donated by Dynasol Company (Altamira, 
Tamaulipas, México). Eggshell were sourced from food production waste. 
 
Synthesis of hydroxyapatite from eggshell 

Hydroxyapatite (HAP) was obtained from eggshells using the precipitation technique as the primary 
method of preparation [32]. Hen eggshells (Gallus gallus) were chosen as the substrate due to their high calcite 
content (95 % CaCO₃). The process began with the collection of eggshells from Distribuidora Allende 
(Tampico, Tamaulipas, México) followed by the removal of the inner membrane, yolk, and egg white. Only the 
shells were used. These were washed with water, dried at 60 °C for 24 hours, and then crushed until a particle 
size of 53 µm was achieved. 
 
Chemical treatments  
5% HNO3 solution (Experiment 1) 

A 1 L precipitated flask containing 74.8 mL of distilled water, 12 g of eggshell (53 µm), and 10 mL of 
a 4M NH4H2PO4 solution was placed on a heating grill at 40 °C and stirred 150 rpm [34]. A 5 % HNO3 solution 
was then added drop by drop. The addition of HNO3 continued until effervescence, caused by the release of 
carbon dioxide as a reaction product, was no longer observed. The pH was monitored throughout and adjusted 
until reaching a final pH of 9. 
 
HNO3 solution (Experiment 2) 

This synthesis was conducted following the method used in Experiment 1, with the variant being the 
concentration of the HNO3 solution, which was set at 15 %. The reaction was considered complete when 
effervescence was no longer observed, after which the process continued until a final pH of 9 was reached. 

Each experiment described above underwent a subsequent step in which the mixture was agitated for 
4 h, then filtered and washed with distilled water to recover the precipitate generated in the chemical reactions 
described. The precipitate was then dried in an oven at 60 °C for 24 h (redLINE, Tuttlingen, Germany). Finally, 
the particle size of the sample was reduced using a porcelain mortar until a fine white powder was obtained. 
 
Thermal treatment 

For the heat treatment process to obtain HAP, the samples of Experiments 1 and 2 were placed in 
quartz canoes. These powdered materials were calcined in an TF55035A-1 furnace (Thermo Fisher Scientific, 
Asheville, NC, USA) using a temperature ramp as follows: from room temperature to 800 °C at a heating rate 
of 2 °C∙min–1. The samples were then maintained isothermally for 240 minutes, completing the sintering process 
before allowing the system to cool. The combination of chemical and thermal processes defines the synthesis 
of HAP [22]. 
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Obtaining SBS/HAP composites 
To produce the SBS/HAP composites, the matrix was formed by adjusting the concentration of HAP 

across three distinct experiments while maintaining a consistent polymeric base. These experiments established 
three levels of HAP particle concentration in PHR (parts per hundred of rubber), as detailed in Table 1. These 
concentrations were applied for HAP obtained from 5 % and 15 % HNO3 solutions. 

The raw materials, consisting of the HAP and SBS mixture, were introduced into the mixing chamber 
under controlled temperature conditions. The composites underwent a melting process in a Brabender Intelli-
Torque mixing chamber (Anton Paar, Duisburg, Germany) at 130 °C and 60 rpm for 15 minutes. 

Subsequently, a compression process was used to form 2.5 mm composite films for characterization. 
The mold was rectangular, measuring 10 × 15 cm, with small composite pieces evenly distributed within it. 
Heating was conducted under pressure at 140 °C for 14 minutes. The pressure started at 0 bar for 5 minutes, 
gradually increasing to 100, 200, and 300 bar, with each increment maintained for 3 minutes, using a vertical 
hydraulic press (Dake, Shandong, China). 

Finally, after cooling to 40 °C, uniformly thick composite plates were obtained for the creation of 
specimens for mechanical characterization tests [35]. 
 
Table 1. Experimental matrix for SBS/HAP composites. 

