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Oxidative Stability of Edible oils During Frying: Insight into Lipid Degradation and Quality Preservation



Abstract
Oxidative stability is the important parameter which influence the quality, safety, and nutritional integrity of edible oils in frying. This review paper comprehensively examines the edible oils oxidative stability upon reputative frying, a common cooking practice and elucidates the different mechanisms of lipid degradation. Beginning with the formation of odourless and tasteless hydroperoxides and their subsequent breakdown into volatile secondary oxidation products comprising aldehydes and ketones, which gives off undesirable flavours causing potential health hazards. The paper highlights the crucial influence of fatty acid composition, natural antioxidants and several frying factors including frying duration, temperature and repeated oil towards the oxidative stability traits of mustard, groundnut and coconut oils. It highlights how their distinct compositions impact resistance to degradation under frying conditions, with coconut oil exhibiting excellent stability because of its high saturated fat content. Furthermore, the paper examines the qualitative physical and chemical characteristics that are analysed to evaluate the quality of frying oil and critically assesses strategies for optimizing its stability. These encompass the application of innovative frying methods like vacuum frying, ultrasound-assisted and microwave-assisted frying with hybrid approaches, as well as the use of both natural and artificial antioxidants. Ultimately aims to provide valuable insights and practical recommendation for both consumers and the food industry to optimise frying practices, preserving oil quality and minimising the formation of harmful oxidation byproducts.
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1. Introduction
Edible oils are extracted from different plant sources which primarily consist of seeds, plumules, fruits and pulp (Prarthana et al., 2024). The majority of triacyglycerides found in edible oil are characterized by a significant proportion of unsaturated fatty acid, typically ranging from 95% to 99% (Michel et al., 2025). They serve as the body’s primary source of energy and also supply essential fatty acids necessary for various physiological functions (Lu et al., 2025). The human body utilizes dietary oils and fats for three functions: as an energy source, as a structural element, and to produce potent biological regulators. Therefore, they are crucial in metabolic processes within the human body. Oils and fats comprise fatty acids that are vulnerable to degradation by various factors such as light, air, and metals (Pardeshi, 2020). Oil is a principal precursor in biological membrane biosynthesis pathways, which involve phospholipids as well as cholesterol, both important to the cell membrane structural composition and playing vitally in humans' metabolic processing. Oil is frequently utilized in the popular culinary method referred to as frying, in both commercial and domestic food preparation (Vekataralu Bhavadharani et al., 2023). Currently, India ranks world’s largest importer and the second-largest consumer of edible oils (Suresh & Mathur, n.d.). Some of the most popular frying oils in India are mustard, groundnut, sesame, rice bran, soy, palm, and coconut oils (Sharma et al., 2022). From time immemorial frying is a traditional technique used for preparing food as it enhances crispiness, colour, taste and aroma. Frying is the universal food preparation process, which is done at high temperature for longer duration and produces a change in parts caused by oxidation that is caused by a free radical mechanism that influences the oil quality; therefore, the oil undergoes deterioration (Soni et al., 2022). During frying, oil is being heated at a temperature ranging between 180°C till its smoke point, various chemical reactions are accelerated, overheating results in the synthesis of monomers, dimers, trimers, peroxides, acyl compounds, and free fatty acids, among other substances (Rubalya Valantina, 2021). The repeated use of frying oils will significantly quality and shelf life. This chemically degraded oil will adversely affect the health such as impaired vasorelaxation responses, atherosclerosis, hypertension, cardiovascular diseases and various cancer (Meenu et al., 2022). During frying significant chemical reaction occur such as hydrolysis, oxidation and polymerization (Sharanke & Sivakanthan, 2022). Oils and fats are concentrated energy sources that are produced when fatty acids in food completely oxidize. Chain length and saturation level are employed to categorize fatty acids (FAs). Saturated fatty acids (SFAs), monosaturated fatty acids (MUFAs), and polysaturated fatty acids (PUFAs) are the three types based on saturation level. They are also divided into three types: medium-chain fatty acids (C8-C12), long-chain fatty acids (C14-C24), and short-chain fatty acids (C2-C6)  (Deen et al., 2021). Both, fried product and the frying oils degrade during frying. Complicated chemical reactions and continuous production are brought about by the reaction of fried food and frying oil. While some reactions, such as Maillard reactions, are responsible for providing the fried food with the desirable colour and taste, others are responsible for loss of nutrients, and the synthesis of some compounds, such as acrylamide, aldehyde, and trans-configured constituents, poses harmful effects to human health and the quality of the fried food (Yilmaz et al., 2023). 
