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Abstract: Natural-reinforced hybrid composites, called "eco-materials," are increasingly important for protecting the 

environment and eliminating waste problems. In this study, hybrid biocomposites were produced by the colloidal mixing 

method using seashell (SS) as natural waste, two graphene derivatives (graphene oxide (GO) and reduced graphene 

oxide (RGO)) as filler material, and polyvinyl chloride (PVC) as the polymer matrix. The crystallization and mechanical 

properties of hybrid biocomposites were examined based on their thermal properties using TGA and DSC analysis. 

Compared to PVC/GO and PVC/RGO composites with identical weight percentages of GO and RGO, the PVC/GO 

composite exhibited superior thermal stability and crystallinity, resulting in elevated hardness values for the same 

composite. These results were attributed to the better interaction of GO with PVC due to the higher number of oxygen-

containing functional groups in GO than in RGO. However, the PVC/RGO/SS hybrid biocomposites exhibited superior 

properties than PVC/GO/SS hybrid biocomposites. The greatest crystallinity values were 39.40% for PVC/RGO/SS-20 

compared to PVC/RGO composite and 29.21% for PVC/GO/SS-20 compared to PVC/GO. The PVC/RGO/SS-20 hybrid 

biocomposite showed the greatest gain in hardness value, up 18.47% compared to the PVC/RGO composite. No 

significant change was observed in the melting and weight loss temperatures as the SS content increased; however, the 

crystallinity and glass transition temperatures in hybrid biocomposites increased as the SS content increased. All analysis 

results demonstrated the achievement of SS-graphene-PVC interactions, suggesting that SS waste could enhance the 

thermal and mechanical properties of biocomposite production. 

Keywords: PVC Hybrid biocomposite, Graphene, Seashell, Crystallinity, Thermal Analysis. 

 

1. INTRODUCTION 

Innovative hybrid composites with plastics and 

natural wastes have attracted attention for global 

sustainability goals. Particularly, the strength and 

durability of graphene-plastic hybrid composites 

make them one of today's most dynamic 

industries [1]. Hybrid composite studies on PVC, 

which was chosen as the polymer in this study, 

focused on the mechanical, thermal, and electrical 

properties of the produced materials. The seashell 

(SS) is in calcium carbonate form, and PVC-

based plastics with calcium carbonate were used 

in the production of window and furniture profiles 

for cost reduction. And also, it increases the 

elastic modulus and hardness and improves the 

quality of the product’s surface [2, 3]. Latest 

studies on PVC hybrid composites for example; 

Adediran et al. (2021) tested a hybrid PVC 

composite with treated bamboo fiber and particle 

coconut shell. They tested its tensile, flexural, 

elasticity, hardness, thermal and electrical 

conductivity, impact, and compressive strengths. 

Researchers reported a consistent reduction in 

thermal conductivity with increased fiber loading, 

but only a slight increase with increased 

particulate loading [4]. Junqian Yang et al. (2024) 

synthesized and examined the characteristics of 

PVC composites filled with hybrid attapulgite 

filled with walnut shell powder. This indicates 

that attapulgite filling is a simpler, more efficient, 

and ecologically friendly way to improve the 

qualities of composites than alkali treatment  

[5]. Oluwagbenga et al. (2024) used plantain  

fiber (PF) and calcite particles (CP) in different  

weight percentages to create environmentally  

friendly PVC composites for use in automotive 

applications. The researchers made compression 

molding at 150°C for 10 minutes and analyzed the 

mechanical and thermal properties of the resulting 

composites. The results showed that the inclusion 

of these reinforcements significantly enhanced 

the composites' properties compared to unreinforced 

samples, with the hybrid composites exhibiting 

the best performance. These findings suggest that 

the developed hybrid biocomposite compositions 
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hold enormous promise for various applications 

[6]. Yang et al. (2024) reported on the properties 

of WS/PVC hybrid composites with walnut  

shell powder (WS) and attapulgite (ATP). They 

produced the composites using single-screw  

melt extrusion to compare the effects of various 

reinforcements. It also analyzed the composites' 

chemical composition, microstructure, thermal 

stability, mechanical, physical, and wear resistance 

properties [7]. Dutta and Maji (2023) developed a 

biobased composite using waste rice husk ash 

(RHA) and polyvinyl chloride in a 1:1 ratio. 