Nomenclature 
Conditions 

of HAP 
obtention 

Formulations 

100 SBS: 0 
PHR 

100 SBS: 1 
PHR 

100 SBS: 
5 PHR 

100 SBS: 10 
PHR 

100 100 100 100 

SBS No HAP 
added ●    

5 % HNO3 1 PHR HAP 
obtained in 
5% HNO3 
solution 

 ●   

5 % HNO3 5 PHR   ●  

5 % HNO3 10 PHR    ● 

15 % HNO3 1 PHR HAP 
obtained in 
15% HNO3 

solution 

 ●   

15 % HNO3 5 PHR   ●  

15 % HNO3 10 PHR    ● 
 
 
Analysis 
X-ray diffraction analysis 

X-ray diffraction analysis provides detailed structural information, including chemical composition, 
crystallinity, crystal dimensions, deformations, and layer thickness. Characterization was performed using a D-
5000 X-ray diffractometer (Siemens, Karlsruhe, Germany) equipped with an X-ray tube and cobalt anode (Co 
Kα 1.2 emission, λ = 1.7903 Å). The scanning range (2θ) was set from 0° to 70°, with a step size between 0.01° 
and 0.04° and counting time from 2 to 10 s.  
 
Optical microscopy analysis 

The investigation utilized an A1 Axio Lab optical microscope (Zeiss, Göttingen, Germany) equipped 
with 5×, 10×, and 40× magnification lenses, along with image processing software. This characterization 
technique was employed to analyze the dispersion morphology of the particles. 
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Thermogravimetric analysis  
The SBS/HAP compound (15 % HNO3 solution with 10 PHR) obtained was analyzed using 

thermogravimetric analysis (TGA) with a simultaneous TGA/DSC analyzer (STD Q600, TA Instruments, New 
Castle, DE, USA). Reusable alumina sample holders containing 10 – 15 mg of sample were used in a controlled 
nitrogen (N2) atmosphere at a flow of 100 mL min–1. The analysis was conducted from room temperature up to 
800 °C at a heating rate of 10 °C min–1. 
 
Tensile testing analysis 

The test was conducted using a Model 5982 universal testing machine (Instron, Norwood, MA, USA) 
equipped with a 100 kN load cell. The six specimens analyzed for each test were in accordance with ASTM 
D412 [36]. 
 
Fourier Transform Infrared (FTIR) spectroscopy analysis 

Fourier transform infrared (FTIR) spectroscopy was used to further confirm the chemical composition 
of the samples. The analysis was performed using a Fourier transform infrared spectrometer Spectrum One 
(Perkin Elmer, Frontier, Waltham, MA, USA) equipped with an Attenuated Total Reflectance (ATR) accessory. 
Sample preparation involved forming a film of SBS and composites, which were analyzed in the 400 – 4000 
cm–1 range in transmission mode with a resolution of 4 cm–1. 
 
 
Results and discussion 
 
X-ray diffraction analysis 

The X-ray diffraction (XRD) technique is essential for identifying the characteristic elements present 
in the synthesis of HAP across the proposed experiments by generating diffraction patterns from the samples 
obtained in the different syntheses. Fig. 1 presents the diffraction pattern of the eggshell, labeled as "Eggshell" 
in this analysis. A distinct peak located at 2θ = 29.4°, corresponding to calcite – one of the primary components 
of eggshell – is clearly visible. 

Additionally, Fig. 1 shows the results of experiments for HAP synthesis using 5 % and 15 % HNO3 
solutions. In these diffraction patterns, a series of characteristic peaks corresponding to the HAP structure are 
observed in the 2θ region at 25, 30, 32 33, 38, 40, 44, and 48 degrees. These results confirm the presence of 
HAP in both experiments. 

It is noteworthy that these values are consistent with those obtained in previous studies [34]. using 
calcium and phosphorus precursor chemicals, where diffraction signals in the 2θ region at 25, 30, 32, 33, 40, 
46, 48, and 50 degrees were also observed, further indicating the presence of HAP. 

 

 
Fig. 1. Diffraction pattern of eggshell and HAP synthesized at 5 % and 15 % in HNO3 solution.  
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Optical microscopy 
To investigate the interface of the SBS/HAP composites, optical microscopy analysis was conducted 

to evaluate the dispersion of HAP particles within the polymer matrix. Figures 2(a-c) show the SBS polymer 
without incorporating HAP particles, revealing inherent defects in the polymer. These surface irregularities may 
result from air retention during the pressing process, influenced by temperature and pressing time. Notably, the 
pressing methodology remained consistent across all evaluated composites. 