In India, the choice of edible oils caries significantly across different regions and other economic factors (Akhtar & Khan, 2024). Mustard oil is predominantly common oil used in the Northern and eastern parts of India while coconut oil in the southern states of India (Prarthana et al., 2024). The different form of triacyglycerides found in mustard are SUFAs; around 7-12%, MUFAs; around 15-65% and PUFAs; around 8-40% (Rahman et al., 2024). Coconut oil is majorly composed of 99% fat and known as one of the richest source of saturated fats. The main constituents of fatty acid are lauric acid (49%), myristic acid (8%), palmitic acid (8%), capric acid (7%), oleic acid (6%), linoleic acid (2%), stearic acid (2%) (Prarthana et al., 2024). The states engaged in Groundnut production include Gujarat, Orissa, Tamil Nadu, Karnataka, Maharashtra, Madhya Pradesh, Orissa and Rajasthan (Misra, 2017). They have a high content of unsaturated fatty acids (80%), of which 42% is MUFAs and 37% is PUFAs (Falade et al., 2025). The major fatty acid found in ground oil includes oleic acid (50-60%), linoleic acid (18-30%), palmitic acid (8-10%), and stearic acid (3-6%) (Chehrehnoorani et al., 2024). Regional preferences are also shaped by cultural practices; the pungent flavour and nutritional value of mustard oil ensure it with popularity in the eastern states, and coconut oil is extensively used in the southern coastal states. Groundnut oil is used by the western states (Shubhankar et al., 2024).
2. Pathways and mechanisms of lipid oxidation during frying
2.1 Overview of lipid oxidation
Lipid peroxidation is a serious issue for the food industry, particularly because of the increasing consumer demand for the substitution of hydrogenated oils rich in saturated fatty acids (SFAs) with monounsaturated (MUFAs) and polyunsaturated fatty acids (PUFAs). While MUFAs and PUFAs are seen as healthier alternatives, they exhibit a markedly higher susceptibility to oxidative degradation compared to SFAs, thereby making it difficult to preserve quality of food and shelf life (Fadda et al., 2022). During the frying process, hydrolytic alteration occur in the frying oil as water present inside the fried food matrix is displayed by the edible oil. Free fatty acids (FFA), monoacylglycerols, and diacylglycerols are the byproducts of this interaction (Yilmaz et al., 2023). The frying process represents a particularly intricate culinary operation due to the concurrent occurrence of numerous physicochemical transformations and the diverse range of reaction products generated. Under elevated thermal conditions (typically 150–190°C), frying oils undergo simultaneous exposure to atmospheric oxygen, environmental moisture, and endogenous moisture released from the food matrix. This complex interaction initiates a cascade of chemical transformations impacting both primary constituents and the minor bioactive compounds, including sterols, tocopherols, squalene, and carotenoids (Abrante-Pascual et al., 2024). Numerous complex processes, including as hydrolysis, isomerization, cyclization, oxidation, and polymerization, occur during the frying process. These reactions significantly alter the flavour profile and lead to the decomposition of various compounds within the oil (Banchode et al., n.d.). Lipid oxidation is a prime factor responsible for the decline in the quality of edible oil. Oxidative stability refers to an oil's capacity to withstand oxidation during manufacturing and storage, which subsequently affects its overall shelf life and suitability for human consumption (Madhujith & Sivakanthan, 2019). Lipid oxidation is regulated by intrinsic and extrinsic characteristics of the oil. The intrinsic characteristics involves the degree of unsaturation, antioxidant compounds and trace elements like iron and copper, while extrinsic characteristics include exposure to oxygen and fluctuating temperature conditions. Oxidation of oils initiates a series of reactions, the rate which is accelerated by increasing temperatures and a high degree of lipid unsaturation (Fadda et al., 2022). The lipid oxidation by aerial exposure is varied, with the most common reactions being. These reactions include autoxidation, photooxidation, and enzymatic oxidation (Wang et al., 2023).
