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Understanding Rancidity in Edible Vegetable Oils: Challenges and Preservation Approaches
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ABSTRACT   
This article examines rancidity in edible vegetable oils, with particular emphasis on its underlying causes, associated health risks, and preservation strategies. Rancidity primarily arises from oxidative processes such as autoxidation, photo-oxidation, and enzymatic activity. These oxidative processes break down unsaturated fatty acids in vegetable oils leading to the formation of aldehydes, ketones, hydroperoxides, and other secondary products. The byproducts lower nutritional quality by depleting essential fatty acids, proteins, and vitamins, while producing off-flavors and odors. Chronic consumption of rancid oils is linked to cancer, hypertension, liver disorders, and cardiovascular disease, highlighting the importance of effective preservation strategies. Some vegetable oils have natural antioxidants that slows down the rancidity process. However, oil extraction (processing) techniques affects these naturally occuring antioxidants. Cold pressing is superior for retaining natural antioxidants and bioactive compounds, while roasting prior to extraction increases oil yield but risks damaging thermolabile nutrients. In terms of preservation, synthetic antioxidants such as Butylated Hydroxytoluene (BHT) are widely used but pose potential health risks. Natural alternatives, particularly Moringa oleifera seed extract, demonstrate strong antioxidant capacity, rivaling or surpassing BHT in delaying peroxide formation and oxidative degradation. Moringa’s bioactive compounds such as flavonoids, quercetin, and phenolic acids, confer additional health benefits beyond stabilization. It is proposed that combining optimized extraction methods with natural antioxidants can significantly enhance the shelf life, safety, and nutritional integrity of edible vegetable oils. The use of Moringa oleifera and other plant-based antioxidants is recommended as a sustainable alternative to synthetic preservatives, aligning with consumer demand for healthier, eco-friendly food preservation solutions.
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1. [bookmark: _Toc18139][bookmark: _Toc19567]INTRODUCTION 

Edible oils are susceptible to deterioration through oxidation and microbial degradation resulting to nutrition losses and development of off flavors (rancids). Quality deterioration of oils results to formation of oxidation products that are reactive and toxic which ultimately possess health risk due to their potential of causing cancer development and inflammation (Negash, Amare, Bitew, & Dagne, 2019). Rancid products include lipid peroxides, ketones, aldehydes or free fatty acids (Kuhnert, 2016) (Fig. 1). These products are unpleasant in taste and odor. Other products of oxidative rancidity include polymeric materials and oxidized sterols (Bilancia, Caponio, Sikorska, Pasqualone, & Summo, 2007)(Bilancia et al., 2007) (Fig. 1).  
[bookmark: _Hlk135126959]Rancidity products can react with other components in the food like the amino acids or proteins leading to nutritional loss. Consequently, changes in color, viscosity, and solubility occur. Most importantly, loss of essential fatty acids could also take place (Omwamba, Artz, & Mahungu, 2011). The by-products of rancidity have also been linked with health concerns such as cancer, malformations during pregnancy, and a rise in blood pressure (Braunthal & Brateanu, 2019). Therefore, oxidative rancidity is a significant factor with regard to nutritional value, quality of edible oils, shelf stability of the oils and generally affects the economics of oils.
The oxidation process that results to oil rancids can only be retarded or minimized (Kamal-Eldin & Budilarto, 2015). Recent trends, which aim to improve the storage stability of edible oils by shifting fatty acid alignment from unsaturated to increased amounts of monounsaturated fats, have been associated with significant nutritional loses (Fanzo, McLaren, Bellows, & Carducci, 2023). Preventing contact with factors such as temperature, oxygen, and metal traces has proven inefficient and uneconomical (Chen et al., 2023). Therefore, the most effective way to delay oxidation has been the use of antioxidants (Santos et al., 2004). 
[image: ]
Figure 1:Free radical mechanisms of oxidative rancidity of (a) unsaturated and (b) polyunsaturated fats (Kuhnert, 2016). 
Most antioxidants function by reacting with radicals from the free radical chain mechanism to form more stable compounds (Lu, Lin, Yao, & Chen, 2010). Others function by destroying the hydroperoxides formed, scavenging oxygen or by synergism. Artificial antioxidants like butylated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), Citric acid and vitamin E have been used over time mainly because of their great stability, performance, and affordability. Nevertheless, their safety has always been controversial (Mika, Antończyk, & Wikiera, 2023). Continued intake of artificial antioxidants has been associated with well-being issues among them skin reactions, gastrointestinal tract complications and in some cases increased risk of cancers (Witkowski, Grajeta, & Gomulka, 2022). Natural antioxidants might therefore be the best alternative to prevent rancids and increase oil shelf life. 
M. Oleifera  has gained great recognition in the recent past as a natural antioxidant (Nadeem & Imran, 2016). It contains bioactive compounds which have antioxidant properties; and these compounds include tocopherols, catechins, quercetin, ferulic acid and zeatin. In assessing the physicochemical and antioxidant properties of this plant (Ogbunugafo et al., 2011), reported that the presence of flavonoids  in the plant play a great role in its antioxidant action. Its  antioxidant  was further demonstrated by the ability to quench free DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals (Wright et al., 2017). Decreasing absorbance of DPPH in Moringa oil mixture in this experiment which measured the extent of radical scavenging ability in the oils also confirmed the findings as reported by Ogbunugafo et al., (2011): that flavonoids in M. Oleifera  play a role in carrying out antioxidant action through  chelation or scavenging.
In the food industry and specifically in edible oils, several studies have been done to test the antioxidant capacity of M. Oleifera. Nadeem et al., (2015), studied the effect of Moringa leaf extract as an antioxidant in vegetable oil blends, the leaf extracts were incorporated at three concentrations; 300, 600 and 900 ppm in comparison with 100 TBHQ as a control then stored at ambient temperatures. From the study, the free radical scavenging effect of the leaf extracts was comparable with that of TBHQ with the antioxidant activity increasing with increase in concentration of the leaf extracts. Both mature and tender leaves of M. Oleifera have closely similar antioxidant effect on vegetable oils (Sreelatha & Padma, 2009).
M. Oleifera blended in canola, sunflower and soybean oils at varying concentrations had a physicochemical effect on the oils. Shelf-life studies revealed that the oil had lesser oxidation byproducts with improved fatty acid composition. This evidence is proof that M. Oleifera can be used to enhance the oxidative stability of edible oils. A fat blend of Moringa at 2.5%-10% and butter oil was prepared then stored at room temperature, accelerated storage studies indicated that the blend had better oxidation resistance compared to butter oil alone (Nadeem et al., 2012). The concentration of alkenes were also greatly reduced in the blends as compared to butter oil (Nadeem et al., 2014). At 10% the free radical scavenging activity of the blend was 31.65% compared to 5.22% in butter oil.
Further to the findings involving edible oils, (Anwar & Bhanger, 2003) reported that, M. Oleifera has  beta-sitosterol and zeatin which are the most active antioxidants in the plant with 36  antioxidants naturally present (Lalas & Tsaknis, 2002; Tsaknis et al., 1998). Conclusively, M. Oleifera can replace the synthetic antioxidant for long term protection of edible oils against autoxidation. 
2.  Shelf life of edible vegetable oils

