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 Polyvinyl chloride remains one of the most prevalent polymers in the industry, yet its 

substantial environmental impact, attributed to its fossil origin, prompts the exploration of 

innovative solutions. Composites, particularly bio-composites, emerge as promising 

alternatives to mitigate the ecological footprint of PVC while enhancing its characteristics. 

This study addresses this concern by presenting the development of a bio-composite 

comprising 90% PVC and 10% biological filler derived from bovine horn, renowned for 

its high keratin content. The primary objective was to create an innovative, 

environmentally friendly, and sustainable material. To rigorously assess the properties and 

thermal stability of this bio-composite, a comparative thermogravimetric analysis was 

conducted against virgin PVC. The results reveal the superior thermal stability of the bio-

composite compared to virgin PVC, particularly beyond 280℃. This enhancement is 

attributed to the substantial presence of keratin in the biological filler, constituting nearly 

90% of the horn biomass. Notably, the observed mass loss in the bio-composite is lower 

than that of virgin PVC at temperatures exceeding 280℃. This research underscores the 

potential of bio-composites, specifically those incorporating bovine horn-derived filler, as 

promising alternatives to mitigate the ecological footprint of PVC while concurrently 

improving its thermomechanical characteristics. The innovative material developed in this 

study holds promise for sustainable applications in various industries, aligning with the 

growing demand for environmentally conscious alternatives. 
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1. INTRODUCTION 

 

For any specific requirement, there exists a polymer that 

meets these demands [1]. In everyday life and industrial 

applications, polymers originate from various sources [2], 

with notable distinctions between natural polymers such as 

plant fibers, leather, animal tendons, and wool, and fossil-

based polymers like polyethylene, polypropylene, polyvinyl 

chloride, and polystyrene [3-5]. Each type of these polymers 

presents advantages [6] but also drawbacks and limitations in 

application. The concept of composite materials allows for the 

creation of alliances between multiple polymers to harness 

their diverse advantages, resulting in materials tailored to 

specific needs [7-10]. 

In line with this concept, our research project aims to 

contribute to the development of eco-composites using 

polymers like polyvinyl chloride (PVC) and reinforcing them 

with an animal-origin biological filler (bovine horn) [11]. This 

innovative bio-composite material combines the 

thermomechanical and physicochemical performances of both 

materials. The bovine horns used as biological fillers are 

composed of nearly 90% keratin, endowing them with 

naturally high thermomechanical and physicochemical 

performance [12-14]. 

To create this bio-composite, the biomass undergoes a 

drying process, followed by grinding to achieve a powder 

solution. This powder, along with rigid PVC grains, is fed into 

an extruder to produce bio-composite specimens [15]. 

This contribution focuses on a thermogravimetric analysis 

to study material degradation characteristics as a function of 

varying temperature. JAMMOUKH et al.'s innovative 

initiative paved the way for exploring PVC bio-loading with 

an animal-origin biological filler, particularly bovine horn. 

Their inaugural contribution focused on valorizing horn waste, 

aiming to assess the potential improvement in the 

environmental impact of PVC, a fossil-origin polymer, 

through bio-loading incorporation [11]. This initial study 

highlighted the positive effect of bio-loading on the 

mechanical properties of PVC, emphasizing responsible use of 

natural resources. 

International Journal of Heat and Technology 
Vol. 42, No. 1, February, 2024, pp. 39-49 

 

Journal homepage: http://iieta.org/journals/ijht 
 

39

https://orcid.org/0000-0001-8309-7271
https://orcid.org/0000-0001-7020-8788
https://orcid.org/0000-0002-3670-6510
https://orcid.org/0000-0001-9313-2974
https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.420105&domain=pdf


 

Continuing their work, the research group shifted its focus 

to the extrusion production and in-depth characterization of 

the mechanical properties of an innovative bio-composite. 

This bio-composite, comprising 90% PVC and 10% biomass 

from bovine horn, underwent thorough analyses, including 

tensile tests to elucidate the mechanical characteristics of this 

revolutionary material [15-17]. 