Figures 2(d-f) present the SBS/HAP composite synthesized with a 5 % HNO3 solution. The analysis 
reveals that the incorporated HAP particles tend to form heterogeneous agglomerations, which decrease as HAP 
concentration increases. Additionally, a porous morphology is observed, with the porosity increasing in tandem 
with concentration. This observation aligns with previous reports describing HAP as having a porous 
morphology with disordered crystalline aggregates. As the HAP concentration rises, the distribution shifts, 
reducing the separation between the agglomerates [8]. 

Figures 2(g-i) illustrate the SBS/HAP composite synthesized using a 15 % HNO3 solution. A porous 
morphology is again observed, characterized by agglomerations of more uniform size but lacking a defined 
pattern. As concentration increases, the separation between agglomerates further decreases. Overall, HAP 
morphology appears irregular, with well-defined agglomerates and porous surfaces, consistent with other 
findings [37]. These observations provide valuable insights into the influence of HAP concentration on 
morphology and particle distribution within the SBS/HAP composite. 

 

 
Fig. 2. In the upper line there are images from SBS at (a) 5x, (b) 10x, and (c) 40x lens. Then the middle line 
there are microscopies from SBS/HAP composites synthesized at 5 % HNO3 at 10x with (d) 1 PHR, 5 PHR, 
and (f) 10 PHR. Finally, in the inferior line there are microscopy images from SBS/HAP composite synthesized 
at 15 % HNO3, at 10x, (g) 1 PHR, (h) 5 PHR, (i) 10 PHR. 
 
 
 
Thermogravimetric analysis (TGA) 

TGA analysis allows for the observation of mass loss in the material as the temperature increases. Fig. 
3 shows the relationship between material weight loss and temperature. Notably, the degradation and 
decomposition of the composites are very similar across all concentrations. Therefore, only a comparison 
between the SBS reference sample and the compound with the highest concentration – synthesized using a 15 % 
HNO3 solution with 10 PHR – is presented. 

Material loss began at 180 °C, aligning with previous findings [38]. It is important to note that the 
composite does not show significantly improved thermal degradation compared to the reference SBS. However, 
in the residue region, an increase in residue content is observed (from 1.18 % to 7.34 % for SBS and 
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15%_HNO3_10 PHR sample), primarily due to the presence of the inorganic HAP components, which remain 
stable and do not degrade within that temperature range, unlike the reference SBS. 

The analysis in Fig. 3(B) presents the thermogram of the second derivative of weight for the composite 
at 10 PHR with synthesized HAP at 15 % HNO3 compared to SBS. According to Fig. 3(B), the onset of 
degradation begins at 330 °C for both SBS and the composite, followed by a maximum decomposition 
temperature at of 460 °C. This finding aligns with other studies [39], where the SBS polymer has been reported 
to begin decomposition at approximately 350 °C.  

 

 
Fig. 3. (A) TGA thermogram of the SBS and the SBS/HAP composite at 10 PHR, synthesized HAP at 15 % 
HNO3; (B) DTG of the of the SBS and the SBS/HAP composite at 10 PHR, synthesized HAP at 15 % HNO3. 
 
 
 
Tensile tests 

Fig. 4 shows the stress-strain graph of the composites with two different HAP synthesis variants, as 
well as the reference sample. The composite with HAP synthesized using 15 % HNO3 exhibits a higher stress 
at rupture – surpassing even the polymer without particles. The initial portion of the curve appears nearly linear, 
indicating that its slope represents the material's elastic modulus. 

The addition of HAP influences both the tensile modulus and the material's flow characteristics. This 
effect has been previously reported [31,32], confirming that the incorporation of HAP improves the mechanical 
resistance. Principally, a homogeneous dispersion of HAP positively affects tensile properties [32,33]. In our 
case, the dual-extrusion mixer chamber facilitates the dispersion of HAP. 

The change in modulus is attributed to van der Waals interactions between the HAP and SBS particles. 
According to Nihmath et al. [40], the compatibility of dipolar interaction groups in HAP with the rubber matrix 
enhances the reinforcement effect. Additionally, the inclusion of uniformly sized, smaller particles – observed 
in SEM images – leads to stronger HAP-SBS interactions. Consequently, the elastomeric matrix resists 
macromolecular chain deformations due to improved interfacial interactions. 