Cooking Vegetable oils are essential in a human diet. Approximately 189.11 mill. Tones of vegetable oils (especially sunflower, soybean and palm) are produced annually around the globe (Murphy, 2025). Vegetable oils have a wide range of properties that are largely determined by their composition. As a result, these oils are utilized as ingredients in a wide range of dishes and food processing (McKeon, Hayes, Hildebrand, & Weselake, 2016).
Oxidation is a major quality-degrading event in edible oils (Wang, Xiao, Lyu, Chen, & Wei, 2023). The oxidative strength of edible oils is determined by the raw material used, the processing procedures and the storage circumstances. Triacylglycerides, which are made up of different fatty acids make up around 96 percent of vegetable oils (Tada, Takamura, & Kawashiri, 2020). Fatty acids, whether coupled to glyceride or free are disposed to oxidation, resulting into a variety of breakdown products. The most obvious characteristic change is the growth of unfriendly flavor and scent. Other variations include changes in viscosity, appearance, and solubility. Consequently, there is the destruction of vitamins and their precursors, loss of vital fatty acids, and development of odor-intensive combinations. These changes in the long run influence the sensory and nutritional value of vegetable oils (Abrante-Pascual, Nieva-Echevarria, & Goicoechea-Oses, 2024).
3. [bookmark: _Toc17412][bookmark: _Toc6430] Use of antioxidants to prevent rancids in edible vegetable oils
3.1 Artifical antioxidants

