


Enhancing the Thermal Stability of Polyvinyl Chloride Using Plant Oils: A Chemical Perspective on Recent Innovations
Abstract:
Polyvinyl chloride (PVC) is widely used in various industries due to its versatility, but its thermal instability presents a challenge, leading to degradation and release of hydrochloric acid (HCl) when exposed to high temperatures. Traditional stabilizers, such as lead and organotin compounds, have been used to prevent this degradation but pose significant environmental and health risks. In response, bio-based stabilizers derived from plant oils have emerged as a sustainable and eco-friendly alternative. This review examines the recent developments in plant oil-derived stabilizers for PVC, focusing on the mechanisms of stabilization, environmental sustainability, and economic advantages. We explore plant oils such as tung oil, castor oil, and soybean oil, highlighting their effectiveness in improving PVC’s thermal stability. Despite promising results, challenges such as compatibility with the PVC matrix and scalability remain. This review provides a detailed overview of the current state of plant oil-based stabilizers and offers insights into future research directions.
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Introduction:
Polyvinyl chloride (PVC) is one of the most widely used thermoplastics globally, known for its affordability, versatility, and ease of processing. Its applications range from construction materials to medical devices, making it an essential material in modern industries (Zhao et al., 2022). However, despite its broad usage, PVC exhibits thermal instability, particularly due to the inherent instability of its carbon-chlorine bonds. When exposed to elevated temperatures, PVC undergoes degradation, releasing hydrochloric acid (HCl), which accelerates the breakdown of the polymer (Berg et al., 2023). The release of HCl triggers a cascade of chemical reactions that lead to discoloration, a reduction in mechanical properties, and eventual failure of PVC products over time (Xie et al., 2021). To mitigate these effects, stabilizers are incorporated into PVC formulations. These stabilizers help neutralize the HCl released during degradation, prevent the formation of free radicals, and inhibit polymer chain scission, thereby maintaining the material’s integrity (Cheng et al., 2022). Historically, metal-based stabilizers, such as lead and organotin compounds, have been employed for this purpose, as they effectively prevent thermal degradation (Chowdhury et al., 2022). However, the use of these stabilizers has come under scrutiny due to their toxic environmental and health effects. Lead and organotin compounds can accumulate in the environment and pose significant risks to ecosystems and human health (Ramesh et al., 2023). In response to these concerns, the search for more sustainable alternatives has intensified, with plant oil-derived stabilizers emerging as a promising solution. Plant oils, being renewable, biodegradable, and non-toxic, offer a viable alternative for enhancing PVC’s thermal stability while minimizing environmental and health risks (Siddiqui et al., 2023). These bio-based stabilizers, such as those derived from tung oil, castor oil, and soybean oil, have demonstrated significant potential in stabilizing PVC without the adverse effects associated with traditional stabilizers (Pradhan et al., 2023). Recent studies have focused on understanding the mechanisms through which plant oil-derived stabilizers work. These stabilizers have been shown to effectively reduce the thermal degradation of PVC by stabilizing free radicals, neutralizing HCl, and enhancing the polymer’s heat resistance (Xu et al., 2023). Additionally, plant oil-based stabilizers are often more cost-effective and readily available compared to conventional stabilizers, adding economic benefits to their use (Kumar et al., 2023). This has sparked further research into optimizing their effectiveness for industrial applications. This review will explore the recent developments in plant oil-derived stabilizers for PVC, focusing on their mechanisms of action, effectiveness, and the potential environmental and economic advantages they offer. We will also address some of the challenges associated with their use and propose future research directions in this promising area (Ali et al., 2023).
Thermal Degradation of PVC and Stabilization Requirements:
Thermal degradation of polyvinyl chloride (PVC) is primarily initiated by the instability of its carbon-chlorine bonds when subjected to elevated temperatures. The cleavage of these bonds results in the release of hydrochloric acid (HCl), which acts as an autocatalyst and further accelerates the degradation process (Safronov et al., 2003; Kalouskova et al., 2004; Sombatsompop et al., 2008). To address this issue, stabilizers are incorporated into PVC formulations to neutralize the released HCl, prevent chain scission, and inhibit free radical formation, thereby maintaining the polymer’s structural integrity (BioRes., 2011).
In recent years, research has increasingly focused on bio-based stabilizers derived from plant oils, owing to their non-toxic, biodegradable, and sustainable nature (Wang et al., 2022; Mei Wang et al., 2023). Plant oil-derived stabilizers have demonstrated significant potential in mitigating the thermal degradation of PVC by employing mechanisms such as cross-linking reactions, metal complexation, and free radical scavenging. These mechanisms collectively enhance the thermal stability of PVC and reduce its rate of degradation, offering an environmentally friendly alternative to conventional stabilizers (Mei Wang et al., 2023; Wang et al., 2022).
Types of Plant Oils Used for PVC Stabilization:
1. Tung Oil (Vernicia fordii):
Tung oil, extracted from the seeds of the tung tree, is recognized for its excellent stabilization properties in PVC. The high content of eleostearic acid-a conjugated fatty acid-plays a key role in this effect. The conjugated double bonds in eleostearic acid promote cross-linking reactions within the polymer matrix, which trap free radicals and inhibit further degradation of PVC. Recent research has demonstrated that tung oil-based stabilizers, including those formulated as calcium and zinc salts of polycarboxylic acids derived from eleostearic acid, provide superior long-term thermal stability compared to conventional calcium-zinc stearate stabilizers. These tung oil-derived stabilizers not only delay the onset of thermal degradation but also reduce discoloration and extend the processing window of PVC, effectively overcoming issues such as “zinc burning” that are common with traditional stabilizers (Li Mei et al., 2016; Montoya, 2024; Wang et al., 2024). Studies indicate that tung oil-based stabilizers can increase the onset temperature of thermal degradation by up to 25% relative to conventional calcium-zinc systems, highlighting their potential as sustainable and highly effective alternatives for PVC stabilization (Li Mei et al., 2016).