Additionally, Moumen et al. enriched this exploration by 

adopting a numerical simulation approach based on finite 

element method. This methodology numerically determined 

the mechanical properties of the biomass and bio-composite. 

Importantly, the results of this numerical model were 

experimentally validated, reinforcing the credibility of the 

obtained conclusions [18-20]. 

Furthermore, the additional contributions of Moumen et al. 

pushed the boundaries of research by exploring the mechanical 

characteristics of the bio-composite using an artificial 

intelligence approach. The use of neural networks to predict 

the mechanical properties of the bio-composite by varying bio-

loading and PVC percentages demonstrates an innovative and 

multidisciplinary approach [21, 22]. 

These successive advancements demonstrate a systematic 

progression, evolving from waste valorization to the creation 

and thorough characterization of a potentially revolutionary 

bio-composite, marking a significant step in environmentally 

responsible polymer material research. 

However, despite the scope and relevance of JAMMOUKH 

et al. and Moumen et al.'s contributions, it is essential to 

highlight some remaining gaps in the explored research field. 

Particularly, existing works do not seem to comprehensively 

address the thermal characteristics and thermal degradation of 

the developed bio-composite [23-26]. These crucial aspects 

hold particular importance in the design of new materials, as 

they directly influence stability and performance under varied 

thermal conditions [25, 26]. 

Characterization of thermal degradation is crucial to assess 

the resistance of the bio-composite to high temperatures and 

understand its behavior under extreme environmental 

conditions [25]. A comprehensive understanding of these 

thermal parameters would not only refine the formulation of 

the bio-composite but also determine its potential applications 

in specific environments [27-29]. The neglect of these aspects 

in previous works underscores the importance of this study in 

advancing the development of these new materials. 

The main objective of this study lies in implementing an 

environmentally responsible approach for preparing raw 

biomass. This process includes crucial steps such as 

bactericidal treatment, drying, grinding, and screening to 

ensure clean handling of the biomass. The focus is on 

manufacturing specimens through extrusion, incorporating 

90% polyvinyl chloride (PVC) and 10% biomass, aiming to 

develop an innovative eco-composite [16]. 

Subsequently, our study focused on an experimental 

evaluation of the thermal degradation of rigid PVC under the 

influence of temperature, utilizing the thermogravimetric 

technique. This in-depth analysis was extended to the newly 

developed eco-composite. By making comparisons between 

the thermogravimetric results for both materials, we seek to 

elucidate variations in their thermal degradation profiles. 

This systematic approach, from biomass preparation to 

material thermal characterization, aims to provide essential 

data on the thermal performance of the developed bio-

composite. The obtained results will have significant 

implications for understanding the thermal stability of this 

innovative material, thereby shedding light on potential 

applications and practical limitations of its use [30]. 

This study will be structured into four main sections to 

achieve a comprehensive thermogravimetric characterization 

of the two materials in question. In the first section, a detailed 

presentation of both materials, namely polyvinyl chloride 

(PVC) and biomass, will be provided. The second part will 

focus on a detailed description of the method used for the 

fabrication of the bio-composite. The third section of our study 

will be devoted to the thermogravimetric analysis of a sample 

of virgin rigid polyvinyl chloride, highlighting mass changes 

as a function of temperature. Subsequently, in the fourth 

section, we will delve into the thermogravimetric study of a 

sample of the bio-composite, also analyzing its thermal 

characteristics and stability under the influence of temperature. 

In conclusion, we will synthesize the observations and results 

obtained during these two analyses, providing a detailed 

comparison of the thermal properties of PVC and the bio-

composite. The fundamental objective of this study lies in the 

in-depth characterization of the thermal properties of these two 

polymers through thermogravimetry, contributing to a deeper 

understanding of their respective performances. This work 

aligns with an eco-design approach, aiming to illuminate 

potential pathways to reduce the environmental footprint of 

polymers, especially PVC, within a more sustainable 

framework. 