Moreover, during the cooling process, the molten polymer contracts more rapidly than the HAP, 
generating compressive forces around the additive. The synthesis conditions of HAP further influence this 
effect. Tables 2 and 3 present the results for composites synthesized with 5 % and 15 % HNO3, respectively. 
Specifically, when a 15 % HNO3 solution is used in synthesis, the SBS exhibits a greater tendency for strain 
extension, as shown in Fig. 4(b). The area under the tensile stress-strain curve, calculated from the average 
curve of each treatment, indicates increases of up to 80 % for the 15 % HNO3 1 PHR composite. 

Additionally, measurements such as maximum applied load, Young's modulus, yield load, and tensile 
deformation were obtained. The values from the analyzed samples reflect the statistical analysis of 6 repetitions, 
with standard deviations calculated for each series. The results are systematically tabulated and categorized 
according to property and concentration. 
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Fig. 4. Effect of HAP synthesis on tensile stress test of SBS/HAP composites with HAP synthesized with (A) 
5 % of HNO3 and (B) 15% HNO3. 
 
 
 

As shown in Tables 2 and 3, the composites synthesized with 15 % HNO3 exhibit lower dispersion in 
their mechanical properties values. In contrast, the composites synthesized with 5 % HNO3 show greater 
variations, particularly at low modifier concentrations (1 PHR). From these observations, it can be inferred that 
the composites containing HAP synthesized with 15 % HNO3 demonstrate greater compatibility with the 
polymeric matrix, which aligns with the SEM images of SBS and the composites reported in this research.  
 
Table 2. Mechanical tests for SBS/HAP composite with HAP synthesized with 5 % HNO3 solution. 

SBS/HAP 
composite 
with HAP 

synthesized 
with 5 % 
solution of 

HNO3 

Concentration 
(PHR) 

Young´s 
modulus 
(MPa) 

Maximum 
load (N) 

Yield Load (At 
displacement 0.2 %, N) 

Tensile 
strain at 

break (%) 

Area 
under 
tensile-
stress 

0 45.16 ±31.86 112.34 ±11.7 24.52 ± 2.7 517.03 ± 
129.1 11.37 

1 49.12     ± 12.88 98.08 ±21.4 17.39 ± 1.7 535.12 ± 81.9 14.88 

5 24.74  ± 10.12 77.52 ±11.0 56.19 ± 2.5 577.91 ± 89.1 15.83 

10 47.19 ± 14.40 67.82 ± 9.42 20.74 ± 2.9 376.48 ± 
61.31 6.94 

 
 
Table 3. Mechanical tests for SBS/HAP composite with PAH synthesized with 15 % solution of HNO3. 

SBS/HAP 
composite 
with HAP 

synthesized 
with 15 % 
solution of 

HNO3 

Concentration 
(PHR) 

Young´s 
modulus 
(MPa) 

Maximum 
load (N) 

Yield Load (At 
displacement 0.2 %, N) 

Tensile 
strain at 

break (%) 

Area 
under 
tensile-
stress 

0 45.16 ± 31.86 112.34 ± 11.7 24.52 ± 2.7 517.03 ± 
129.1 11.37 

1 31.14 ± 1.64 79.96 ± 16.8 34.56 ± 2.0 694.13 ± 10.3 20.54 

5 49.18 ± 11.05 83.33 ± 8.4 13.68 ± 4.3 630.2 ± 12.3 15.13 

10 34.99 ± 25.71 87.9 ± 5.6 33.18 ± 4.1 676.62 ± 26.5 17.55 
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Analysis of variance 
An analysis of variance (ANOVA) was conducted to evaluate the dispersion of HAP particles in the 

reference matrix across three concentrations (1, 5, and 10 PHR). Table 4 presents the ANOVA results for the 
composite synthesized with 5 % HNO3, where concentration is the variable. The findings indicate that 
concentration significantly affects the composite's properties, consistently yielding higher values for the 
calculated critical factor compared to the predetermined critical factor. 

Table 5 provides the results for the composite synthesized with 15 % HNO3, showing that tensile 
deformation is the only property influenced by concentration. In contrast, the concentration of the PHR modifier 
does not impact the other properties. 
 
Table 4. Results of ANOVA analysis composite SBS/HAP synthesized at 5 % HNO3. 