Figure 1: Thermal Degradation Comparison of PVC with Different Stabilizers

2. Castor Oil and Ricinoleic Acid:
Castor oil, derived from Ricinus communis, is rich in ricinoleic acid-a fatty acid featuring both hydroxyl and carboxyl functional groups. These groups enable castor oil derivatives to form complexes with metal ions such as calcium and zinc, which can effectively neutralize hydrochloric acid (HCl) released during the thermal degradation of PVC and thus enhance its thermal stability. Recent studies have demonstrated that castor oil-based plasticizers and stabilizers, especially those modified through processes like esterification or epoxidation, significantly improve the thermal and mechanical properties of PVC. For example, epoxy acetylated castor oil (EACO) and other derivatives have been shown to outperform conventional plasticizers and stabilizers in terms of tensile strength, migration resistance, and thermal stability (Zhang et al., 2019; Wang et al., 2022).
Thermal stability tests indicate that castor oil-based stabilizers can reduce the rate of PVC's thermal degradation by up to 20% compared to traditional systems, with some formulations also suppressing migration and enhancing flame retardancy (Zhang et al., 2019; Zhang et al., 2018; Wang et al., 2022). Modified castor oil derivatives, such as those containing synergistic flame retardant groups or epoxidized structures, have been shown to increase the onset temperature of PVC degradation and prolong the material’s whiteness retention during thermal aging (Zhang et al., 2018; Wang et al., 2022).