 

 

2. MATERIALS: OVERVIEW OF POLYVINYL 

CHLORIDE AND BIOMASS (BOVINE HORN) 

 

2.1 Polyvinyl chloride 

 

In the context of an eco-design approach aimed at 

developing a high-performance and economically viable bio-

composite, rigid polyvinyl chloride (PVC) has been selected 

as the main matrix. Despite the availability of various 

polymers such as Polyethylene Terephthalate, Low-Density 

Polyethylene, Polypropylene, and even High-Density 

Polyethylene as alternatives in the market, our choice 

gravitated towards rigid PVC due to its typological advantages 

and physico-chemical performance [25]. Despite its relatively 

high economic cost compared to other polymers, rigid PVC 

remains predominant in a multitude of applications across 

various sectors, including the automotive and food industries, 

among others [31-33]. 

 

 
 

Figure 1. Rigid polyvinyl chloride 

 

However, rigid PVC presents certain limitations such as 

limited chemical resistance to solvents [34], susceptibility to 

discoloration when exposed to high UV levels, and low 

thermal resistance [35]. In terms of its physico-chemical 

properties, the PVC utilized in our experiment, as illustrated 

in Figure 1, distinguishes itself through its remarkable 

chemical stability when exposed to various aggressive agents. 
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and ease of transformation through methods such as extrusion 

[14, 36]. Its recyclability opens perspectives for a circular 

economy, but our study will particularly focus on the often-

neglected aspect of thermal degradation [37, 38]. The goal is 

to improve the understanding of its limits and optimize its 

application in the design of sustainable bio-composites. In 

doing so, we aim to contribute to the evolution of eco-design 

practices in the field of polymers, Table 1 summarizes all the 

general, thermal, and ecological characteristics of PVC. 

 

Table 1. Properties of rigid polyvinyl chloride [39] 

 
Property Value Units 

General 

Density 1.3e3-1.49e3 kg/m3 

Mechanical 

Yield Strength 4.14e7-5.27e7 Pa 

Tensile Strength 4.14e7-5.27e7 Pa 

Elongation 0.4-0.8 % strain 

Hardness (Vickers) 1.22e8-1.55e8 Pa 

Impact Strength (un-notched) 1.9e5-2e5 J/m2 

Fracture Toughness 3.63e6-3.85e6 Pa/m0.5 

Young's Modulus 2.48e9-3.3e9 Pa 

Thermal 

Max Service Temperature 50-65 ℃ 

Insulator or Conductor Insulator  

Specific Heat Capability 1e3-1.1e3 J/kg ℃ 

Thermal Expansion Coefficient 9e-5-1.8e-4 strain/℃ 

Eco 

CO2 Footprint 1.85-2.04 kg/kg 

Recyclable Yes  

 

Polyvinyl chloride has the following chemical formula: —

(CH2—CHCl)n—(the structure of which is shown in Figure 

2). 

This material, classified as organic, is produced through a 

radical polymerization process of the vinyl chloride monomer 

(abbreviated as VCM, with the formula CH2=CHCl). 

 

 

 
 

Figure 2. The structure of polyvinyl chloride 

 

2.2 The biomass (Bovine horn) 

 

In our endeavor to enhance the physico-chemical and 

thermomechanical characteristics of rigid polyvinyl chloride 

(PVC), we have innovated by developing a bio-composite. 

This material is predominantly composed of PVC, 

representing 90% of the total composition, and also 

incorporates a biological filler derived from bovine horn, 

constituting 10% (Figure 3 and Figure 4) [15, 16]. Our bio-

loading approach aims to harness the intrinsic properties of 

bovine horn, rich in keratin [38], to reinforce and diversify the 

characteristics of PVC. This strategy aligns with our ongoing 

quest to create a hybrid material, combining the environmental 

benefits of using biomass with improved performance. This 

innovation opens new perspectives for sustainable 

applications in the field of polymer materials, thereby aligning 

our research with current concerns regarding material 

sustainability and efficiency. 

In its raw state, the use of horn as a bio-filler proves 

impractical, necessitating a crucial pre-processing stage. The 

initial step involves sun-drying the horns to eliminate surface 

residues. Subsequently, the sheath, which exhibits the most 

favorable characteristics and constitutes the outer part of the 

horn, is meticulously separated from the cornet, the extension 

originating from the frontal bone of the animal [11, 13]. The 

isolated sheath then undergoes a grinding process, 

transforming the material into a fine powder ready to be 

utilized as a bio-filler for rigid polyvinyl chloride [40]. This 

meticulous process ensures the optimal quality of the bio-filler, 

thereby contributing to maximizing the performance of the 

resulting composite material (see Figure 5). 