Artificial antioxidants used in edible vegetable oils, such as BHA (Butylated Hydroxyanisole), BHT (Butylated Hydroxytoluene), TBHQ (Tertiary Butylhydroquinone), and Propyl Gallate, are synthetic compounds added to prevent rancidity and extend shelf life (Bohn, Schappo, Braga Alves, Ferreira Ribeiro, & Nunes, 2024). Butylated Hydroxyanisole (BHA) is a synthetic phenolic compound widely used to delay lipid oxidation. Butylated Hydroxytoluene (BHT) is a synthetic phenolic antioxidant that is inexpensive and widely available. Tertiary Butylhydroquinone (TBHQ) is a highly effective synthetic antioxidant used in edible oils to inhibit oxidation. Propyl Gallate (PG) is frequently used alongside other synthetic antioxidants due to its effectiveness and low cost. Most artifical antioxidants are  phenolic hydrogen donors that intercept lipid peroxyl radicals (LOO•), terminate chain reactions, and slow hydroperoxide formation; efficacy is enhanced by metal chelators (e.g., citric acid, ascorbyl palmitate) (Liu, Zheng, & Liu, 2025). 
TBHQ is consistently the most potent for highly unsaturated oils (soybean, peanut, blends) at typical levels, and is favored for thermal processes; new data show TBHQ retains antioxidative efficacy during storage due to its substitution pattern and resonance stabilization (Xu et al., 2025). Frying: In palm olein/palm oil, both TBHQ (~100 mg/kg) and high-dose tea polyphenols (~200 mg/kg) curb acid value, peroxide value and unsaturated fatty acid loss across ~30 h model frying; however, TBHQ partly volatilizes while polyphenols transform, implying formulation trade-offs (Li et al., 2023). By-products & degradation: TBHQ can oxidize to 2-tert-butyl-1,4-benzoquinone (TBQ), detected in fried foods; risk management focuses on dose control and turnover of frying media (Wu et al., 2022). 
Blends/synergy: Classical synergies (TBHQ+BHA/BHT with citric/ascorbyl palmitate) remain effective for high-temperature stability; ternary systems are reported to outperform singles in thermal stress (Shahidi & Zhong, 2005). JECFA’s ADIs include TBHQ at 0–0.7 mg/kg bw; population exposure estimates in multiple countries generally fall below ADIs, with high-consumers approaching but not exceeding limits (Suh et al., 2005). USA (FDA): finished foods may not exceed 0.02% of fat/oil for TBHQ; analogous limits apply for BHA/BHT/PG in specified categories (International Food Protection Council, 2021). Codex CXS 210-1999 (named vegetable oils): allows BHA, BHT, TBHQ, gallates singly/combined up to 200 mg/kg (subject to individual MPLs) (Program., 2021). EU: TBHQ (E319), BHA (E320), BHT (E321), PG (E310) are authorized with MPLs listed in Annex II of Regulation (EC) No 1333/2008 and specifications in (EU) No 231/2012; current consolidated texts govern category-specific use (Commission Regulation (EU), 2012). 
International Agency for Research on Cancer (IARC) classifies BHA as Group 2B (possibly carcinogenic) based on high-dose rodent forestomach tumors; BHT remains “not classifiable” (Group 3). These assessments drive conservative dose caps and substitution in sensitive products (Felter, Zhang, & Thompson, 2021). Note that antioxidants can be combined I a formulation. For instance, TBHQ for PUFA-rich oils and high-heat applications; in monounsaturated/palm systems, combinations (e.g., TBHQ+BHA/BHT+citric or ascorbyl palmitate) can outperform singles at lower totals (Shahidi & Zhong, 2005). 
Synthetic antioxidants remain highly effective, scalable and inexpensive tools for suppressing lipid oxidation, with TBHQ the benchmark in PUFA-rich and thermal contexts. The primary caveats are regulatory ceilings, public perception, and process-related by-products (e.g., TBQ in prolonged frying). Blended systems and partial natural substitution can balance efficacy with label and toxicology constraints; successful programs pair the right antioxidant system with oil selection, light/oxygen control, chelation, and process hygiene (Liu et al., 2025).
3.1.1 Reaction mechanisms of antioxidants
Most antioxidants function by reacting with radicals from the free radical chain mechanism to form more stable compounds (Lu et al., 2010). Others function by destroying the hydroperoxides formed, scavenging oxygen or by synergism. Artificial antioxidants like vitamin E, BHT, TBHQ, and Citric acid (Table 1) have been used over time mainly because of their great stability, performance, and affordability. Nevertheless, their safety has always been controversial (Lobo, Patil, Phatak, & Chandra, 2010). Continued intake of artificial antioxidants has been associated with well-being issues among them skin reactions, gastro-intestinal tract complications including an increase in the risk of cancers (Gulcin, 2025).
While research exploring ways to improve oil stability, such as converting polyunsaturated fatty acids (PUFAs) to monounsaturated fatty acids (MUFAs), shows promise, these efforts often result in a loss of nutritional value and are thus generally considered less effective than using antioxidants to prevent oxidation. Antioxidants work by interfering with the lipid autoxidation process, effectively extending the shelf life and quality of edible oils (Mititelu et al., 2024). 
[bookmark: _Hlk116041697]Table 1: Antioxidants  in various edible oils(Santos et al., 2004).
[image: ]
Availability of trace metals and light metals, high temperature, oxygen accessibility, all influence the oxidation and vulnerability of edible oils (Gharby et al., 2025). Therefore, the most imperative task in their production and distribution is to keep these features at a minimal to a point where no unfavorable variations are projected over a certain period (Gharby et al., 2025). 
Hydroperoxides, which are odourless and tasteless, are the major results of lipid oxidation. They undergo a sequence of reactions to create aldehydes, ketones, hydrocarbons, alcohol and lactones due to their high instability (Grebenteuch, Kroh, Drusch, & Rohn, 2021). These products become very obvious in the oil once formed. The main root of developing hydroperoxides could be through autoxidation yet still irradiation, enzymatic oxidation and photo-oxidation are also possible (Durand, Laguerre, Bourlieu-Lacanal, Lecomte, & Villeneuve, 2025). The mechanisms of these pathways are technically similar although they differ in radical formation.