Figure 2: Comparison of PVC Stabilized with Castor Oil and Other Stabilizers


3. Soybean Oil-Based Stabilizers:
Soybean oil, which is rich in unsaturated fatty acids, has been shown to enhance the thermal stability of polyvinyl chloride (PVC) when used as a stabilizer. Chemically modified derivatives of soybean oil, such as epoxidized soybean oil (ESBO), are particularly effective in reducing the rate of discoloration and delaying the onset of thermal degradation in PVC. The unsaturated and epoxidized functional groups in soybean oil derivatives help inhibit the release of hydrochloric acid (HCl) and stabilize the polymer chains, leading to improved thermal and mechanical properties. Recent studies have reported a 20% improvement in the onset temperature of thermal degradation and a 15% reduction in discoloration when using soybean oil-based stabilizers compared to conventional alternatives. For example, Chen et al. (2024) demonstrated that modified soybean oil derivatives significantly improved PVC’s thermal degradation onset and reduced discoloration, confirming their effectiveness as environmentally friendly stabilizers.

Figure 3: Effect of Soybean Oil-Based Stabilizers on PVC Thermal Properties

Mechanisms of Stabilization by Plant Oil Derivatives:
The stabilization of polyvinyl chloride (PVC) using plant oil derivatives is achieved through several well-documented mechanisms.
Cross-Linking Reactions:
Conjugated fatty acids present in certain plant oils, such as tung oil, can undergo Diels-Alder reactions with PVC chains. This leads to the formation of stable cross-linked networks within the polymer matrix, which effectively trap free radicals and prevent further degradation of PVC. Such cross-linking enhances both the thermal stability and the mechanical properties of the material (Jia et al., 2023; Wang et al., 2016a).
Metal Complexation:
Functional groups commonly found in plant oil derivatives (e.g., hydroxyl and carboxyl groups) are capable of forming complexes with metal ions such as calcium and zinc. These complexes can neutralize hydrochloric acid (HCl) released during PVC degradation, thereby reducing chain scission and improving the long-term thermal stability of the polymer (Folarin and Ayinde, 2016; Li et al., 2017).
Free Radical Scavenging:
Plant oil derivatives, especially those containing epoxidized or unsaturated structures, can act as free radical scavengers. By reacting with and neutralizing reactive radical species generated during thermal degradation, these derivatives limit the propagation of degradation reactions and extend the service life of PVC materials (Jia et al., 2023; Wang et al., 2016a).
Environmental and Economic Considerations:
Plant oil-based stabilizers provide substantial environmental advantages for PVC processing due to their biodegradability and renewable origins. Unlike traditional metal-based stabilizers, which can persist in the environment and contribute to toxicity and heavy metal accumulation, plant oil-derived stabilizers break down more readily, thereby minimizing the environmental footprint of PVC products. For example, tung oil-based and epoxidized soybean oil stabilizers are derived from renewable resources and offer eco-friendly alternatives that support safer manufacturing and advanced applications in various sectors (Montoya, 2024; chembroad).
Moreover, plant oils such as soybean and castor oil are abundant, inexpensive, and widely available, making them a cost-effective and sustainable replacement for conventional stabilizers. Their use not only addresses environmental safety but also aligns with industry trends toward resource conservation and green chemistry (RSC Books; University of Minnesota, 2019). The adoption of plant oil-based stabilizers enables the plastics industry to reduce reliance on toxic additives, improve product safety, and promote sustainable development throughout the PVC lifecycle (Montoya, 2024; ScienceDirect, 2020).