 

 
 

Figure 3. The cross-section of the horn has a concentric 

structure [41] 

 

 
 

Figure 4. The horn sheath after separation from the horn 

 

 
 

Figure 5. (a): Biomass in the form of CHIPS; (b): Biomass in 

the form of POWDER 
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3. EXPERIMENTAL PROCEDURE 

 

3.1 Extrusion process 

 

In order to obtain the bio-composite, we chose the extrusion 

process, which is carried out using a machine called an 

extruder. The extruder is equipment used to transform plastic 

materials into precise and continuous forms. The polymer 

extrusion process (see Figure 6) involves heating the polymer 

until it becomes malleable, then passing it through a die that 

imparts the desired final shape to the finished product [42]. 

Polymer extrusion is widely used in various industrial sectors, 

including automotive, food packaging, and electronics. 

The selection of the extruder for the production of the PVC-

based bio-composite and the bio-fill made from bovine horn is 

based on several crucial considerations related to the specific 

properties of the material and the requirements of the 

processing [43, 44]. Firstly, the extruder was chosen due to its 

ability to efficiently process loaded polymer blends, providing 

essential mixing homogeneity to ensure uniform mechanical 

properties of the final product [43]. The unique nature of 

bovine horn as a bio-fill also influenced the choice of the 

extruder. Since the horn is introduced in powder form after a 

grinding process [16], it was imperative to opt for an extruder 

capable of effectively handling solid charges. The selection of 

a suitable extruder also considered the need to maintain 

specific temperatures, due to the thermal characteristics of 

PVC and the bio-fill. The design of the extruder screw was 

adapted to ensure homogeneous mixing and optimal 

dispersion of the bio-fill in the polymer matrix [44, 45]. 

For our experiment, the laboratory at the Technical Center 

for Plastics and Rubber (CTPC) provided us with an extruder 

of the Bausano & Figli S.p.A brand, type MD-30/19-30 

(Figure 7). This machine is equipped with a multi-stage 

thermostated screw with variable speed, along with a series of 

pressure transducers. For material feeding, it features a 

rotating stainless-steel hopper and a screw feeder [46]. 

To create a bio-composite with optimal performance, the 

results of multiple experiments conducted by JAMMOUKH et 

al. suggest that a dosage of 90% PVC and 10% bio-filler leads 

to improved characteristics [11, 14, 17, 47, 48]. Following this 

recommendation, we manufactured our bio-composite using 

rigid PVC. 

It is crucial to emphasize that the machine's heating 

temperature plays a crucial role in determining the properties 

of the bio-composite. A previous study conducted by 

JAMMOUKH et al. concluded that a mixing temperature of 

130°C offers a better compromise between mechanical and 

physicochemical performance [41, 49, 50]. 

 

 
 

Figure 6. Principle of the extrusion process [42] 

 

After configuring the BAUSANO MD-30/19-30 PVC 

extruder, we proceed with the transformation of the PVC/bio-

filler mixture into flat profiles. This step is crucial to meet the 

requirements of our experimental plan aimed at characterizing 

the physicochemical properties of this bio-composite for 

optimal utilization, as shown in the Figure 8. 

 

 
 

Figure 7. Extruder for PVC type MD-30/19-30 from 

BAUSANO 

 

 
 

Figure 8. Rigid bio-composite (10% bio-mass+90% rigid 

PVC) 

 

3.2 Analysis device 

 

Thermogravimetric Analysis (TGA) is a technique that 

enables us to measure the mass changes of a sample as a 

function of temperature. This technique employs an 

instrument called a Thermogravimetric Analyzer, consisting 

of a sensitive balance known as a "Microbalance" and a 

furnace that can be controlled for both heating and cooling 

[51]. In this experiment we used a TG Q500 

thermogravimetric analyser supplied by CTPC, shown in 

Figure 9. TGA is utilized to investigate the decomposition and 

thermal stability of a sample, especially to identify 

decomposition temperatures and decomposition products. It 

can be applied to study a wide range of materials, including 

polymers, biomasses, and composites [52]. TGA is often 

employed in conjunction with other laboratory techniques, 

such as infrared spectroscopy or chromatography, to gain a 

more comprehensive understanding of the chemistry and 

physics of materials [53]. 