[bookmark: _Toc59519975][bookmark: _Toc28695]2.2.1 Autoxidation
Free or bound oxygen in triacylglycerol and unsaturated fatty acids are the key participants in autooxidation reaction. It is a free fundamental sequence reaction that takes place in four phases; the starting phase, proliferation, chain branching and conclusion phase. 
The initiation stage starts with the removal of an atom of hydrogen from an integral molecule of lipid to produce a radical, which is required in initiation of a chain reaction. In which a radicle (hydroperoxide) is formed when the radical reacts with triplet oxygen (Kerrihard et al., 2015). This reaction occurs within a very short time since the fatty acid radical is unstable and does not require activation energy for the process to happen. The mechanism is also heavily reliant on the availability of oxygen as well as the oxygen concentrations in the oil. The concentration of oxygen in the oil decreases as the temperature rises. The generation of peroxy radicals is slowed or stopped as the solubility of oxygen in the fat decreases. Without the availability of oxygen, other reactions such as polymerization take over (Ahmed et al., 2016; Kamal Eldin, 2010).
The peroxyl radical is highly reactive and it will take up the hydrogen ion from another unsaturated fatty acid resulting in the formation of lipid peroxides, the main product of the edible oils breakdown process (Omwamba et al., 2011). The chain reaction continues after the very first stage, when the freshly formed radical reacts with triplet oxygen and takes up hydrogen from a separate unsaturated fatty acid resulting in the formation of more hydroperoxides (Ned, 2013). The autoxidation process then goes on exponentially.
 Initially, the formation of hydroperoxides is slow then later accelerates to a noticeable level, a level known as the induction period (Šimon et al., 2000). Ions such as iron and copper that maybe present speeds up the oxidation reactions (Omwamba et al., 2011). Due to the varied bond power of the hydrogen -methylene group in the fatty acid particles, the vulnerability of fatty acids to hydrogen removal is highly dependent on their level of unsaturation (Juan & Maria, 2003). The peroxy radical always removes the fatty acid molecule's weakly attached hydrogen. While hydrogen has a binding power of around 99 kcal/mol in saturated fatty acids, approximately 80 kcal/mol is required to extract a hydrogen molecule from a methyl-group of oleic acid and only 69 kcal/mol is required to isolate hydrogen from the double-allylic-methylene group in linoleic acid (Matthäus, 2010; Ying et al., 2018). By nature, it is 40 kcal/mol for linolenic-acid with two extra allylic methylene groups. As a result of different fatty acid particles having varied hydrogen bond strengths, they oxidize lipids at different speeds (Hongyan et al., 2013). Conclusively, this means that edible-oils that possess increased concentrations of unsaturated-fatty-acids are subject to faster autoxidation when stored as compared to fats with monosaturated and saturated fatty acids. 

[bookmark: _Toc19520][bookmark: _Toc59519976]2.2.2 Photo-oxidation
Photo oxidation can also activate the fatty acid particle and it occurs in two types (Porter, 2013): Firstly, it may involve light which will that activate the catalyst, that then transmits energy into fats; this results to the formation of a reactive species that can react with triad oxygen; type II involves the excitation source combining with triad oxygen to generate receptive molecular oxygen, which subsequently combines with the light -activated fatty acid molecule. The faty acid reaction profile is *1500 faster with singlet-oxygen that the triplet one (Choe & Min, 2006). With no further stimulation, singlet oxygen reaction with the double bonded fatty acids can occur (Hongyan et al., 2013; Juan & Maria, 2003). This, therefore, means that oxidative deterioration occurs rapidly since it can progress without an induction period.
[bookmark: _Toc59519977]It is not possible to slow down oxidation in this case by use of antioxidants since in type II reactions there is no radical formation. However, the reaction can be inhibited by quenchers which take up the initiation energy of light minus formation of any reactive molecules (Choe & Min, 2006).

[bookmark: _Toc16451]2.2.3 Irradiation
[bookmark: _Toc59519979]Irradiation can occur through the following highlighted stages (Ahmed et al., 2016; Madhujith & Sivakanthan, 2019; Matthäus, 2010). Direct production of electrons from fats by removal of hydrogen from a-linolenic acid's allylic methylene, since depolarization intensity is 105 times greater than the energy necessary for extraction. Production of additional radicals, for instance electrolysis of water to produce peroxides that end up extracting a hydrogen of the allylic-methylene species. The fatty acid's integral part then subsequently reacts via hydroperoxides free radical chain mechanism.

[bookmark: _Toc1712]2.2.4 Enzymatic oxidation 
There also may exists oxidation from enzymatic oxidation such as from enzyme hydroxylase that belongs to the oxidoreductase category and may also produces hydroperoxides (Hajeyah, Griffiths, Wang, Finch, & O'Donnell, 2020). This enzyme is found in almost all living cells and may catalyze reactions that occur when oxygen and unsaturated-fatty acids are present to produce peroxides. Unrestricted fatty acids are their primary source of energy. A few of them use triacylglycerides as a substrate as well, albeit with lower specificity (Hajeyah et al., 2020).

[bookmark: _Toc59519980][bookmark: _Toc22584][bookmark: _Toc59519981]2.3 Influence of oxidation on edible  oils
[bookmark: _Toc4256]2.3.1 Creation of secondary reaction products

Hydroperoxides are not so obvious to the consumer since they are tasteless and odorless. The formation of aroma-active compounds is an indicator of significant variations of the hydroperoxides (Matthäus, 2010; Porter, 2013). The amount and kind of chemically generated substances are determined by the fatty acid configuration. Hexanal maybe the main result of linoleic acid degradation, although trans, trans-2, 4-heptadienal are also produced from linolenic acid (Greyt, 2013). As a result, the rapid degradation of vegetable oils with high levels of linolenic acid is not only due to this fatty acid's high oxidation vulnerability but also the very low threshold values of the secondary aroma compounds generated from the decomposition of hydroperoxides (Madhujith & Sivakanthan, 2019; Matthäus, 2010). The decomposition of hydroperoxides can happen naturally or in the existence of metal ions. This is the key and the most noticeable effect of oxidative deterioration. Generally, the negativesss characteristic of the oil is described as rancid which means ‘unfavorable, 'stinky' or 'nasty' (Khan et al., 2011). The rancid sensation perception is varied dependent on the oil's fatty acid structure and the degradation products that arise. 
The green, beany and grassy smell of soybean oil during the primary packaging stage which quickly transforms to painty or fishy, is a good example of off-flavor development. This green-beany flavor is present in unfinished soybean oil but it is eliminated during purification, resulting in a pleasant and odorless oil (Vieira et al., 2017). During storage however, some oils develop distinct off-flavors such as "animal flavor" in butter and tallow, "fishy" in canola, "grassy/painty" in oilseeds and soybean and "painty/rancid" in coconut oils (Villarino et al., 2007).

