Conversion of Vegetable Oils into Glycidyl Ethers: The Key Process Moving Towards Sustainability and Improved Performance in Epoxy Resins
Abstract
It is through a review of conversion of vegetable oils into glycidyl ethers focusing on their roles in achieving sustainability and improved epoxy resin performance. It involves functionalization of triglycerides in the form of epoxidation followed by glycidylation and yields bio-based monomers having improved mechanical as well as thermal properties. The review covers the underlying chemistry, production drivers, industrial applications, and future issues, supported by quantitative data and comparative studies. In addition, it integrates recent data on catalyst choice, feedstock flexibility, and environmental performance factors of bio-based resins, indicating their suitability for replacing traditional petroleum-based components.
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Introduction
Against the background of the world movement toward sustainable development and environmental protection, the demand for renewable and biodegradable raw materials has significantly increased, particularly in polymer chemistry. Among the most prominent trends in this context is the use of vegetable oils as renewable and biodegradable raw materials for the production of functional monomers such as glycidyl ethers due to their unique chemical structure with high levels of unsaturated fatty acids. These double bonds provide easily accessible locations for chemical modification, hence the suitability of vegetable oils as good candidates for green chemistry application (Petrovic, 2008; Saba et al., 2020).
Decreasing reliance on fossil fuels has triggered extensive research to convert vegetable oils into value-added products. One of these conversions in this line of processing is epoxidation, in which the double bonds within the vegetable oil triglycerides are converted into epoxide groups. This epoxidation reaction is feasible with green oxidizing agents such as hydrogen peroxide in the presence of acetic acid and environmental catalysts such as Amberlite® IR-120. High conversion efficiencies and epoxidation selectivities of more than 94% have been obtained for various vegetable oils through this reaction, as per recent research studies (Saba et al., 2020; Wang et al., 2024). Following epoxidation, the epoxidized oils can be reacted with epichlorohydrin under basic conditions to form glycidyl ethers, which are valuable intermediates for syntheses of bio-based epoxy resins (Mat Shukri et al., 2023).
The increasing application of vegetable oils, including waste cooking oil, as circular economy feedstocks is part of a broader trend towards circular economy strategies. Recent studies have indicated that waste oils, otherwise contributing to environmental pollution, can be used to generate biofuels, plasticizers, or bio-based polymers, and thereby emphasize their waste reduction and sustainable material production potential. This is in accordance with the research of Ferrusca et al. (2023), who explored catalytic reactions for the conversion of waste cooking oil to biodiesel, and Foo et al. (2021), who emphasized the value-added characteristics of waste oils in generating energy. Similarly, Kurańska et al. (2021) and Marriam et al. (2023) identified the conversion of waste oils into bio-based polyols and epoxy precursors, thereby highlighting the application of waste oils in producing environmentally benign materials.
Bio-based epoxy formulations from glycidyl ethers of vegetable oils are an eco-friendly alternative to classical bisphenol-A (BPA)-based epoxies. They display some environmental and health advantages in terms of reduced toxicity, enhanced biodegradability, and less carbon footprint (La Scala & Wool, 2004; Schüttner et al., 2024). Besides, the use of the feedstock oil—soybean, linseed, or waste cooking oil—allows the properties of the resulting resins in terms of the mechanical, thermal, and rheological characteristics to be adjusted in line with the different industrial specifications. Applications include coatings, adhesives, electronic encapsulants, and fiber-reinforced composites (Zhang et al., 2020).
The use of vegetable oils and waste cooking oils in sustainable products is critical in achieving sustainability goals and addressing environmental problems in material consumption. Production of bio-based epoxy resins, especially those glycidyl ethers of vegetable oils, indicates not only a solution to waste but also a promising pathway to the reduction of petrochemical-based product utilization. As the global market for epoxy resins continues to grow to more than USD 10 billion annually (UNEP, 2019), strategic use of renewable feedstock materials like vegetable oils is rapidly emerging as a financial imperative, not just as an environmental demand. Their insertion into industrial production chains has already been demonstrated through recent laboratory and pre-industrial scale studies which demonstrate promising performance parameters without forfeiting sustainability priorities (Specific Polymers, 2023).
This research aims to examine the chemical conversion reactions of vegetable oils into glycidyl ethers, analyze their reactivity and performance as part of epoxy resin systems, and assess their promise in various industrial applications. It will also touch on the difficulties faced when scaling up such processes and shed light on directions for further development in advancing the use of renewable resources in polymer science and green manufacturing.
Regulation and health impacts of frying oils
The health consequences and regulation of frying oils are of paramount importance due to their widespread use in food preparation, particularly deep-frying. Upon heating, frying oils experience widespread chemical changes that affect not only their quality but also the health consequences of food cooked in them. The level of unsaturation in oils, i.e., the number of double bonds in the fatty acid chain, is the most important factor to determine their stability and frying quality (Choe & Min, 2007).