Data from Thermogravimetric Analysis (TGA) plays a 

crucial role in the overall assessment of the bio-composite 

material, providing crucial information about its thermal 

stability and degradation properties [51, 54]. TGA allows 

monitoring the mass variation of a sample as a function of 

temperature, offering a detailed insight into the thermal 

changes undergone by the material [38, 52]. 
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Figure 9. The thermogravimetric analyzer "TGA Q500" 

 

In the context of the PVC and bovine horn-based bio-

composite, TGA data are particularly relevant for several 

aspects. They provide information about the temperature range 

at which the material's thermal degradation occurs. This range 

can reveal critical thresholds where significant changes in the 

molecular structure or composition of the bio-composite occur. 

TGA data allow quantifying the thermal stability of the 

material by identifying the temperatures at which degradation 

processes start and end. These parameters are essential for 

determining the resistance of the bio-composite to high 

temperatures, which is crucial in various industrial 

applications. TGA analysis can also reveal the relative 

composition of the bio-composite's constituents by 

distinguishing the degradation of PVC from that of the bovine 

horn. This provides an in-depth understanding of the 

individual contributions of the components to the overall 

thermal degradation of the material [38, 55]. 

 

 

4. RESULTS AND DISCUSSIONS 

 

4.1 Experimental results of thermogravimetric analysis of 

polyvinyl chloride 

 

The result of the thermogravimetric analysis of polyvinyl 

chloride is presented in Figure 10. Examination of the thermal 

degradation characteristics of PVC reveals no mass loss 

observed up to 280℃. Beyond this temperature, the PVC's 

thermal degradation process is divided into two distinct stages: 

the first extends from 280 to 370℃, followed by the second 

from 370 to 700℃ [56, 57]. These findings align with 

literature results that have also highlighted this division into 

two main stages of the PVC degradation process [52, 58, 59]. 

This observation reinforces the validity and consistency of the 

results obtained in our study, confirming the robustness of the 

thermogravimetric analysis applied to PVC. 

Figure 10 highlights the cascade reaction of PVC subjected 

to the temperature effect, revealing a complex degradation in 

several distinct phases. This detailed chronological sequence 

provides an essential insight into the structural changes of 

PVC in response to increasing temperature. 

Initiation of degradation 

At initial temperatures, PVC remains stable, marking the 

preliminary stage before the initiation of the degradation 

process. This initial phase attests to the polymer's robustness 

under moderate thermal conditions. 

 

 
 

Figure 10. Results of the thermogravimetric analysis of 

polyvinyl chloride 

 

First phase (280-370℃) 

The first phase of degradation begins around 280℃, marked 

by a significant mass loss, primarily due to the decomposition 

of C-Cl bonds in PVC. This initial stage extends to 

approximately 370℃, revealing a cascade reaction that 

profoundly alters the material's molecular structure [52, 57]. 

Second phase (370-700℃) 

The second phase of degradation starts at 370℃ and ends at 

nearly 700℃. This stage experienced a mass loss of almost 

28% of the remaining mass from the previous stage (36%). 

This mass loss is assumed to correspond to the breaking of C-

Cl bonds during the first phase. This reaction also results in 

the creation of various volatile elements; namely anthracene, 

naphthalene, and benzene, which are polyene chains of toluene 

[60, 61]. 

Carbonization and residues (700℃ and beyond) 

Beyond 700℃, the cascade reaction culminates in the 

formation of carbonized residues. Approximately 8% of the 

initial mass is preserved in this form, indicating a final 

carbonization of the PVC's organic matrix. This step provides 

insight into the material's resistance to high temperatures [59, 

60]. 