2.2 Mechanism of Lipid Oxidation
Autoxidation, a process between molecular oxygen and free lipid radicals, is the primary form of lipid oxidation (Ghelichi et al., 2023). Unsaturated fatty acids undergo autoxidation through a chain reaction involving free radicals. The degree of unsaturation, which increases with the amount of double bonds, is directly correlated with the rate of oxidation (Machado et al., 2023). Heat, metal ions, and pre-existing lipid radicals are examples of initiators that cause autoxidation, which changes unsaturated fatty acids (LH) into alkyl radicals (L·). Peroxyl radicals (LOO·) are produced when the radicals react strongly with oxygen. Lipid hydroperoxides (LOOH) and another lipid radical are produced when the peroxyl radical combines with a new unsaturated fatty acid. This process continues until two free radicals are consumed by the formation of a non-radical product. The main byproducts of oxidation are lipid hydroperoxides, which are non-volatile, so tasteless and odourless (Ghelichi et al., 2023). Thermoxidation process is oxygen solubility-dependent. At low to moderate temperatures, oxygen solubility is high, and there is a predominance of ROO structures; thus, the rate of formation of ROOH is increased. At these temperatures, termination product formation is only in the late stage of oxidation, forming volatile carbonyls that have a profound impact on the oil's flavour. The most critical phase of thermoxidation is at high temperatures above 150 °C, characterized by a reduction in oxygen solubility and a subsequent formation of R and alkoxyl radicals at concentrations greater than alkyl peroxyl radicals. At this phase, dimers, trimers, and other polymeric compounds are formed (Machado et al., 2023). Unsaturated fatty acids were created by non-radical processes during the photooxidation process. In addition to ground state (triplet) oxygen during autoxidation, excited state (singlet) oxygen can participate in photooxidation by directly reacting with C=Cs (Diaz-Uribe et al., 2022). An important reactive oxygen species, singlet oxygen, is involved in oxidation reactions with a rate 1500 times higher than that of triplet oxygen. Photosensitizers, including chlorophyll, riboflavin, myoglobin, and heavy metals—abundant in nature—are crucial in photoinduced singlet oxygen generation. The photosensitizers get excited on the absorption of energy from visible or ultraviolet light. The excited singlet photosensitizers are very unstable and relax to the ground state through two major mechanisms: either by allowing the conversion of triplet oxygen to singlet oxygen (typical of type II photosensitizers) or by reacting with lipid substrates directly (typical of type I photosensitizers), thereby initiating the oxidation reaction. Type I photooxidation results in hydroperoxides, which is accomplished by radical or radical ion mechanisms. On the other hand, Type II photooxidation avoids the radical intermediate by directly reacting the C–C bonds of unsaturated fatty acids with highly electrophilic singlet oxygen. When singlet oxygen attacks lipid molecules, C–Cs are displaced, resulting in the production of hydroperoxide (Wang et al., 2023). Enzymatic oxidation pertains to the oxidation reaction facilitated by enzymes, specifically involving two types of enzymes in lipid oxidation: lipoxygenase (LOX) and hydroperoxidase. LOX is a single-stranded polypeptide including a structure that includes a high-spin non-heme iron atom, typically in the Fe2+ (inactive) or Fe3+ (active) state. In particular, the LOX protein is able to catalyse oxidation of cis-1,4-pentadiene structure of polyunsaturated fatty acids, linoleic and linolenic acid in large majority, and hydroperoxides with conjugated C–Cs and optical activity by intramolecular oxygenation. Conjugated fatty acids, monounsaturated fatty acids, and saturated fatty acids like stearic acid are not oxidised by the LOX protein (Wang et al., 2023).
Autoxidation
Initiation: LH + ⋅OH  L. + H2O (LH = Lipid, ⋅OH = Hydroxyl radical, L. = Lipid radical)
Propagation: L. + O2  LOO. (LOO. = Lipid peroxyl radical)
                      LOO. + LH  LOOH + L. (LOOH = Lipid hydroperoxide)
Termination: L. + L.  L-L
                      L. + LOO.  LOOL

Thermoxidation
LOOH  LO. + .OH (LO. = Alkoxyl Radical)
LO. + LH  LOH + L.
L. + O2  LOO.
LOO. + LH  LOOH + L.
LOOH  Aldehydes + Ketones + Alcohols + Short-chain acids
Photooxidation
Sens + hν → Sens* (hν = Light energy, Sen* = Excited photosensitizer)
Sens* + O2 → Sens + 1O2
LH + 1O2 → LOOH

Enzymatic oxidation
PUFA (RH) + O2  PUFA (ROOH) (LOX = Lipoxygenase)
2.3 Factors affecting oxidation
Many factors influence oxidative stability of edible oils: that involve fatty acid content, oil processing conditions, temperature, light, oxygen level, and trace oil constituents like free fatty acids, metals, phospholipids, pigments, thermally oxidized products, and antioxidants like tocopherols, carotenoids, and phenolic compounds (Machado et al., 2023).