Classification of frying oils: Frying oils may be classified broadly based on their level of unsaturation as drying, semi-drying, and non-drying oils. Drying oils such as linseed oil have high concentrations of polyunsaturated fatty acids and hence are prone to oxidation and polymerization when heated. The oils easily break down when used in frying, creating potentially harmful byproducts such as aldehydes and other harmful compounds. Semi-drying oils such as soybean oil contain moderate levels of unsaturation and are relatively more stable than drying oils, but degrade over extended frying periods, forming undesirable substances. Non-drying oils such as castor oil contain fewer levels of unsaturation and are relatively more stable, but their frying and nutritional properties are limited (Shahidi & Zhong, 2005).
Health and quality problems related to frying oil: Frying accelerates oil degradation, giving rise to VOCs, aldehydes, and other harmful chemicals. These by-products are not only a source of diminishing oil quality, but they have serious health impacts on the people consuming them as well. For example, research by Gunstone and Martini (2010) has confirmed that chemical reactions occurring during frying result in the degradation of nutritional value of oils and the formation of substances that can increase the risk of various diseases, including cardiovascular disease. Frankel (2005) examined how different frying fats, depending on their oxidative stability, contribute to the formation of toxic by-products.
The lipid content of oils also plays an important role in identifying their impact on the nutritional value of fried food. Martinez-Yusta and Guillen (2014) examined the impact of various frying oils and food types on the composition of lipids during deep-frying, the results of which showed that different oils yield distinct nutritional profiles for the final products. Vegetable oils, when heated high, also lose essential vitamins and antioxidants that could diminish their positive impact on health, as noted by Fine et al. (2016).
Health impacts of fried foods' consumption: Health consequences of consumption of fried foods are of primary concern, and particularly from a cardiovascular standpoint. Gadiraju et al. (2015) reported the link between the consumption of fried foods and increased cardiovascular disease risk factors and stated that frying in certain oils worsens such risk factors by creating toxic substances. Additionally, Guillen and Uriarte (2012) examined the impact of severe heating on the formation of aldehydes in oils, which are well known to be toxic and can cause long-term health issues like liver damage and cancer.
In an effort to eliminate such fears, various studies have emphasized oil quality retention methods during frying. Marmesat et al. (2010) studied the application of natural and synthetic antioxidants as means to prevent oil oxidation and maintain fried foods' nutritional quality. Natural and synthetic antioxidants can hinder the damaging impact of oxidation, safeguarding both the health benefits of the oil and the quality of fried foods.
Environmental factors: Environmental impact of frying oils is a significant factor too. Zhao et al. (2023) studied the volatilization of volatile organic compounds from cooking oils and showed how frying affects not just the quality of food but also generates air pollution. Volatilization of such compounds could lower air quality and lead to more environmental and health risks, particularly in an industrial or commercial setting.
Monitoring and regulation of frying oil: Quality monitoring of frying oils in use is essential to maintaining food safety and avoiding health problems. Kazimierska et al. (2018) highlighted methods of assessing the quality of used frying oils, such as the need for continuous monitoring to detect the formation of harmful compounds and their prevention. Regulatory frameworks that establish standards of safety and quality of frying oils play a significant role in the protection of consumers' health. Firestone (2007) discussed the importance of regulatory standards in ensuring frying oils are safe and do not pose negative effects on public health.
Regulation and health implications of frying oils are part of the process to ensure the safety and nutritional value of fried food. Frying oils also undergo significant chemical transformation when heated, leading to the formation of undesirable byproducts that can affect oil quality as well as consumer health. Understanding these mechanisms and the practice of good quality control procedures, including antioxidant use and monitoring of oil deterioration, are important in minimizing the health risks of fried food consumption. Besides, regulatory mechanisms and ongoing research on the health and environmental impacts of frying oils are crucial to improving food safety and public health status.
Synthesis of glycidyl ethers of vegetable oils and applications in polyurethanes
The conversion of vegetable oils to glycidyl ethers, primarily through epoxidation and glycidylation, offers a promising avenue for the synthesis of highly reactive functionalized oils that can be applied in a broad variety of polymeric systems, including epoxy resins. This epoxidation plays a key role in generating sustainable materials with applications in various industries like coatings, foams, composites, and adhesives. Below is an overview of key research on epoxidation of vegetable oils, subsequent glycidylation process, and incorporation into polyurethane materials.
3.1 Vegetable oil epoxidation is the most significant first step in the manufacture of glycidyl ethers. Epoxidation involves the incorporation of epoxy (oxirane) rings by adding an oxygen atom to the double bonds in vegetable oils' unsaturated fatty acid parts. Epoxidized oils are formed with available reactivity sites for further chemical reaction and the chemical reactivity of the oil is enhanced.