This cascade analysis underscores the complex dynamics of 

PVC degradation under the influence of temperature, 

providing crucial information for understanding and 

modulating the material's properties in various application 

contexts. 

 

4.2 Interpretation of the results of the derivative mass 

curve of polyvinyl chloride 

 

Interpretation of the derivative mass curve of polyvinyl 

chloride, derived from the differential thermal analysis, 

illustrated in Figure 11, consistently confirms the thermal 

decomposition of the polymer in two distinct stages, as 

previously outlined. The curve provides significant details 

regarding the quantitative and qualitative changes associated 

with these specific phases. 

First decomposition phase (64% Mass loss) 

The first phase, characterized by the highest mass loss 
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(approximately 64%), is clearly identified on the mass 

derivative curve. The mass derivative, representing the amount 

of material lost per unit temperature, reaches a remarkable 

peak of about 2 (%/℃) during this stage. This peak reflects the 

intensity of thermal decomposition at this stage, highlighting 

the high reactivity of polyvinyl chloride in breaking C-Cl 

bonds [52, 57]. 

Second decomposition phase (28% Mass loss) 

The second phase, characterized by a lower mass loss 

(approximately 28%), is also clearly defined on the mass 

derivative curve. The mass derivative during this stage is 

significantly reduced, reaching about 0.5 (%/℃). This 

reduction reflects lower thermal reactivity compared to the 

first phase, indicating a more progressive decomposition of the 

remaining bonds. 

The analysis of the polyvinyl chloride mass derivative curve 

not only confirms the validity of the two phases of thermal 

decomposition but also provides quantitative insights into the 

intensity of each phase. This information is crucial for a 

comprehensive understanding of the polymer's thermal 

reactivity, thereby guiding the design and application of the 

material in specific environments. 

 

 
 

Figure 11. Results of the differential thermal analysis of 

polyvinyl chloride 

 

4.3 Experimental results of thermogravimetric analysis of 

the bio-composite 

 

The bio-composite is synthesized by mixing 90% rigid 

polyvinyl chloride (PVC) with 10% biomass derived from 

recycled cattle horns [47]. Figure 12 depicts the result of the 

thermogravimetric analysis of the bio-composite. The thermal 

degradation characteristics of the bio-composite in the 

temperature range of 0℃ to 1000℃ show a three-phase 

degradation with mass loss, indicating a cascading degradation 

process [62]. The thermal decomposition process of the bio-

composite is subdivided into three main phases with mass loss. 

The first phase starts at around 284℃ and ends at 388℃, the 

second phase of degradation begins at 420℃ and ends at 

540℃, and the third phase starts at 900℃ and ends at 990℃. 

First degradation phase (284-388℃) 

The first phase, starting at approximately 284℃ and ending 

at 388℃, results in a significant mass loss of nearly 51%. This 

degradation arises from the decomposition of C-Cl bonds in 

PVC (representing 90% of the bio-composite) and the removal 

of water associated with keratin, a predominant component of 

the bovine horn. This phase demonstrates the preservation of 

32% of the mass before transitioning to the next degradation 

phase [63]. 

Second degradation phase (420-540℃) 

The second phase, ranging from 420℃ to about 540℃, 

induces an additional mass loss of nearly 20%, representing 

49% of the remaining mass from the previous phase. This 

complex step results primarily from the degradation of C-Cl 

and C-C bonds in PVC [60, 61], as well as the denaturation of 

the molecular helix of keratin present in the biomass [63]. The 

denaturation of the molecular helix of keratin in the biomass 

refers to a process in which the distinctive helical structure of 

keratin undergoes modifications, leading to an alteration of its 

original configuration. In this particular case, denaturation was 

initiated by external factors related to temperature, resulting in 

a modification of the helical structure. It is noteworthy that, in 

the context of the thermal degradation of the bio-composite, 

the denaturation of keratin specifically occurs during the 

second degradation phase, ranging from 420 to 540℃. This 

observation underscores the significant influence of 

temperature on the behavior of keratin in the thermal 

degradation process of the composite material. Volatile 

elements [60, 61] such as anthracene, naphthalene, and 

benzene (from PVC), as well as carbon dioxide (CO2), 

hydrogen sulfide (H2S), and hydrogen cyanide (HCN) from 

keratin are generated [56, 63-65]. This phase concludes with 

relative mass stability, with a slight mass loss of about 5% 

between 540℃ and 900℃. 