3. Methods for measuring oxidative stability
Quality of oils has been evaluated under two different techniques: the static method and the dynamic method. Under the static method, oil is put under repeated cycles of frying or heat, and then its level of degradation is estimated after it is cooled down to room temperature. The dynamic technique, on the other hand, entails online examination of the oil quality under a heating operation. This method may be computerized, where the physical characteristics of the oil are quantified as a voltage change, which is then processed by a computer unit to produce an instantaneous oil quality judgment (Majchrzak et al., 2021; Sanaeifar & Jafari, 2019).
3.1 Physical Parameters
3.1.1 Refractive Index Measurement	
Refractive Index (RI) is typical in the case of oil type, it depends on the oil's degree of unsaturation, fatty acid chain length, and molecular weight. (Babu, 2020) revealed through the results that the RI significantly increased and Butyro Refractometer Reading with increments in the frying cycles. The food water content, the polymerization reaction that enhances oil viscosity, the thermal oxidation of fatty acids that enhances molecular weight and decreases the degree of unsaturation, and the thermal decomposition of fatty acids that forms non-volatile hydrocarbons in oil that settle and increase the oil density and darken the oil were the reasons. This implies that deep frying accelerates oil rancidity. Thus, repeated frying with the same oil should be discouraged.
3.1.2 Viscosity Measurement
The viscosity of oil pertains to the resistance encountered between adjacent layers during flow, and it is intricately linked to the molecular structure of the oil's compounds (Rubalya Valantina, 2021). The (Elhefian et al., 2021) studied that the difference in viscosity readings can be contributed by the fatty acid composition of oils. When frying, there is an overall increase in viscosity, and this increase in viscosity is clearer for few oils. In addition, the change in the viscosity following every cycle of frying was estimated to be statistically significant (p<0.05) for all researched oils. 

3.1.3 Colour Measurement
Oil colour is a crucial quality metric that is frequently used to track oil degradation in homes, businesses, and restaurants. The loss of an oil's original hue could indicate an issue with how it is being used and applied. Hunter (L a b) and CIELAB (L * a * b *) colour scales were used in the study to determine and express the colour content of the examined oils. When oils are heated repeatedly over an extended length of time, the colour pigments may degrade thermally. At high temperature deep-frying cycles, the oil undergoes non-enzymatic browning reactions results into darken (Dodoo et al., 2022). 
3.1.4 Specific Gravity Determination
Specific gravity is a crucial factor influencing heat transmission through natural convection. The different structural compositions of the oils result in varying specific gravities. Because of their unique structural composition, the oils have different specific gravities. The decrease in specific gravity may result from the degradation of the oil’s density as frying duration increases (Nduka et al., 2021). The data from (Babu, 2020) indicates that specific gravity progressively increases with the number of frying, regardless of the type of oil used. The elevation in specific gravity is likely attributable to oxidation and polymerization, which augment the molecular weight and render the oil denser, hence increasing specific gravity. Moreover, the variation further demonstrates that the more the poly unsaturation in oil, the more would be increase in specific gravity.
3.2 Chemical Parameters
3.2.1 Saponification Value Measurement
Saponification value is the amount of milligrams of potassium hydroxide to saponify one gram of fat or oil. (Babu, 2020) discussed how the saponification value increases with the amount. The average chain length of fatty acids is inversely proportional to the saponification value. The saponification value increases when long-chain fatty acids are hydrolysed to short-chain fatty acids due to repeated heating of the oil.
3.2.2 Iodine Value Measurement
Iodine value is a measure of unsaturation level, it is employed to measure the quantity of double bonds present in the hydrocarbon chain. Lower iodine value measures lower double bond, lower susceptibility to oxidative rancidity. (Prarthana et al., 2024) study suggested the ANOVA result that the decrease in the iodine value implies a reduction in the amount of double bonds, indicating the oil's oxidation with a high degree of unsaturation. This is a measure of the rancidity present in oils. Usage of these oils can cause braincell damage and rise in the risk of diabetes.


3.2.3 Peroxide Value Measurement
Peroxide value (PV) is a measure of lipid oxidation. Increased peroxide value shows excessive amounts of oxidative rancidity, showing the lack of antioxidants owing to the multiple heating processes (Prarthana et al., 2024). According to the results by (Banchode et al., n.d.), there is a general upward trend of the peroxide values upon repeated frying. Large increase in peroxide values indicate that the sample are relatively unstable to oxidation. According to the study by (Vekataralu Bhavadharani et al., 2023), the rapid rise in PV of different oils revealed highly unstable oxidative degradation. More peroxide is formed upon oxidation when PV rises during the frying time. However, when the oil breaks down, the hydroperoxides break down into carbonyl and aldehyde molecules, which causes the peroxide levels to decline and make the levels unstable under deep-frying conditions.