Using epoxidized soybean oil (ESO) as a green 

compatibilizer and tannic acid-calcium oxide 

(TA-CaO) nanocomposite as a thermal stabilizer 

made it possible to make the composites without 

using any solvents and in an eco-friendly way. 

The inclusion of graphene oxide (GO) nanomaterial 

enhanced the composite's mechanical, chemical, 

thermal, and flame-resistant qualities [8]. 

Shanmugasundar et al. (2020) investigated the 

PVC/glass fiber/graphene nanocomposite 

manufacturing process using traditional molding 

techniques. The matrix exhibited uniform graphene 

dispersion, which improves bonding. This study 

investigated the mechanical properties of the 

produced nanocomposite. The composites were 

created as flat test samples for use in pipes  

[9]. Allahbakhsh et al. (2020) produced PVC/rice  

husk hybrid composites with modified graphene 

oxide nanosheets. The addition of graphene  

oxide nanosheets modified by sodium 

dodecylbenzenesulfonate (SDBS) increased the 

viscosity of the melt mixture of PVC and rice 

straw compounds. The microstructural properties 

of the compounds improved as a result of  

this modification in the melt mixing rheology 

improved the compounds' microstructural 

properties [10]. Skórczewska et al. investigated 

chicken shells as a biofiller for creating 

composites made of unplasticized poly (vinyl 

chloride) in 2022. They reported that the  

biofiller significantly improved thermal stability. 

Furthermore, in PVC composites, the elastic 

modulus and softening point (VST) values 

increased significantly. They discovered that 

ground hen egg shells serve as an effective filler 

for PVC composites [3].  

The authors decided to examine the thermal 

properties of eggshells and seashells due to their 

similar contents in this study. And also, the  

term "biocomposite" in this study refers to the 

utilization of SS. Because the availability of waste 

SS is growing daily in coastal regions across the 

globe, Proper use of these SS can significantly 

improve the environment by lowering raw 

material costs and improving biocompatibility 

[11]. In addition to the authors' previous  

studies on GO and RGO, which examined the  

structural properties of unplasticized PVC/GO/SS  

[12] and unplasticized PVC/RGO/SS hybrid 

biocomposites [13], Because of the different 

oxygen-containing functional groups of GO  

and RGO, the structural properties of hybrid 

composites will be different, as well as their 

thermal properties. In this paper, the thermal 

properties of unplasticized PVC/GO/SS, and 

unplasticized PVC/RGO/SS hybrid composites 

were characterized by TGA and DSC. The best 

amounts of graphene derivative and SS were 

chosen based on the thermal analysis results. 

2. EXPERIMENTAL PROCEDURES 

In our previous studies, PVC/GO/SS [12] and 

PVC/RGO/SS [13] hybrid biocomposites were 

produced. Table 1 presents the composition  

of GO, RGO, and Sea Shell (SS), as well as  

the sample codes of the PVC/GO/SS and 

PVC/RGO/SS hybrid biocomposites utilized in 

this research. 

Thermogravimetric analysis (TGA, STA 409, 

Netzsch) and differential scanning calorimetry 

analysis (DSC, STA 409, Netzsch) were performed 

by heating the samples from 20 to 600°C at a rate 

of 10°C min−1 in a nitrogen atmosphere. 

The degree of crystallinity (Xc) of polyvinyl 

chloride (PVC) and hybrid biocomposites  

was determined using differential scanning 

calorimetry (DSC) and computed using Equation 

(1) and Equation (2), respectively. 

Xc(%) =
∆Hc

∆Hf
∗ 100                      (1) 

Xc(%) =
∆Hc

∆Hf(1−Wf)
∗ 100                  (2) 

ΔHc is the heat fusion of the samples obtained 

from DSC analysis, ΔHf is the fusion enthalpy of 

100% crystalline PVC (ΔHf= 10.5 J/g) [14] and 

Wf is the mass fraction. 