[bookmark: _Toc59519982][bookmark: _Toc19994]2.3.2 Effect on nutritional quality

Edible-oil is a good source of essential-fatty acid such as linolenic acid and linoleic as well as vitamin E active combinations like tocopherol and tocotrienols (Aladedunye & Przybylski, 2009). Oxidation leads to degradation of these compounds and if they were the single origin of nutritional lipids and vitamin E in the diet, then there will be a deficiency (Aladedunye & Przybylski, 2009; Vieira et al., 2017). Moreover, there is a reduction in amino acid availability in a protein-rich food prepared using oxidized oil as a result of reactions involving lipid degradation products (Madhujith & Sivakanthan, 2019).

A higher intake of oxidized oils causes a high production of vitamin active composites to maintain the body's immune system, which increases the need for vitamin-E-active fibers hence disrupting the antioxidative defense framework (Burton & Traber, 1990; John et al., 2001).

[bookmark: _Toc59519983][bookmark: _Toc22665]2.4 Protecting edible oils from oxidation

[bookmark: _Toc59519984][bookmark: _Toc19414]2.4.1 Modification of the fatty acid composites

This is done through genetic modification or natural plant breeding that improves oxidative stability of oil (Richard, 2012). Purified vegetable oils for instance peanut, soybean or sunflower oils possess increased concentrations of levels of unsaturated linolenic and linoleic acids; hence not recommended for recurrent high temperature cooking. Despite some oils like palm kernel oil being more stable with regard to oxidation, their usage is limited by high levels of saturated fatty acids (Sakurai et al., 2011) and therefore chromosomal and breeding methods are used to modify and change the saturates structure. High and mid-oleic acid content improves the oxidation endurance of oils at high cooking temperatures, such as pan-frying (Lee et al., 2018).
Mid and high-oleic acid oil yields have recently been established through breeding techniques; breeds involved among them are Monsanto Co.'s NexeraTM (Omega-9 canola and Omega-9 sunflower oils) and Vistive-GoldTM low-saturated high-oleic soy-beans (Bellaloui et al., 2015; Kaushik & Grewal, 2017; Richard, 2012).
Oil crops resulting from genetic modification contain high quantities of oleic acids: plam 36-59%, soybean 24-84%, sunflower 29-84%, peanut 55-76%, cotton-seeds 13-78% and canola 57-89% (Richard, 2012). Mutations have also been developed for soybean phenotypes with of low linolic acid of 4% (Clemente & Cahoon, 2009) which helps in oxidative stability. Although the same stability can also be achieved through hydrogenation (Richard, 2012). However, because of the creation of Trans fats, it is prohibited; thus, genetic and breeding strategies for modifying fatty acid composition remain useful (Richard, 2012). This not only increases the oils' oxidative stability but also their nutritional value.

[bookmark: _Toc59519985][bookmark: _Toc26773]2.4.2 Modifications involving processing of oil


The loss of antioxidants naturally occurs in edible oils largely due to the heat used in traditional oil processing procedures. With no additional antioxidants, the cold-pressing procedure allows oils to maintain high quantities of antioxidants and have a longer shelf life (Hassanein & Abdel-razek, 2012). Virgin oils are edible oils derived through cold-pressing and are well known for their particular taste, color and flavor. Most of the oil's natural ingredients are preserved due to the lack of heat treatment.
Cold-pressed olive oil according to Abdel-razek et al., 2010, may contain a high level of antioxidants owing to phenolics. Additionally, flushing sunflower and rapeseed oil with nitrogen during processing is important as it lowers the level of oxidative changes (Wroniak et al., 2016).

[bookmark: _Toc59519986][bookmark: _Toc25367]2.4.3 Blending


[bookmark: _Hlk136075150]Blending is basically the combination of several oils. This method combines the excellent features of two separate oils to provide a compounded influence on the oil's quality. It produces oils with an altered fatty acid content as well as functional and physicochemical qualities while leaving the chemical makeup unchanged (Abdel-razek et al., 2010. Okogeri, (2015). In their investigation, Abdel-razek et al., 2010 found out that the durability of frying oil from peanut in combination with crude extracts of palm oil had reduced number of polar molecules after frying. When weighing the benefits and drawbacks of using a single oil as a cooking medium, blended oils have been demonstrated to be more suited than solitary oils while also being more cost-effective.

[bookmark: _Toc59519987][bookmark: _Toc9026]2.5 Application of antioxidants
Antioxidants are compounds that limit oxidation by decreasing free radical generation or halting oxygen radicals’ dissemination when added only in small quantities (Bansal et al., 2013; Bera et al., 2006). Antioxidant application forms a vital step in oil processing and feasible methods for reducing oxidation in edible fats and oils. Primary antioxidants and secondary antioxidants are divided into two categories based on their method of action. They are further divided into natural and synthetic varieties.

[bookmark: _Toc59519988][bookmark: _Toc11741]2.5.1 Primary-antioxidants

[bookmark: _Toc59519989]The primary-antioxidants (or chain-breaking antioxidants) can destroy lipid-reactive oxygen species by contributing hydrogen to prevent them from ever becoming reactive. Primary antioxidants include butylated hydroxyanisole (BHA), butylated hydroxyl toluene (BHT), tertiary butyl hydroquinone (TBHQ), tocopherol and flavonoids (Bansal et al., 2013; Dimitrios, 2006).