3.2.4 Acid Value Measurement
Acid Value (AV) is the quantity of KOH needed to neutralize free acid present in 1 g of the material is measured in milligrams as acid value. It measures the quantity of free fatty acid formed, which is responsible for rancidity. It provides information regarding the age of the sample and the extent of its degradation. Triglycerides are converted into fatty acids and glycerol to measure the rancid condition, which increases the acidity number. Hydrolysis of triglyceride is evidenced by the presence of free fatty acids (FFA) in a sample of oil or fat. Suchan activity is catalysed by the lipase enzyme. It is a sign of poor storage and processing conditions (ShirurK, 2023). (Babu, 2020) statistical data shows that initial acid value of few oils was comparatively much lesser that others, it is due to the refining which reduces the presence of free fatty acids.
4. Oxidative stability of specific edible oils
4.1 Mustard Oil
Mustard oil has a good quantity of MUFAs and PUFAs that are beneficial to heart patients. Erucic acid (44.4%) was considered to be the greatest chemical composition among the fatty acids found in mustard oil. Linolenic acid 21.4% and linoleic acid 9.7% were the other main polyunsaturated fatty acids. Oleic acid (19.4%) is the monounsaturated fatty acid that is most prevalent. It was estimated that 2.9% is palmitic acid, one of the saturated fatty acids (Akhtar & Khan, 2024). (Shubhankar et al., 2024) suggested that on heating mustard oil, produce high vapours and undergo significant deterioration in quality, which is toxic to health. The research further highlights that both frying temperature and time need to be regulated. It recommends the heating of cooking oils at reduced temperatures for more extended periods rather than at a high temperature for a short time. This reduces the yield of toxic products to a significant extent, improving the safety and healthy nature of the cooking. The study also highly suggests the avoidance of reusing cooking oils. The findings from (Pardeshi, 2020) data evidently show that the results of mustard oil before and after frying, RI, colour, viscosities, AV, PV, P-anisidine and totox values were found to be within safety limit except AV and iodine values and specific gravity are lower than compared to safety limit. Oxidative degradation of vegetable cooking oil, following frying, results in an enhancement of its physicochemical properties due to increased AV. After frying, the edible oil's AV, PV, P-anisidine, and totox levels were greater than they were before. According to the study's findings, most vegetable oils oxidize at high temperatures. Given that preservatives in vegetable oils can be used to retard oxidation rate therefore, it is crucial to incorporate antioxidants like vitamin E.
4.2 Groundnut Oil
The principal constituents of groundnut oil MUFAs with lower concentration of SFA (Uguru et al., 2023). It consists of eight major fatty acids: Palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), arachidic acid (C20:0), eicosenoic acid (C20:1), behenic acid (C22:0), and lignoceric acid (C24:0) (Mingrou et al., 2022). The (Nduka et al., 2021) study suggested that, the groundnut oil showed decreased peroxide value with increased heating time. The results also suggest that groundnut oil have rancid due to the fact that they contain high peroxide values and additional refining is necessary in order to be appropriate for specific purpose. (Pop & Semeniuc, n.d.) stated that at higher temperature of heating, the content of PUFA reduced by 12% in groundnut oil.  Unsaturated fatty acids, which can isomerize from cis to trans form, changed when the oils were heated. It was more unstable when heated because it produced more hydroperoxides.
4.3 Coconut Oil
Coconut oil is classified as an edible oil that is extracted from the flesh or kernel of the coconut. It contains lauric acid naturally, portions of 45 to 50%, indicating that coconut oil is a product with respect to the amount of this particular fatty acid present (Azevedo et al., 2021). As frying times increase, the acid value of coconut oil decreases, which suggests a decrease in free fatty acids or less hydrolysis. Nonsignificant variations in the iodine value during frying indicate that coconut oil, which has a high saturation level (>90% of saturated fatty acids), is more stable to oxidation. When frying, coconut oil performed better than other types. There was a negative correlation between the acid value of coconut oil and other measures. This is because coconut oil's acid value decreases as frying increases, which may be because it has a greater percentage of shorter-chain fatty acids that could volatilize during frying. Coconut oil shown fewer changes in the parameters during continuous deep-frying (Sharanke & Sivakanthan, 2022). The findings from (Flores & Camacho, 2024) also revealed that temperature and heating time had a significant influence on the physicochemical characteristics and on the development of aldehyde in the oil. PV, FFA, and water content rose with temperature and time, i.e., oil stability and quality degradation. 