Figure 4: Comparison of Environmental Impact of Different Stabilizers

Comparison with Conventional Stabilizers:
Studies have consistently shown that plant oil-derived stabilizers-particularly those based on tung oil-outperform conventional stabilizers such as calcium-zinc and lead-based systems in both thermal stability and environmental impact. Tung oil-based stabilizers have demonstrated clear advantages in delaying the onset of thermal degradation, reducing discoloration, and enhancing the mechanical properties of PVC. For example, innovative tung oil-based stabilizers like Ph-T and Ph-TO not only improve the thermal durability of PVC but also extend the processing window, minimize zinc burning, and offer dual benefits of stabilization and plasticization, making them highly effective for demanding applications including medical and industrial products (Montoya, 2024; Jia et al., 2017; ScienceDirect, 2017).
Despite these advances, several challenges remain for the broader adoption of plant oil-based stabilizers:
Compatibility with PVC Matrix: Some plant oil derivatives may exhibit limited compatibility with the PVC polymer matrix, which can reduce their effectiveness as stabilizers. Achieving optimal miscibility and interaction with PVC is essential for maximizing stabilization performance (University of Minnesota, 2019).
Long-Term Durability: While plant oil-based stabilizers have shown promising results in laboratory settings, more research is needed to assess their long-term durability, especially in outdoor applications where factors like UV radiation and oxygen exposure can accelerate degradation (Plastics Engineering, 2024; LinkedIn, 2024).
Scalability and Cost: Although raw plant oils are inexpensive and widely available, the cost and complexity of synthesizing modified derivatives at industrial scale can be a barrier. Process optimization and development of cost-effective synthesis routes are critical for the commercial viability of these stabilizers (University of Minnesota, 2019; ScienceDirect, 2017).
Future research directions should focus on improving the compatibility of plant oil-based stabilizers with PVC, evaluating their long-term performance under real-world conditions, and optimizing production methods to reduce costs and facilitate large-scale application. The continued innovation in this field is expected to further enhance the sustainability and performance of PVC products, supporting the transition to greener materials in the plastics industry.

Figure 5: Comparative Analysis of PVC Stabilized with Tung Oil Derivatives and Conventional Stabilizers

Conclusion:
Plant oil-derived stabilizers offer a promising and sustainable alternative to conventional PVC stabilizers, providing enhanced thermal stability while minimizing environmental and health risks. Studies on tung oil, castor oil, and soybean oil derivatives have shown their potential in improving the thermal performance of PVC. While challenges related to compatibility, long-term durability, and scalability exist, further research into plant oil-based stabilizers could lead to their widespread adoption in PVC production, contributing to more sustainable material solutions in the polymer industry.
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Plant Oil-Based Stabilizer	95	Low	Cost (USD/kg)	1.5	Calcium-Zinc Stabilizer	40	Moderate	Cost (USD/kg)	2.2000000000000002	Lead-Based Stabilizer	5	High	Cost (USD/kg)	3.5	
Stabilizer Type 




Tung Oil-Based Stabilizer	Thermal Degradation Onset (°C)	Discoloration (ΔE)	280	5.0999999999999996	Conventional Calcium-Zinc	Thermal Degradation Onset (°C)	Discoloration (ΔE)	220	7.8	Lead-Based Stabilizer	Thermal Degradation Onset (°C)	Discoloration (ΔE)	210	9.3000000000000007	
Stabilizer Type 




Tung Oil-Based Stabilizer	Degradation Onset (°C)	Discoloration (ΔE)	Mechanical Strength (MPa)	280	5.0999999999999996	62.3	Conventional Calcium-Zinc	Degradation Onset (°C)	Discoloration (ΔE)	Mechanical Strength (MPa)	220	7.8	58.2	Lead-Based Stabilizer	Degradation Onset (°C)	Discoloration (ΔE)	Mechanical Strength (MPa)	210	9.3000000000000007	55	
Stabilizer Type 




Castor Oil-Based Stabilizer	Thermal Stability (°C)	Degradation Rate (%)	Discoloration (ΔE)	275	30	6.2	Calcium-Zinc Stabilizer	Thermal Stability (°C)	Degradation Rate (%)	Discoloration (ΔE)	250	40	7.4	Lead-Based Stabilizer	Thermal Stability (°C)	Degradation Rate (%)	Discoloration (ΔE)	240	45	8.1	
Stabilizer Type 




Soybean Oil-Based Stabilizer	Thermal Stability (°C)	Degradation Onset (°C)	Discoloration (ΔE)	290	265	5.8	Conventional Stabilizer	Thermal Stability (°C)	Degradation Onset (°C)	Discoloration (ΔE)	240	245	8.3000000000000007	
Stabilizer Type 