Epoxidation is generally carried out with peracids (e.g., peracetic acid) or hydrogen peroxide, often with an acid catalyst present (Saba et al., 2020). Efficiency and selectivity of the reaction are highly reliant on reaction conditions, i.e., oxidant employed, temperature, and the character of a catalyst. Parametric optimization of parameters like catalyst nature and temperature has been proven in studies to maximize the yield and selectivity of the epoxidation reaction. Studies, such as those conducted by Zora et al. (2021), indicate the importance of such conditions in governing thermal hazards as well as productivity maximization in the direction of more efficient and secure chemical operations.
The effectiveness of the epoxidation reaction has a direct bearing on the reactivity of the fatty acids, which is necessary for additional glycidyl ether production. It is the foundation for the production of high-performance, bio-based polyols that form the backbone of green polymer development.
3.2 Glycidylation reaction
On epoxidation, the epoxidized oils are then submitted to glycidylation, a key reaction in which epichlorohydrin (C3H5ClO) is reacted with the epoxide rings in the presence of a base like NaOH. Here, glycidyl groups are appended on the epoxide rings to give glycidyl ethers. They are highly reactive monomers that are key intermediates in the production of epoxy resins and polyurethanes.
The glycidylation step is most significant in the context of modifying the properties of the final products. The glycidyl ethers thus formed exhibit enhanced reactivity with curing agents and enhanced crosslinking ability, which are paramount to achieve the desired thermal stability, mechanical hardness, and chemical resistance of the end polymer. A study by Schüttner et al. (2024) highlighted that the glycidylation reaction is highly sensitive to control in order to yield polyols of exceptional performance, which are the key for applications in coatings, adhesives, and composites.
3.3 Reaction parameters and their impact
There are a number of reaction parameters that play a crucial role in determining the efficiency, yield, and quality of glycidyl ethers produced. These include temperature, molar ratios, catalysts, and reaction time (Liu et al., 2019).
• Temperature: The reaction temperature affects both reaction rate and stability of the product. Higher temperatures tend to increase the rate of reaction but, at the same time, also lead to the formation of unwanted side products. It is critical to have a best temperature in order to produce maximum product with minimal by-products.
• Molar ratios: The molar ratio of epichlorohydrin to epoxidized oil is essential in allowing complete glycidylation of the available epoxide groups. A desirable molar ratio yields high-quality glycidyl ethers with the desired properties for further polymerization to epoxy resins or polyurethanes.
• Catalysts: Catalyst selection is important in epoxidation and glycidylation reactions. Acid catalysts like Amberlite® IR-120 are typically used in epoxidation, while basic catalysts like NaOH are used in glycidylation. The application of the proper catalyst offers high selectivity and efficiency, minimizing side reactions and enhancing the quality of the end product.
• Reaction time: The reaction time decides the efficiency of conversion and the extent of side reactions. Short reaction times may lead to incomplete conversion, while longer times may cause degradation or unwanted by-products. Optimizing reaction time is crucial for the synthesis of high-quality glycidyl ethers with efficiency.
By adjusting these parameters, researchers can design the molecular structure and functional properties of glycidyl ethers to match their use in coatings, adhesives, and composites.
3.4 Uses of bio-based polyols in polyurethanes
The synthesis of bio-based polyols, particularly epoxidized vegetable oils, has enabled the green synthesis of polyurethanes. The materials have wider uses across different industries due to their green nature and improved properties. Pfister et al. (2011) and Yan et al. (2021) conducted studies on the synthesis of polyurethanes from vegetable oils and the mechanisms involved in the epoxide ring-opening reactions. The polyurethanes exhibit enhanced thermal stability, mechanical strength, and chemical attack resistance and are employed in a wide range of products from coatings and foams to composite materials.
Additionally, application of epoxidized oils in polyurethane manufacturing is, in a study by Campanella et al. (2009), an innovation enhancing the quality of materials and also sustainability by minimizing dependence on petrochemical raw materials. Application of bio-based polyols not only enhances the ecological performance of polyurethane products but also expands market opportunities for producing high-performance products consistent with the principle of global sustainability.
As the need for green materials keeps on increasing, use of vegetable oil-based polyols in polyurethane applications will be an essential aspect of encouraging greener chemistry and greener manufacturing processes.
More and more literature focuses on the synthesis, characterization, and application of thermoresponsive polymers, especially with lower or upper critical solution temperatures (LCST/UCST). Xu et al. (2019) demonstrated how a highly extensive LCST depression can convert a non-thermosensitive polymer to a thermosensitive one, emphasizing the ability of molecular design in triggering phase transitions. Similarly, Weber et al. (2012) gave a detailed overview of temperature-sensitive biocompatible polymers derived from poly(ethylene oxide) and poly(2-oxazoline), emphasizing their potential uses in biomedical applications.
An earlier work by Hodorog et al. (2012), which was on poly(dimethyl acrylamide) end-grafted polysiloxanes and examined their structural characteristics pertinent to their thermo-responsiveness. Hu and Liu (2010) extended this to the application scenario, outlining the ways in which responsive polymers can be applied in detection and sensing applications. Thereafter, Smith et al. (2010) employed Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization as a synthesis route for stimuli-responsive amphiphilic copolymers that proved to have synthetic versatility via the use of controlled radical polymerization techniques.