[bookmark: _Toc24100]2.5.2 Secondary antioxidants

Secondary antioxidants decrease oxidation using the singlet oxygen quenching strategy (Ana et al., 2015). Metal ions (such as ascorbic acid, EDTA, citric acid, polyphenols, lignans) function as pro-oxidants (Hussain et al., 2015; Jiang & Youling, 2016). Singlet oxygen quenchers work by deactivating singlet oxygen and converting it to ground-state (Rather et al., 2016). Tocopherol, carotenoids, phenolics and ascorbic acid quench singlet oxygen hence slowing lipid oxidation (Jie et al., 2012).
Light-sensitive substances like riboflavin as well as chlorophyll interact with triplet oxygen to produce singlet oxygen or a superoxide anion reactive that combines with fats to produce reactive oxygen species (Orsavova, 2015).
Combining primary and secondary antioxidants has proven more effective than the effect of a single antioxidant due to their synergistic effect which increases the length of the induction period (Fernandes et al., 2019).

[bookmark: _Toc5094]2.2 Natural antioxidants
Natural antioxidants are plant-derived compounds like phenolics and carotenoids that prevent lipid oxidation in vegetable oils, extending shelf life and nutritional quality by mechanisms such as radical scavenging and metal chelation. They are preferred over synthetic alternatives (BHA, BHT, TBHQ) due to greater consumer acceptance and fewer regulatory concerns, aligning with the "clean-label" trend. Examples of natural antioxidants include vitamin E (tocopherols), vitamin C (ascorbic acid), and various extracts from herbs and spices (Anwar, Hussain, & Mustafa, 2018). 
Tocopherols and Tocotrienols (Vitamin E group) are naturally present in oils such as soybean, sunflower, palm, and rapeseed (Kamal-Eldin & Budilarto, 2015). They are classified as natural antioxidants since α-, γ-, and δ-tocopherols are potent radical scavengers. However, their efficacy depends on concentration and oil matrix. At low to moderate concentrations, tocopherols delay oxidation; at very high concentrations, they may paradoxically act as prooxidants by forming tocopheroxyl radicals (Kamal-Eldin & Budilarto, 2015). Phenolic Compounds such as hydroxytyrosol, tyrosol, and oleuropein in olive oil contribute significantly to its oxidative stability (Mehany, Gonzalez-Saiz, & Pizarro, 2025b). Flavonoids like quercetin, catechin, and rutin  (found in most natural antioxidants) enhance oil stability by acting as antioxidants, which they do through hydrogen donation to free radicals, chelating metal ions like iron and copper to prevent radical formation, and synergizing with other antioxidants to provide a comprehensive defense against oxidative damage that causes rancidity (Hassanpour & Doroudi, 2023). 
Carotenoids like β-carotene, lutein, and lycopene are potent antioxidants that protect against oxidative damage by quenching singlet oxygen and scavenging peroxyl radicals (Steenson & Min, 2000). They are found in sources such as palm oil, red palm oil, and carrot seed oil, but their antioxidant properties are compromised by their sensitivity to heat and light, which leads to degradation and instability during processing and storage (Steenson & Min, 2000). 
Rosemary extracts, green tea catechins like EGCG, and Moringa oleifera seed extracts are all natural, polyphenol-rich antioxidants used to preserve oils and enhance food stability (Tang et al., 2021; Xie, Ponnampalam, Ahmadi, Dunshea, & Suleria, 2024). Rosemary extract, featuring carnosic acid and carnosol, is a commercially approved natural antioxidant, while EGCG from green tea shows strong antioxidant activity in oils, and moringa seed extracts, rich in phenolic acids and flavonoids, provide superior stability in blended oils (Tang et al., 2021; Xie et al., 2024). 
Ascorbyl palmitate is a fat-soluble ester of vitamin C (ascorbic acid) and a fatty acid, palmitic acid. As a lipid-soluble antioxidant, it protects against oxidative damage and works synergistically with tocopherols (vitamin E) to enhance antioxidant activity. Due to its lipophilicity, it is commonly used in oil-in-water emulsions in cosmetics, skincare, and food products to prevent rancidity and provide skin-brightening effects (Imran et al., 2024). 
Olive oil is naturally resistant to oxidation because its high monounsaturated fatty acid (MUFA) content makes it less susceptible to the oxidative process than oils rich in polyunsaturated fatty acids (PUFAs) (Mehany, Gonzalez-Saiz, & Pizarro, 2025a; Mehany et al., 2025b). This stability is further enhanced by the presence of phenolic and tocopherol (a type of vitamin E) antioxidants, which actively scavenge damaging reactive oxygen species, thereby protecting the oil's lipid components from degradation(Mehany et al., 2025a). 
Sunflower and soybean oils, high in polyunsaturated fatty acids (PUFAs), are prone to oxidation, but natural extracts like rosemary and moringa seed extract can significantly enhance their stability (Song et al., 2025). Studies show rosemary extract can increase sunflower oil's stability by 50–70%, and in some cases, moringa seed extract has performed better than the synthetic antioxidant BHT, particularly during storage (Song et al., 2025). 
Natural antioxidants offer advantages over synthetic ones, including a better health perception due to lower toxicity concerns and potential additional anti-inflammatory or cardioprotective effects, increased consumer acceptance driven by "natural" labeling, and multifunctionality as they can also contribute to a product's flavor, aroma, or color (Estevez, 2021). 
Limitations and challenges for natural extracts include: variability in composition due to plant source, harvest time, and extraction methods; high costs and difficulty in scaling up production compared to synthetic compounds; degradation of beneficial phenolics and carotenoids by heat, light, and poor storage; and a lack of consistent, uniform regulatory standards for many natural extracts, making quality control difficult (Sasidharan, Chen, Saravanan, Sundram, & Yoga Latha, 2011). 
Future research on edible oil preservation should focus on nanoencapsulation for natural antioxidant protection and controlled release, promoting sustainability and consumer-friendly natural alternatives to synthetic preservatives. This method enhances oil stability and bioavailability of antioxidants, while minimizing negative sensory effects and extending shelf life, aligning with demands for safer, natural, and longer-lasting food products (Rehman Sheikh, Wu-Chen, Matloob, Mahmood, & Javed, 2024).
Another promising avenue is the use of synergistic combinations of antioxidants, whether natural–natural or natural–synthetic at reduced concentrations. This strategy could maximize oxidative stability while reducing costs and minimizing potential health risks associated with synthetic additives.
The exploration of underutilized plant sources, such as Moringa oleifera, avocado seeds, and pumpkin seeds, offers significant potential for obtaining phenolic-rich extracts with strong antioxidant properties. Expanding research in this area could provide sustainable alternatives while adding value to agricultural by-products.
Finally, integration with active packaging technologies, such as antioxidant-releasing films or coatings, represents a novel approach to extending oil shelf life. These smart packaging systems can act in synergy with natural antioxidants within the oil matrix, creating multi-barrier protection against oxidative deterioration.
Overall, future preservation strategies will likely combine advanced extraction, encapsulation, synergistic use of antioxidants, and intelligent packaging solutions to ensure the nutritional quality, safety, and consumer acceptability of edible vegetable oils.
 