SBS/HAP with HAP synthesized with 5 % HNO3 solution 

Model Sum of 
squares D.F. Average of 

squares 
F 

calculated Probability Critical 
factor F Influences 

Young's 
modulus 288639.17 2 144319.58 4.76 0.025 3.682 Yes 

Load at yield 5406.88 2 2703.44 4.89 0.023 3.682 Yes 

Deformation 
Tensile strain 

140881.59 
 2 70440.79 6.45 0.009 3.682 Yes 

 
 
Table 5. Results of ANOVA analysis composite SBS/HAP synthesized at 15 % HNO3. 

SBS/HAP with HAP synthesized with 5 % HNO3 solution 

Model Sum of 
squares D.F. Average of 

squares 
F 

calculated Probability Critical 
factor F Influences 

Young's 
modulus 143180.76 2 71590.37 1.17 0.335 3.682 No 

Load at yield 2214.85 2 1107.42 2.11 0.155 3.682 No 

Deformation 
Tensile strain 93084.72 2 46542.36 11.09 0.001 3.682 Yes 

 
 
Fourier transform infrared spectroscopy (FTIR) 

Fig. 5(A) presents the IR spectra of SBS/HAP composites with varying HAP concentrations (1, 5, and 
10 PHR), synthesized using a 5 % HNO3 solution. The spectra were obtained using the film compression 
technique. The observed peaks highlight key features of polybutadiene units, with peaks at approximately 967, 
745, and 911 cm–1, corresponding to the stretching vibrations of (=C–H) trans bonds, (=C–H) cis bonds, and 
the vinyl group (= CH2), respectively. 

Additionally, the signal at 700 cm–1, attributed to the poly(1-phenylethene-1,2-diyl) (polystyrene 
block), illustrates a distinctive feature of the SBS copolymer. This finding is consistent with Wang et al. [41], 
who identified these signals as characteristic of the SBS polymer, alongside a high Young's modulus value. 

Several characteristic absorption bands corresponding to vibrational modes of the chemical bonds 
present in the sample are also evident. These absorption bands include: the 3570 cm–1 band, associated with the 
stretching vibration of the –OH groups in the hydroxyapatite structure; the 1090 cm–1 band, corresponding to 
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the stretching vibration of phosphate (PO4) bonds in HAP; and the 960 cm–1 band, related to the bending 
vibration of phosphate (PO4) bonds in HAP. 

Finally, a similar response was observed for composites synthesized with 15% of HNO3, as evidenced 
in Fig. 5(B).  

 

 
Fig. 5. IR spectra of SBS/HAP composites with HAP synthesized at A) 5% of HNO3 and B) 15% HNO3.  
 
 
 
Conclusions 
 

In this study, HAP was synthesized using the double decomposition method, and the influence of both 
the chemical treatment on HAP powder and the heat treatment was investigated using XRD, optical microscopy, 
and FTIR spectroscopy. Based on the results, it is concluded that synthesizing HAP from eggshells is feasible, 
as evidenced by various characterizations. XRD and FTIR confirm the presence of characteristic signals for 
apatite and demonstrate the influence of HAP on the matrix after its addition. This approach to valorizing 
eggshell waste also enabled the comparison of HAP synthesis using different solution methods. 

Mechanical property results suggest a strong interaction in composites synthesized using the 15 % 
HNO3 solution method. HAP particles synthesized with the 15 % HNO3 solution show up to a 34 % increase in 
tensile strain at break (15 % HNO3, 1 PHR) compared to the reference, indicating greater compatibility between 
the additive and the polymeric matrix. This is supported by the cooling behavior of the molten polymer, which 
contracts more significantly than the HAP composites.  

Additionally, ANOVA reveals that variations in HAP synthesis have a significant effect on the 
composite properties, evidenced by the calculated critical factor consistently exceeding the reference critical 
factor. This difference suggests that modifications in HAP synthesis directly influence the final composite 
properties. Optical microscopy allowed an evaluation of HAP morphology within the composite and its 
compatibility with the polymer. The results indicate that the SBS/HAP composite synthesized with 5 % HNO3 
exhibits a more homogeneous particle distribution, with fewer agglomerations and a porous surface. Notably, 
both porosity and the homogeneity of the spaces between agglomerations increase as HAP concentration rises.  

As future work, further more in-depth studies should be conducted on these materials. In particular, 
HAP derived from eggshells offers an eco-friendlier alternative for reinforcing rubber particles, as well as 
promise in environmental remediation applications.  
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