Polyether systems were also disclosed. Labbe et al. (2007) explored controlled polymerization of glycidyl methyl ether and Lee et al. (2011) described non-polymeric thermosensitive benzene tricarboxamides, which gave a small-molecule aspect to the work. Ifuku and Kadla (2008) synthesized a cellulose/N-isopropylacrylamide copolymer with both regioselectivity and thermosensitivity in natural polymer matrices.
Variation of functional groups is another recurring theme in polymer property modulation. Danko et al. (2019) examined the interaction of sulfobetaines' and carboxybetaines' in modulating ion- and thermoresponsivity, while Woodfield et al. (2014) and Lewoczko et al. (2021) examined the effect of post-polymerization modifications and N-substituent variation on aqueous phase behavior for sulfobetaine copolymers.
N-isopropylacrylamide (PNIPAM) polymers remain in the focus of thermoresponsive research. Chen et al. (2015), for example, prepared four-arm star-shaped PNIPAMs and investigated their LCST tunability. Polyacrylamides were studied by Kolouchova et al. (2021) under physiological conditions, and their study is particularly relevant to biomedical applications. Photoresponsive behaviors were introduced to PNIPAMs by Suzuki et al. (2004), and reversible Pb²⁺ complexation was realized through spiropyran-functionalized PNIPAMs.
Surface interactions and hydrating dynamics are also comprehensively described. Beattie et al. (2014) employed in situ ATR FTIR spectroscopy to monitor adsorption of PNIPAM onto talc, and Futscher et al. (2017) contrasted the PNIPAM and monomer hydration behavior by volume phase transition. Cui et al. (2014) emphasized that multi-hydrogen bonding played a key role in stabilizing supramolecular thermosensitive systems, demonstrating mechanisms for enhanced stability.
LCST modulation through structural adjustment has also been explored by Penas et al. (2019) and pendant group tuning by Swanson et al. (2017) in the case of polyesters. Novel polymers such as the poly(N-acryloylsarcosine methyl ester) temperature tunable LCST (Chen et al., 2017) and hyper-branched polyampholyte (Tong et al., 2016) exhibited further breadth to the field.
Systems have been reported to be dual-responsive in some work. Temperature- and molecular recognition-responsiveness were given examples by Dong et al. (2018) and reversible CO₂-cleavable iminoboronate moieties employed in hyperbranched poly(oligo(ethylene glycol)) backbones by Yu et al. (2018). Thermosensitive micelles had a central role in research by Topp et al. (1997), Pelletier et al. (2008), and Xu et al. (2007), with gold nanoparticle surface decoration also included.
Polymer-protein conjugates (Huynh et al., 2021), phase behavior of block copolymers (Karesoja et al., 2014), and biological utility of poly-N-vinylcaprolactam (Marsili et al., 2021) rounded out the biomedical set. Finally, advances in polyether synthesis and properties by Kehrle et al. (2014), Aoki et al. (2002), and Muller et al. (2017), showed the broadening potential of glycidyl ether materials. Their copolymerization with ethylene oxide (Isono et al., 2017) and living polymerization methods (Moers et al., 2014) provided accuracy tools for the design of thermoresponsive behavior.
Hybrid and hydrogel systems also have their share of proportion. Double-responsive terpolymers in smart hydrogels were discussed by Reinicke et al. (2009), while Weinhart et al. (2011) published work on switchable, biocompatible glycerol copolymer-based surfaces. These works established the role of thermoresponsive materials in cutting-edge material science, biotechnology, and responsive surface technology.
By adjusting these parameters, researchers can design the molecular structure and functional properties of glycidyl ethers to match their use in coatings, adhesives, and composites.
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Additionally, application of epoxidized oils in polyurethane manufacturing is, in a study by Campanella et al. (2009), an innovation enhancing the quality of materials and also sustainability by minimizing dependence on petrochemical raw materials. Application of bio-based polyols not only enhances the ecological performance of polyurethane products but also expands market opportunities for producing high-performance products consistent with the principle of global sustainability.
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N-isopropylacrylamide (PNIPAM) polymers remain in the focus of thermoresponsive research. Chen et al. (2015), for example, prepared four-arm star-shaped PNIPAMs and investigated their LCST tunability. Polyacrylamides were studied by Kolouchova et al. (2021) under physiological conditions, and their study is particularly relevant to biomedical applications. Photoresponsive behaviors were introduced to PNIPAMs by Suzuki et al. (2004), and reversible Pb²⁺ complexation was realized through spiropyran-functionalized PNIPAMs.
Surface interactions and hydrating dynamics are also comprehensively described. Beattie et al. (2014) employed in situ ATR FTIR spectroscopy to monitor adsorption of PNIPAM onto talc, and Futscher et al. (2017) contrasted the PNIPAM and monomer hydration behavior by volume phase transition. Cui et al. (2014) emphasized that multi-hydrogen bonding played a key role in stabilizing supramolecular thermosensitive systems, demonstrating mechanisms for enhanced stability.
LCST modulation through structural adjustment has also been explored by Penas et al. (2019) and pendant group tuning by Swanson et al. (2017) in the case of polyesters. Novel polymers such as the poly(N-acryloylsarcosine methyl ester) temperature tunable LCST (Chen et al., 2017) and hyper-branched polyampholyte (Tong et al., 2016) exhibited further breadth to the field.
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Hybrid and hydrogel systems also have their share of proportion. Double-responsive terpolymers in smart hydrogels were discussed by Reinicke et al. (2009), while Weinhart et al. (2011) published work on switchable, biocompatible glycerol copolymer-based surfaces. These works established the role of thermoresponsive materials in cutting-edge material science, biotechnology, and responsive surface technology.
Research directions