In the previous studies on PVC/GO the synthesis, 

thermal, and structural characterization of 

composites, the authors obtained fusion enthalpy 

results for unfilled PVC by DSC analysis [15]. 

However, the degree of crystallinity was not 

determined in that particular investigation. 
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Table 1. wt.% of SS, GO, RGO and codes of biocomposites 

 

GO Content 

(wt%) 

RGO Content 

(wt%) 

SS Content 

(wt%) 

PVC/GO 0.1 - - 

PVC/GO/SS-5 0.1 - 5 

PVC/GO/SS-10 0.1 - 10 

PVC/GO/SS-15 0.1 - 15 

PVC/GO/SS-20 0.1 - 20 

PVC/RGO - 0.1 - 

PVC/RGO/SS-5 - 0.1 5 

PVC/RGO/SS-10 - 0.1 10 

PVC/RGO/SS-15 - 0.1 15 

PVC/RGO/SS-20 - 0.1 20 

 

This study involved the computation of the 

crystallinity degree of unfilled PVC using 

Equation 1. In addition, Equation 2 was employed 

to determine the effect of incorporating GO, 

RGO, and various SS contents into the PVC 

matrix on the degree of crystallinity. The hardness 

test results were measured with Shore D hardness 

(WESTOP Type D-AB-0052-K). The hardness 

results reported in this work were averaged from 

10 independent determinations. 

The surface images of hybrid biocomposites were 

examined using a Nikon Eclipse LV150 optical 

metal microscope (OM) and scanning electron 

microscopy (SEM, Supra 40VP, Zeiss). Energy 

dispersive X-ray spectroscopy (EDS) analysis 

was also performed on the same device.  

3. RESULTS & DISCUSSION 

3.1. TGA Analysis 

Fig. 1 and Fig. 2 show the TGA weight loss  

and derivative thermograms of the PVC/GO, and 

PVC/RGO hybrid biocomposites, respectively. 

They exhibited a three-step degrading process, as 

seen in Fig. 1 and 2. Due to the very small (0.1 

wt%) incorporation of GO and RGO into the PVC 

matrix, the first-step decomposition temperatures 

of the PVC/GO and PVC/RGO composites were 

identical (Table 2). 

The first step decomposition temperatures 

decreased in PVC/GO/SS-15 and PVC/GO/SS-20 

hybrid biocomposites as seen in Table 2. All SS 

contents determined a decrease in PVC/RGO/SS 

hybrid biocomposites. This result is due to the 

amount of oxygen-containing functional groups 

of GO and RGO. Since GO has more oxygen-

containing functional groups than RGO, GO-

containing hybrid biocomposites showed a 

decrease in the temperature value of the first 

decomposition step at 15 wt.% and 20 wt.% SS 

content. Since RGO has fewer oxygen-containing 

functional groups, the initial decomposition 

temperature decreased in all SS-containing hybrid 

biocomposites compared to PVC/RGO composite. 

Table 2. The decomposition temperatures of PVC/GO, PVC/RGO composites and their hybrid biocomposites 

Sample 
DecompositionTemperatures 

First Second Third 

PVC/GO 166.94 286.94 466.94 

PVC/RGO 166.94 276.94 456.94 

PVC/GO/SS-5 166.94 286.94 466.94 

PVC/RGO/SS-5 156.94 286.94 466.94 

PVC/GO/SS-10 166.94 286.94 466.94 

PVC/RGO/SS-10 156.94 286.94 466.94 

PVC/GO/SS-15 156.94 286.94 476.94 

PVC/RGO/SS-15 156.94 286.94 466.94 

PVC/GO/SS-20 156.94 286.94 466.94 

PVC/RGO/SS-20 156.94 286.94 466.94 

 

 

 

 

 

 

 

 

 

GO 

Content 

(wt. %) 

 

 

 

 

 

RGO 

Content 

(wt. %) 

 

 

 

 

 

SS Content 

(wt. %) 