The oxidative stability of edible oils during frying varies significantly based on their composition and additives. Below is a comparative analysis based on different parameters:
Table 1 : Comparative Analysis of the Oxidative Stability of Edible Oils
	Oil Type
	Oxidation Induction Time (OIT) / Oxidative Stability Index (OSI)
	Relative Stability
	Key Findings
	Reference

	Coconut Oil (CO)
	136 hours 38 minutes (OIT)
	Very High
	It shows the highest oxidative stability among other oils, making it highly suitable for high-temperature cooking.
	(Selvi Moorthy et al., 2024)
	Palm Oil (PO)
	49 hours 11 minutes (OIT)
	High
	Demonstrated good oxidative stability, attributed to its saturated fat content, making it resistant to oxidation during frying.
	(Selvi Moorthy et al., 2024)

	Rice Bran Oil (RBO)
	26 hours 15 minutes (OIT)
	Moderate
	Showed moderate oxidative stability; contains natural antioxidants like oryzanol, which contribute to its resistance against oxidation.
	(Selvi Moorthy et al., 2024)
	Sunflower Oil (SFO)
	10 hours 9 minutes (OIT)
	Low
	It exhibited reduced oxidative stability, likely attributable to its high content of polyunsaturated fatty acids, which renders it more susceptible to oxidation during frying.
	(Selvi Moorthy et al., 2024)
	Fish Oil (FO)
	54 minutes (OIT)
	Very Low
	Had the lowest oxidative stability among the oils tested, primarily due to its high content of polyunsaturated fatty acids, which are highly susceptible to oxidation at elevated temperatures.
	(Selvi Moorthy et al., 2024)
	Corn Oil (CO)
	16 hours 47 minutes (OSI)
	Moderate
	Demonstrated moderate oxidative stability; blending with sesame oil improved its stability.
	(Ramroudi et al., 2022)
	Soybean Oil (SO)
	18 hours 31 minutes (OSI)
	Moderate
	Exhibited moderate oxidative stability; blending with sesame oil enhanced its resistance to oxidation.
	(Ramroudi et al., 2022)
	Grapeseed Oil (GSO)
	2.4 hours (Rancimat Test)
	Very Low
	Showed low oxidative stability due to high polyunsaturated fatty acid content; which rendered it more susceptible to oxidation during storage and cooking.
	(Maszewska et al., 2018)
	Peanut Oil (PnO)
	5.02 hours (Rancimat Test)
	Moderate
	Maintained good quality over storage; exhibited moderate oxidative stability.
	(Maszewska et al., 2018)
	Rapeseed Oil (RO)
	4.77 hours (Rancimat Test)
	Moderate
	Demonstrated moderate oxidative stability; stability decreased over storage time.
	(Maszewska et al., 2018)


5. Strategies to improve frying oil stability
5.1 Role of Natural and Synthetic Antioxidants
Natural and synthetic antioxidants work by preventing the production of free radicals and chain-breaking oxidation reactions. When unsaturated fatty acids are exposed to heat and oxygen during frying, they oxidize and produce hydroperoxides as byproducts of the initial oxidation process. Hydroperoxides decompose into secondary compounds, such as alcohols, ketones, and aldehydes, which give food a bad taste and less nutritious value (Mahmud et al., 2023; W. Zhou et al., 2024). Antioxidants break this process by giving up hydrogen atoms or electrons to stabilize free radicals so that they do not initiate further reactions (Valle et al., 2024). Natural antioxidants are becoming more popular due to their health benefits and capacity to stabilize oils without adding synthetic additives. These plant-derived compounds are tocopherols (vitamin E), phenolic compounds, carotenoids, flavonoids, and herbal extracts from rosemary, green tea, and turmeric. Tocopherols are lipophilic antioxidants responsible for protecting frying oils from oxidative degradation. A study by (Rodríguez et al., 2021) proved that tocopherol-fortified oils had reduced peroxide values and increased oxidative stability during frying processes when compared to control oils (Zhou et al., 2024). Tocopherols not only inhibited lipid peroxidation but also helped maintain the sensory characteristics of fried products. Rosemary extract has been thoroughly researched for its antioxidant activity. A study reported that adding rosemary extract to sunflower oil significantly reduced the production of secondary oxidation products after repeated frying operations, according to (Yılmaz & Yorulmaz, 2023). This improvement was brought about by phenolic chemicals, such as rosmarinic acid and carnosic acid, which are effective lipid oxidation inhibitors and free radical scavengers. Turmeric curcumin has also been found to increase oil stability. Research shows that curcumin supplementation decreases lipid peroxidation and enhances the retention of health-promoting fatty acids during frying (Valle et al., 2024). Green tea polyphenols have shown excellent antioxidant activity in the stabilization of oils under heat stress. A study published have shown that green tea polyphenols suppressed the generation of polar compounds and improved the shelf life of frying oil. Natural antioxidants are safer substitutes for synthetic additives because they are non-toxic and provide other health advantages, including as cardioprotective and anti-inflammatory properties.