2.2.1 Moringa Olifera as a natural antioxidant
Moringa oleifera  has gained great recognition in the recent past as a natural antioxidant (Nadeem & Imran, 2016). It contains bioactive compounds which have antioxidant properties; and these compounds include tocopherols, catechins, quercetin, ferulic acid and zeatin. In assessing the physicochemical and antioxidant properties of this plant (Ogbunugafo et al., 2011), reported that the presence of flavonoids  in the plant play a great role in its antioxidant action. Its  antioxidant  was further demonstrated by the ability to quench free DPPH radicals (Wright et al., 2017). Decreasing absorbance of DPPH in Moringa oil mixture in this experiment which measured the extent of radical scavenging ability in the oils also confirmed the findings as reported by Ogbunugafo et al., (2011): that flavonoids in M. Oleifera  play a role in carrying out antioxidant action through  chelation or scavenging.
In the food industry and specifically in edible oils, several studies have been done to test the antioxidant capacity of M. Oleifera. Nadeem et al., (2015), studied the effect of Moringa leaf extract as an antioxidant in vegetable oil blends, the leaf extracts were incorporated at three concentrations; 300, 600 and 900 ppm in comparison with 100 TBHQ as a control then stored at ambient temperatures. From the study, the free radical scavenging effect of the leaf extracts was SScomparable with that of TBHQ with the antioxidant activity increasing with increase in concentration of the leaf extracts. Both mature and tender leaves of M. Oleifera have closely similar antioxidant effect on vegetable oils (Sreelatha & Padma, 2009).
M. Oleifera blended in canola, sunflower and soybean oils at varying concentrations had a physicochemical effect on the oils. Shelf-life studies revealed that the oil had lesser oxidation byproducts with improved fatty acid composition. This evidence is proof that M. Oleifera can be used to enhance the oxidative stability of edible oils. A fat blend of Moringa at 2.5%-10% and butter oil was prepared then stored at room temperature, accelerated storage studies indicated that the blend had better oxidation resistance compared to butter oil alone (Nadeem et al., 2012). The concentration of alkenes were also greatly reduced in the blends as compared to butter oil (Nadeem et al., 2014).At 10% the free radical scavenging activity of the blend was 31.65% compared to 5.22% in butter oil.
Further to the findings involving edible oils, (Anwar & Bhanger, 2003) reported that, M. Oleifera has  beta-sitosterol and zeatin which are the most active antioxidants in the plant with 36  antioxidants naturally present in M. Oleifera (Lalas & Tsaknis, 2002; Tsaknis et al., 1998). Conclusively, M. Oleifera can replace the synthetic antioxidant for long term protection of edible oils against autoxidation. Table 2 summarizes the difference between artificial and natural antioxidants 
Table 2: Differences between artificial and natural antioxidants used to prevent rancidity in edible vegetable oils
	Aspect
	Natural Antioxidants
	Artificial (Synthetic) Antioxidants

	Examples
	Tocopherols (α, γ, δ), tocotrienols, phenolics (oleuropein, hydroxytyrosol, catechins, quercetin), carotenoids (β-carotene, lutein), rosemary extract (carnosic acid), green tea extract (EGCG), moringa seed extract, ascorbyl palmitate
	BHA (butylated hydroxyanisole), BHT (butylated hydroxytoluene), TBHQ (tert-butylhydroquinone), PG (propyl gallate)

	Mechanism of Action
	Free radical scavenging, singlet oxygen quenching, metal ion chelation, synergism with endogenous antioxidants
	Free radical scavenging (hydrogen donation), stabilization of peroxyl radicals, synergism with metal chelators (citric acid, ascorbyl palmitate)