Third degradation phase (900-990℃) 

The third phase, beginning around 900℃ and ending at 

approximately 990℃, causes an additional mass loss of about 

11%. This mass reduction is attributed to carbonization and the 

evaporation of elements formed during the previous phase. 

The sudden decrease in mass observed from 911℃ onwards 

could also be influenced by instrumental artifacts, requiring 

further evaluation. 

 

 
 

Figure 12. Results of the thermogravimetric analysis of the 

Bio-composite 

 

4.4 Interpretation of the results from the mass derivative 

curve of the bio-composite 

 

Figure 13 depicts the curve of the differential thermal 

analysis of the bio-composite. This representation 

conclusively confirms that the polymer undergoes a staged 

decomposition in three distinct phases of thermal degradation. 

First phase (51% Mass loss) 

The first phase is characterized by the highest mass loss, 

reaching approximately 51%. The corresponding mass 

derivative is about 0.8 (%/℃). This initial phase demonstrates 

an intensive material decomposition, highlighted by a 

significant mass loss. 
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Second phase (20% Mass loss) 

The second phase shows a lower mass loss, estimated at 

around 20%. The associated mass derivative for this stage is 

about 0.3 (%/℃). This reduction in mass loss indicates a less 

pronounced decomposition compared to the first phase. 

Third phase (11% Mass loss) 

The third phase is also characterized by a relatively low 

mass loss, nearing 11%. The mass derivative for this phase is 

about 0.3 (%/℃). This final stage of decomposition 

contributes to an additional mass loss, though less significantly 

than the preceding phases. 

 

 
 

Figure 13. Results of the differential thermal analysis of the 

Bio-composite 

 

 

5. COMPARISON OF EXPERIMENTAL RESULTS 

 

The comparison of thermogravimetric curves between 

virgin rigid PVC and the bio-composite, illustrated in Figure 

14, reveals striking similarities up to 280℃, indicating 

equivalent thermal stability between the two materials. During 

this temperature range, both materials exhibit nearly identical 

thermal behaviors, with a very slight mass variation of PVC 

observed around 210℃. 

 

 
 

Figure 14. Overlay of thermogravimetric analysis results for 

rigid polyvinyl chloride and Bio-composite 

 

However, beyond 280℃, the trajectories of the two 

materials diverge significantly. This divergence indicates 

different levels of thermal stability between rigid PVC and the 

bio-composite. From this critical temperature onward, the red 

curve representing the TGA of the bio-composite consistently 

positions itself above the black curve of rigid PVC throughout 

subsequent phases of thermal degradation, up to 900℃. It is at 

this stage that both curves stabilize, albeit with different 

remaining masses. 

This continuous higher positioning of the bio-composite 

beyond 280℃ clearly underscores its improved thermal 

stability compared to rigid PVC. This persistent observation 

across various phases of thermal degradation demonstrates the 

substantial advantages of integrating keratin derived from 

biomass into the bio-composite [16, 17], thereby imparting 

superior thermal performance across the studied temperature 

range. 

By incorporating mass derivative results, as shown in 

Figure 15, the conclusion is reinforced: The bio-composite 

exhibits superior thermal stability to rigid PVC. These results 

highlight the environmental benefits and extended application 

opportunities of bio-composites, while emphasizing the 

crucial role of keratin in these enhanced thermal performances. 

 

 
 

Figure 15. Overlay of differential thermal analysis results for 

polyvinyl chloride and Bio-composite 

 

Keratin, the predominant component of biomass (over 90%), 

emerges as a key player in this thermal superiority [47, 63]. 

Alpha-grade keratin, rich in carbon, oxygen, nitrogen, a small 

proportion of hydrogen, and approximately 5% sulfur [13, 66, 

67], reinforces the molecular bonds of the bio-composite. This 

unique composition contributes to its increased thermal 

stability, making the bio-composite more resistant to high 

temperatures. 