Synthetic antioxidants are extensively employed in the food sector because of their efficacy in inhibiting oxidation under frying conditions at high temperatures. These include propyl gallate, tertiary butylhydroquinone (TBHQ), butylated hydroxytoluene (BHT), and butylated hydroxyanisole (BHA). TBHQ is a very effective synthetic antioxidant used to stabilize oils under frying conditions. It is comparatively stable at high temperatures and less volatile than BHA or BHT oils  (Yildiz et al., 2024). TBHQ contained much lower polar compound levels following repeated frying cycles than untreated oils. Moreover, in addition to improving oil stability, TBHQ prolongs the shelf life of fried meals by reducing oxidative degradation products such as ketones and aldehydes (Zhou et al., 2024). Methyl silicone or dimethyl polysiloxane, which is food-grade, is usually blended with synthetic antioxidants to further protect oils from degradation. Silicones function as inhibitors of polymerization, suppressing foam development and raising the smoke point of oils through the formation of a surface-to-air barrier. It has been found that the blending of TBHQ with silicones shows synergistic behaviour, offering better protection against thermal oxidation than the use of each compound individually (Yildiz et al., 2024). Although effective, synthetic antioxidants come with regulatory restraints owing to possible health-related issues linked with their long-term consumption. Such has generated particular interest in discovering natural substitutes or blending synthetic additive with bioactive material for improved safety.
5.2 Alternative frying techniques
The deterioration of frying oils under high-heat cooking is a major food safety, nutritional, and sensory issue. Conventional deep-frying practices tend to subject oils to extensive heat and oxygen, resulting in the development of toxic compounds like free radicals, polar compounds, and trans fatty acids. In response to these issues, scientists have explored novel frying methods designed to advance oil stability with less health hazard compared to traditional frying methods. Some of these new methods include vacuum frying (VF), ultrasound-assisted frying (USF), microwave-assisted frying (MWF), and hybrid technologies, all with differing capabilities in optimizing the performance of oil during frying.
5.2.1 Vacuum Frying (VF)
Vacuum frying works at decreased pressure, lowering the boiling point of water and allowing food to be cooked at temperatures lower than in regular frying. This reduces oxidative degradation enormously by lessening the exposure to oxygen and extreme heat. The vacuum frying minimized peroxide values (PV) and levels of free fatty acids (FFAs) in high-oleic rapeseed oil as compared to conventional deep-frying processes, reflecting improved oxidative stability (Z. Zhou et al., 2024). Vacuum frying also retains heat-sensitive compounds like tocopherols and polyphenols, which are usually destroyed in regular frying (Abrante-Pascual et al., 2024). VF enhances sensory property retention of colour and flavour in fried food and minimizes acrylamide formation, a recognized carcinogen formed at high temperatures during cooking (Tadesse Zula & Fikre Teferra, 2022). Additionally, vacuum frying has been observed to decrease the rate of oil absorption in fried foods, a healthier option for consumers. However, challenges such as longer processing times and higher moisture content in vacuum-fried foods require optimization to fully realize its benefits (Valle et al., 2024).
[bookmark: _Hlk194446790]5.2.2 Ultrasound-Assisted Frying (USF)
Ultrasound frying uses high-frequency sound waves to improve heat exchange and moisture evaporation during frying. Ultrasound frying has been found to stabilize the frying oil by minimizing the production of undesirable oxidation products. The ultrasound pretreatment before vacuum frying greatly enhanced the quality of fried potato chips by minimizing oil uptake and improving crispness (Yildiz et al., 2024). USF also speeds up water evaporation from food surfaces, lessening the thermal stress on oils and decreasing the buildup of polar compounds on successive frying cycles. USF-treated oils had lower peroxide values and greater antioxidant retention than oils treated with traditional frying operations (Z. Zhou et al., 2024). The application of ultrasound technology to commercial frying processes presents a promising mechanism for enhancing both oil stability and food quality.