Catalyst design: More efficient and cleaner epoxidation and glycidylation catalysts are one of the most significant areas of research in glycidyl ether synthesis. The majority of traditional catalysts are made up of environmentally unacceptable, toxic components, making it challenging to achieve sustainability targets. Research is now centered on biocatalysts, heterogeneous catalysts, and solvent-free systems to improve reaction efficiency and selectivity, rendering them cheaper and greener (refs??).

Diversification of feedstocks: 
Another major research (table 1.) focus is diversification of feedstocks for the production of glycidyl ethers. Although the easily accessible edible oils, i.e., castor, linseed, and soybean oils, are most commonly utilized, use of the non-edible oils, i.e., jatropha, algae, and neem oils, and waste oils has been emphasized on industrial scales. This minimizes competition for foodstuffs, a rising food security and sustainability vital issue. 
The utilization of waste oils of non-food or food industries provides a scope to utilize waste to produce useful products but evade its wastage and support the circular economy.

Conclusion
The glycidyl ether conversion pathway of vegetable oils is providing opportunity for a green, efficient process of bio-based epoxy resins preparation. Their use—alongside their enhanced functionality, active chemistry, and ecologic benignness—positions these glycidyl ethers as a giant leap of progress in polymer technology. Current research and emerging development of catalytic systems, feedstock efficacy, and manufacturing processing will augment glycidyl ethers' role in ecologically benign, high-performance materials on a broad continuum of industrial process applications. 


Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.







Table 1 Comparative Analysis of Vegetable Oils Based on Saturation, Stability, and Quality Parameters

	Oil Type
	Saturated Fat (%)
	Monounsaturated Fat (%)
	Polyunsaturated Fat (%)
	Palmitic Acid (%)
	Oleic Acid (%)
	Linoleic Acid (%)
	Linolenic Acid (%)
	Smoke Point (°C)
	Thermal Stability
	Chemical Stability
	Peroxide Value (meq O₂/kg)
	α-Tocopherol (mg/100g)
	γ-Tocopherol (mg/100g)
	Glycidyl Ether Yield

	Coconut oil
	~92
	~6
	~2
	–
	–
	–
	–
	177
	Very High
	Very High
	–
	–
	–
	Low

	Palm oil
	52
	38
	10
	35–45
	40–52
	8–12
	0.3–3
	230
	High
	High
	–
	–
	–
	Moderate

	Olive oil
	14
	73
	11
	–
	–
	–
	–
	225
	High
	High
	15.51
	–
	–
	Moderate

	Avocado oil
	12
	74
	14
	–
	–
	–
	–
	271
	Very High
	Very High
	–
	–
	–
	High

	Sunflower oil
	5–7
	15–28
	50–70
	–
	–
	–
	0.1–0.5
	246
	Medium
	Medium
	–
	91.17
	2.51
	Low

	Soybean oil
	15
	24
	61
	7–12
	19–30
	48–58
	5–10
	241
	Medium
	Medium
	8.31
	0.88
	32.16
	Moderate

	Corn oil
	13
	25
	62
	–
	–
	–
	–
	236
	Medium
	Medium
	–
	–
	–
	Moderate

	Canola oil
	1–3
	48–64
	18–25
	–
	–
	–
	8–12
	~204
	Medium
	Medium
	–
	–
	–
	High

	Hemp oil
	9
	12
	79
	–
	–
	–
	–
	236
	Low
	Low
	–
	–
	–
	Low

	Sesame oil
	–
	–
	–
	–
	–
	–
	–
	~210
	Medium
	Medium
	–
	0.60
	63.32
	Moderate

	Castor oil
	–
	–
	–
	–
	–
	–
	–
	~200
	Low
	Low
	7.99
	–
	–
	Not preferred

	Sweet almond oil
	–
	–
	–
	–
	–
	–
	–
	~216
	Medium
	Medium
	10.03
	–
	–
	–

	Table oil (blended)
	–
	–
	–
	–
	–
	–
	–
	~220
	High
	Medium
	2.77
	–
	–
	Depends on blend

	Peanut oil
	~18
	~46
	~32
	–
	–
	–
	–
	~232
	High
	High
	–
	–
	–
	High
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