PVC/GO 0.1 - - 

PVC/GO/SS-0.5 0.1 - 5 

PVC/GO/SS-1.0 0.1 - 10 

PVC/GO/SS-1.5 0.1 - 15 

 PVC/GO/SS-2.0 0.1 - 20 

 PVC/RGO - 0.1 - 

PVC/RGO/SS-0.5 - 0.1 5 

PVC/RGO/SS-1.0 - 0.1 10 

PVC/RGO/SS-1.5 - 0.1 15 

PVC/RGO/SS-2.0 - 0.1 20 
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Fig. 1. TGA analysis results for the PVC/GO and PVC/GO/SS hybrid biocomposites

This decrease was due to the water-repellent 

property of the added SS. This result was the 

reason why the samples containing SS underwent 

first-step decomposition at lower temperatures. In 

the literature, the first region is characterized by 

the evaporation of physically weak, chemically 

strongly bonded H2O molecules, as well as the 

evaporation of CO and CO2 gases from polymers 

[16]. RGO also weakened the bonds in the PVC 

matrix due to the increased evaporation of H2O, 

CO, and CO2 gases from polymers compared  

to GO. 
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Fig. 2. TGA analysis results for the PVC/RGO and PVC/RGO/SS hybrid biocomposites 

The presence of more oxygen groups in GO 

facilitated the prevention of bond weakening. 

However, it was understood that this weakening 

occurred at the amounts of 15 and 20 wt.%.  

The de-hydrochlorination of PVC/GO/SS hybrid 

biocomposites attributed to that began at 286.94°C 

in the second stage [17, 18, 19]. Fig. 1 suggests 

that adding all SS amounts to PVC did not 

significantly affect the onset de-hydrochlorination 

temperature. The second stage of degradation  

of PVC/RGO composites started at 276.94°C  

but increased up to 286.94°C for PVC/RGO/SS 
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hybrid biocomposites (Table 2). Although the 

thermal stability of the PVC/RGO composite 

(276.94C) is lower than that of the PVC/GO 

composite (286.94C), the thermal stability 

increased in all PVC/RGO/SS hybrid 

biocomposites with the addition of SS. The 

thermal stability is due to the addition of SS rather 

than RGO. The temperatures of all biocomposites 

increased from 276.94C for PVC/RGO to 

286.94C. In the end, the C-Cl bonds in 

PVC/RGO weakened at this temperature, but SS 

reinforcement strengthened the weakened bond 

once more. The cleavage backbone of the 

polymer was responsible for the final degradation 

step [20], observed at 466.94C for PVC/GO  

and 456.94C for PVC/RGO composites  

(Table 2). Although the PVC/RGO composite's 

decomposition temperature is low, the 

degradation temperature values of PVC/RGO/SS 

hybrid biocomposites shifted to higher levels  

with the addition of SS, just like second step 

degradation, as seen in Fig. 2. Fig. 1 shows  

the decomposition temperature of the only 

PVC/GO/SS-15 hybrid biocomposite increased. 

The high residue amount at 600C, which is 

another indicator of thermal stability, is effective 

in preventing the formation of volatile aromatic 

compounds. Previous studies conducted with 

PVC reported that composite samples with the 

highest residue amount also had high thermal 

stability [21, 22]. Fig. 1 and Fig. 2 revealed that 

hybrid biocomposites produced with the addition 

of 20 wt% SS increased thermal stability with  

the highest residual amounts. With residue  

amounts of 30.61% and 29.19%, respectively, 

PVC/GO/SS-20 and PVC/RGO/SS-20 hybrid 

biocomposites demonstrated the highest thermal 

stability compared to other hybrid biocomposites 

and composite samples. 

3.2. DSC Analysis 

Fig. 3 and Fig. 4 show the DSC thermograms  

of the PVC/GO, PVC/RGO, and their hybrid 

biocomposites, respectively. The PVC/GO and 

PVC/RGO had a melting point of 250.26°C. 

There was a correlated degradation peak, with its 

center located at 250.26°C. Fig. 3 and Fig. 4 

indicated that the melting point maximum values 

of all composites at 260.26°C were visible in  

the DSC curves of all of the PVC/GO/SS and 

PVC/RGO/SS hybrid biocomposites.  