[bookmark: _Hlk194446828]5.2.3 Microwave-Assisted Frying (MWF)
Microwave-assisted frying integrates microwave heating with conventional frying methods, taking advantage of dielectric heating to heat food from the inside. MWF decreases cooking times by 30–40% with respect to conventional methods but preserves uniform heating across the food matrix (Yildiz et al., 2024). MWF reduced oil degradation considerably by lowering peroxide values and inhibiting free radical formation during extended frying cycles (Valle et al., 2024). MWF also improves energy efficiency and reduces oil absorption in fried foods. Microwave heating will lower the fat content of fried foods by 18%–23%, leading to healthier products with better nutritional profiles (Abrante-Pascual et al., 2024). MWF has also been found to maintain the sensory attributes of fried foods, such as texture, flavour, and colour, and is thus a promising alternative for commercial use (Yildiz et al., 2024).
5.2.4 Hybrid Approaches
Blending alternative methods like combining USF with VF or MWF provides synergistic advantages for enhancing further oil stability and food quality. Hybrid techniques take the best aspects of each while avoiding their respective drawbacks. For instance, mixing ultrasound with vacuum frying promotes better moisture elimination and heat conductivity efficiency, leading to healthier fried foods with lower oil uptake (Yildiz et al., 2024; Z. Zhou et al., 2024). Similarly, combining microwave heating with conventional deep-frying can speed up cooking while maintaining antioxidants in oils (Abrante-Pascual et al., 2024; Valle et al., 2024).
Conclusion and future perspective
[bookmark: _Hlk193670740]Oxidative stability of frying oils is of utmost concern in maintaining quality, safety, and nutritional quality. Lipid oxidation and the process of its occurrence, reasons for oxidative instability, and control measures towards optimizing life of the oils are the matter of this review. Lipid oxidation occurs through two primary processes: primary oxidation (hydroperoxide formation) and secondary oxidation (aldehyde and ketone formation). These oxidative by-products not only spoil the quality of the oil but also prove to be detrimental to human health. Fatty acid composition, with saturated fats offering greater resistance to oxidation, and natural antioxidants like tocopherols and polyphenols also influence oxidative stability. Frying conditions like temperature, time, and air exposure also play a significant role in oxidation rates. Comparative investigations show that coconut oil with high saturated fat content offers very high oxidative stability. Fats like mustard and groundnut also offer moderate to high stability and hence can be effective alternatives to frying.
Future Research Directions
Notwithstanding advancements, knowledge gaps prevail. The factors such as frying temperature or antioxidant content were mostly isolated in the available studies. Now, their interactive effects in the domestic and industrial environments need to be studied. Furthermore, the long-term health effects of repeated heating of oils have fewer studies and need large clinical and epidemiological studies. Analytical techniques like peroxide value (PV), anisidine value (AV), and Thiobarbituric Acid Reactive Substances (TBARS) are readily available but provide very little information on the intricate degradation processes. More accurate but less available techniques like Fourier transform infrared spectroscopy, Nuclear Magnetic Resonance and Gas chromatography–mass spectrometry was used subsequently. Future work should be focused on the development of cheap, large-scale apparatus that can be used for real-time monitoring of oil degradation. Novel antioxidants—i.e., nano-encapsulated materials or enzyme-treated extracts—also promise well but require additional study of performance under multiple frying and economy of use. Emerging frying technologies (e.g., vacuum frying, microwave frying) can minimize oil degradation, but industrial adoption is still hampered by economy and consumer acceptability. Recommendations to Consumers and Industry Little public knowledge exists about safe reuse of oil. The majority of households and food facilities reuse oil without clear guidance on when oil is not safe anymore. Education initiatives have to fill this gap, while stricter regulations on reuse and disposal of oil have to be enforced to minimize health risks. For industry, selecting highly oxidative stability oils (e.g., saturated fat-rich oils or monounsaturated oils) and quality markers such as PV and AV can enhance oil shelf life. Application of oil filtration systems, natural antioxidants (e.g., rosemary extract, green tea polyphenols), and the practice of milder frying techniques are best practices. Oil stability can be enhanced by consumers by not over-reusing, employing high-smoke-point oils such as coconut or groundnut oil, and storing oils in dark, cool locations. Oil blending and moderate-temperature frying also minimize degradation. Hygiene and reuse standards must be enforced by regulatory agencies in commercial kitchens and awareness campaigns must be supported to encourage healthier practices.
Conclusion 
A coordinated public education, policy, and science effort is necessary to reduce frying oil degradation health hazards. There are healthier alternatives and more rational oil consumption practices through sustainable evidence-based household and food industry practices.

[bookmark: _GoBack]Data availability
Data will be made available on request.
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