The developed bio-composite, enriched with a biological 

load of bovine horn, exhibits interesting characteristics that 

make it potentially suitable for various applications, especially 

in the automotive industry. 

Due to its enhanced thermal stability, the bio-composite 

could be used to manufacture interior components such as trim 

panels, dashboards, and other aesthetic elements. Its resistance 

to high temperatures would be advantageous, particularly in 

environments where heat exposure is frequent. 

The combination of PVC and biomass in the bio-composite 

offers improved mechanical properties. This could be 

exploited for the production of lightweight structural 

components, such as body parts or chassis elements, 

contributing to vehicle weight reduction [14, 19]. 

The increased resistance to high temperatures of the bio-

composite makes it suitable for exterior coatings, thus 

withstanding extreme weather conditions. This could include 

applications such as exterior trims, bumpers, or other 
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components exposed to the elements. The thermal and acoustic 

insulation characteristics of the bio-composite could be 

utilized in designing elements such as door panels, 

contributing to improving thermal and acoustic comfort inside 

the vehicle [30]. 

Although the bio-composite enriched with bovine horn 

presents notable advantages, some limitations persist and 

require particular attention. The imperative to preserve the 

thermal and mechanical stability of the material in diverse 

environmental conditions poses a crucial challenge. The 

ability of the bio-composite to maintain its optimal properties 

under the influence of external factors such as temperature and 

humidity variations must be rigorously evaluated [68, 69]. 

Simultaneously, constraints may arise related to the supply 

of raw materials, namely bovine horn. The availability and 

quality of this organic resource may vary, leading to potential 

fluctuations in the properties of the bio-composite. Raw 

material suppliers must be able to consistently meet demand, 

posing a logistical challenge [41, 70]. 

Moreover, in specific applications requiring exceptional 

chemical resistance, the bio-composite may face limitations. 

The material's reaction to aggressive chemical agents, such as 

certain industrial chemicals, requires thorough evaluation. 

Some industrial environments may involve repeated exposure 

to potentially corrosive substances, highlighting the need for 

adequate chemical compatibility of the bio-composite. 

 

 

6. CONCLUSIONS 

 

This study thoroughly explored the potential of the PVC and 

bovine horn-based bio-composite, highlighting significant 

advances in the field of innovative materials. The integration 

of keratin, present in substantial quantities in bovine horn 

biomass, was a decisive feature in improving the physico-

chemical and thermomechanical properties of rigid PVC. 

Our analysis demonstrated that the thermal degradation of 

the bio-composite occurs in three distinct phases, marked by 

significant mass losses. The denaturation of the molecular 

helix of keratin during the second phase was identified as a 

crucial point, positively influencing the material's thermal 

stability. 

This study is reinforced by the graphical results of 

thermogravimetric analysis, illustrating that rigid PVC and the 

bio-composite initiate their degradation similarly in the first 

temperature interval, ranging from 0℃ to nearly 280℃. 

However, beyond this critical temperature, the bio-composite 

distinguishes itself by exhibiting superior thermal stability 

compared to virgin PVC. This significant improvement can be 

attributed to the substantial presence of keratin, representing 

10% of the bio-composite. This finding underscores the crucial 

importance of keratin as a key component in enhancing the 

material's thermal properties. The more controlled degradation 

of the bio-composite beyond 280℃ offers promising prospects 

for applications requiring increased resistance to high 

temperatures. However, challenges persist, especially in terms 

of maintaining stability in various environmental conditions 

and managing the supply chain for bovine horn. Applications 

requiring exceptional chemical resistance may also pose 

specific challenges. 

To advance in this field, it is essential to clarify the exact 

role and quantity of keratin in the bio-composite. Ongoing 

attention to optimizing parameters that enhance thermal 

stability, along with continuous evaluation of material 

performance in real conditions, is necessary. This study 

provides a promising perspective for the development of 

innovative bio-composites. The findings pave the way for 

future research aimed at refining formulations, overcoming 

identified limitations, and expanding the potential applications 

of these eco-friendly and high-performance materials. 
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