The melting temperature peaks of all hybrid 

biocomposites, as displayed in Figs. 3 and 4, 

broadened and shifted to higher temperatures with 

the SS addition. The interaction between SS and 

PVC/GO-PVC/RGO was attributed to the broad 

melting transition peak [23]. It was evident that 

the SS loading caused the melting point of 

PVC/GO and PVC/RGO composites to move to a 

higher temperature, independent of the different 

wt.% of SS. This might be explained by the 

common impact of the filler addition [24, 25], 

since SS prevented polymer chain movement by 

creating a hydrogen bond between the hydrogen 

groups of PVC chains and the hydroxyl groups on 

the edges of SS. The PVC/GO and PVC/RGO 

composites showed a glass-transition temperature 

(Tg) of around 56.12 and 60.06°C, according to 

the DSC thermograms, respectively. However, as 

can be shown in Fig. 3 and Fig. 4, the Tg value of 

the PVC/GO/SS and PVC/RGO/SS hybrid 

biocomposites increased as the amount of SS 

increased. 

 
Fig. 3. DSC thermogram for the PVC/GO and PVC/GO/SS hybrid biocomposites 
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Fig. 4. DSC thermogram for the PVC/RGO and PVC/RGO/SS hybrid biocomposites 

The increased Tg results from a distinct effect of 

SS distribution on temperature-dependent PVC 

chain mobility, where a better dispersion of SS  

led to a higher restriction of PVC chain motion 

[26]. In a previously reported reviewer study,  

the solvent casting method prepared PVC 

nanocomposites containing up to 20 wt.% of 

ZnO. According to the DSC analysis results, the 

Tg increased. The strong interaction was between 

ZnO nanoparticles and the PVC matrix [27]. 

Another study found that uniformly distributed 

CaCO3 nanoparticles, added to the PVC matrix  

at concentrations up to 5 wt%, had a similar 

temperature effect during in-situ polymerization. 

The simultaneous influence of the nanoparticles on 

the restriction of segmental and long-range chain 

mobility shifted the glass transition temperature 

of the PVC slightly towards higher values (about 

1.1–1.4C) compared to unfilled PVC [28]. 

Table 3 shows crystallite fusion enthalpy and the 

degree of crystallinity (Xc) of the PVC/GO  

and PVC/RGO composites, and their hybrid 

biocomposites. The author's previous study 

provided the enthalpy value for PVC [15]. This 

calculated value (5,58%) was consistent with the 

values found in the literature for commercial PVC 

[29]. Researchers had found enthalpy values of 

PVC/GO and PVC/RGO composites [12, 13].  

In this study, the crystallinity values of all  

of them were found from Equation 1 and 2.  

Table 2 demonstrated an increase in crystallinity  

values (Xc) as the wt% SS contents in hybrid 

biocomposites increase. It was understood that 

hybrid biocomposites with a 20 wt% SS addition 

had the highest crystal size values. Crystallinity 

values of 7.96% for PVC/RGO/SS-20 and 7.74% 

for PVC/GO/SS-20 were found. The highest 

crystallinity values were 29.21% for PVC/GO/SS-

20 compared to PVC/GO and 39.40% for 

PVC/RGO/SS-20 compared to PVC/RGO. It has 

been reported in previous studies that these high 

crystallinity values will also increase the hardness 

of the samples [30, 31]. Therefore, Shore D 

hardness measurements of the samples were made. 

Table 3. The crystallite fusion enthalpy and %Xc of PVC/GO, PVC/RGO composites and their hybrid 

biocomposites 

Sample ∆H (J/g) Xc (%) 

PVC/GO/SS-20 64,94 7,74 

PVC/GO/SS-15 60,50 6,78 

PVC/GO/SS-10 60.70 6,43 

PVC/GO/SS-5 60.70 6,09 

PVC/GO 62,9 5,99 

PVC 58.66 5,58 

PVC/RGO 59,95 5,71 

PVC/RGO/SS-5 61,25 6,14 

PVC/RGO/SS-10 61,39 6,50 

PVC/RGO/SS-15 62,25 6,98 

PVC/RGO/SS-20 66,86 7,96 
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3.3. Shore D Hardness Testing 

The hardness values of the PVC/GO and PVC/RGO 

composites and their hybrid biocomposites are 

shown in Fig. 5. As seen in Fig. 5, the hardness 

value of unfilled PVC was determined to be 82.9. 

This value was found to be compatible with other 

PVC articles in the literature that use the same 

hardness scale [32, 33].  

 
Fig. 5. Shore D hardness test results of the PVC/GO, 

PVC/RGO, and their hybrid biocomposites 

Comparing the hardness values of PVC/GO and 

PVC/RGO composites revealed that the PVC/GO 

composite, with its higher degree of crystallinity 

(Table 3), also had a higher hardness value. 

Despite this, adding SS resulted in higher hardness 

values for PVC/RGO/SS hybrid biocomposites 

compared to those containing GO. And also, the 

crystallinity values are consistent with the results. 

The hybrid biocomposite coded PVC/RGO/SS-

20 exhibited the highest improvement of 18.47% 

in hardness value compared to the PVC/RGO 

composite. Kumar et all. in their study where they 

added calcium carbonate to PVC resin, the shore 

D hardness of the composite with 22.36% calcium 

carbonate was found to be 87.0. In this study, the 

hardness value of PVC/RGO/SS-20 hybrid 

biocomposite was found to be 87.2 on the same 

hardness scale [33]. 

Fig. 6 shows the oxygen density distributed in the 

matrix as a result of the SEM-EDS elemental 

mapping analysis of hybrid biocomposites.  

   

   

  
Fig. 6. SEM-EDS elemental mapping of hybrid biocomposites at same magnification (50X) 
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As the amount of SS increased, the oxygen 

concentration in the matrix increased. There  

are intermittent voids in all images. But it  

was observed least intermittent voids in the 

PVC/RGO/SS-20 hybrid biocomposite. This 

result is supported by the OM image of the  

same hybrid biocomposite in Fig. 7. In Fig. 7,  

as the SS amount increases in the OM images  

of the hybrid biocomposites, brighter and lighter 

colored traces of crystallinity are evident on  

the surface. These images also supported the 

increase in crystallinity (Table 3) and hardness 

(Fig. 5) of the PVC/RGO/SS-20 hybrid 

biocomposite. Pan et al.'s poly(L-lactide)-based 

biocomposite and Castilla-Cortazar's studies on 

the morphology, crystallinity, and molecular 

weight of poly(caprolactone)/graphene oxide 

hybrids yielded similar results [34, 35]. 

4. CONCLUSIONS 

In this study, the usability of waste Sea Shell  

(SS) as reinforcement material for hybrid 

biocomposites was examined. Its relationship 

with mechanical and structural properties, 

especially its effect on thermal properties due  

to its calcium carbonate content, has been 

investigated. The TGA and DSC analysis results 

showed that adding SS during the three-step 

degradation increased the thermal stability with 

high residue amounts in hybrid biocomposites 

with the highest 20 wt% SS addition. The degree 

of crystallinity (Xc) and the glass transition 

temperatures of hybrid biocomposites increased 

as the amount of SS increased. These results were 

attributable to the hydrogen bonds between the 

hydrogen groups of PVC chains and the hydroxyl 

groups on the edges of SS and GO-RGO, as well 

as the distribution of SS in the matrix. The 

addition of SS also had an effect on the hardness 

values. As the amount of SS increased, the 

hardness values also increased. The highest 

hardness value appeared in the PVC/RGO/SS-20 

hybrid biocomposite at the highest wt.% SS 

value, just like the crystallinity degree. As a 

result, the addition of SS had an effect on thermal 

stability, crystallinity of the structure and 

hardness. Interaction and bonding between PVC-

GO-RGO and SS was achieved. Therefore, the 

authors recommend using the fillers and 

reinforcements from this study to produce hybrid 

composites with high thermal stability and 

hardness. 

   

   

  
Fig. 7. OM images of hybrid biocomposites at same magnification (10X) 
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