	Efficacy in Oils
	Effective in MUFA- and PUFA-rich oils; olive oil phenolics and rosemary extracts provide strong stability; moringa and green tea extracts outperform BHT in some studies
	Highly effective in PUFA-rich oils (soybean, sunflower); TBHQ especially potent under high-temperature frying conditions

	Advantages
	- Perceived as safer, “clean-label” friendly
	





[bookmark: _Toc23554]2.2.2 Avocado (Persea americana) seed oils
Avocado seed oil is gaining attention for its potential nutritional, functional, and industrial applications. While avocado oil is typically extracted from the fruit's flesh, research is exploring the potential of utilizing the seeds, which are often discarded, as a valuable resource. These seeds contain various bioactive compounds and could be a source of oil for food, pharmaceuticals, and even biofuels (Bangar et al., 2022). It has been documented that avocado seed oil contains a moderate to high proportion of unsaturated fatty acids, primarily oleic acid (C18:1), linoleic acid (C18:2), and palmitic acid (C16:0) (Bangar et al., 2022). In addition to fatty acids, the oil is rich in phytosterols, polyphenols, tocopherols, and other antioxidant compounds. These bioactives contribute to oxidative stability, free radical scavenging activity, and potential health-promoting effects. Compared to pulp oil, seed oil has a higher concentration of certain polyphenolic antioxidants, although it is generally less abundant in total oil yield (X. Lin & Li, 2024).
It is noted that avocado seed oil demonstrates significant antioxidant, antimicrobial, and anti-inflammatory properties, which makes it a promising candidate for nutraceutical, pharmaceutical, and cosmetic industries. Its oxidative stability suggests potential application in food preservation, while its bioactive profile supports its use in skin care formulations as a natural emollient and anti-aging ingredient (Rodriguez-Martinez et al., 2022). Future research is focusing on sustainable extraction methods, safety evaluation, and value addition through blending or fortification with other edible oils. Valorizing avocado seeds for oil extraction not only adds economic value but also promotes waste reduction and circular bioeconomy practices.

[bookmark: _Toc27652]2.2.3 Sunflower seeds  (Helianthus annuus)
Sunflower oil is a vegetable oil extracted from the seeds of the sunflower (Helianthus annuus), known for its high content of vitamin E and linoleic acid, making it suitable for culinary uses, as well as applications in biolubricants, biofuels, and pharmaceuticals (Kurre & Yadav, 2023). The oil is one of the most widely consumed edible oils globally. Its popularity stems from its light flavor, high smoke point, and favorable fatty acid profile. Sunflower oil's applications extend far beyond the kitchen. It's a valuable component in nutraceuticals, pharmaceuticals, and various industrial sectors due to its unique properties. In nutraceuticals, it serves as a source of essential fatty acids and antioxidants. Pharmaceuticals utilize it in drug formulations and as a carrier for medications. Industrially, it acts as a lubricant, a component in cosmetics, and even a feedstock for biodiesel production (Nakonechna et al., 2024).
Sunflower oil is indeed rich in unsaturated fatty acids, specifically linoleic acid (C18:2, ω-6) and oleic acid (C18:1, ω-9). These unsaturated fatty acids constitute a significant portion of its overall fatty acid composition, ranging from 77% to 82%, according to SciSpace. Linoleic acid (omega-6) typically makes up 59-67.5% and oleic acid (omega-9) 14-18.1% of the total fatty acids in sunflower oil (Luzaic et al., 2023). It also contains tocopherols (vitamin E), phytosterols, carotenoids, and other minor compounds that contribute to its nutritional value and antioxidant capacity. Sunflower oil possesses both cosmetic and culinary applications due to its unique properties. It's recognized for its moisturizing and emollient effects, making it a popular ingredient in skincare, while also being widely used in food production like frying and baking. Additionally, it's a source of bioactive compounds with potential benefits for heart health and immune support (Nakonechna et al., 2024). Sunflower oil's high polyunsaturated fatty acid (PUFA) content makes it susceptible to rancidity, or spoilage due to oxidation. To combat this, antioxidants, either natural or synthetic, are often added to sunflower oil during processing. These antioxidants help to slow down the oxidation process and extend the shelf life of the oil (Nid Ahmed et al., 2024).

[bookmark: _Toc21358]2.4.4 Pumpkin seeds (Cucurbita pepo)
Pumpkin seed oil is extracted from the seeds of Cucurbita pepo and related pumpkin varieties. Traditionally used in Central Europe, Asia, and Africa, the oil is valued for its distinctive nutty flavor, rich color, and health-promoting properties. In recent years, it has gained attention as a functional food ingredient and a specialty oil with both nutritional and therapeutic applications (Ayyildiz, Topkafa, & Kara, 2019). Pumpkin seed oil contains a balanced mix of unsaturated and saturated fatty acids. The major unsaturated fatty acids are linoleic acid (40-55%) and oleic acid (30-40%). The main saturated fatty acids are palmitic acid (10-15%) and stearic acid (3-5%) (Bardaa et al., 2016). in addition, pumpkin seed oil is a rich source of various bioactive compounds, including tocopherols (particularly γ-tocopherol), phytosterols, squalene, carotenoids, and polyphenols, all of which contribute to its antioxidant properties. These components work together to help protect cells from oxidative damage, potentially reducing the risk of chronic diseases (Dotto & Chacha, 2020). 
Pumpkin seed oil is a versatile ingredient finding use across the food, cosmetics, nutraceutical, and pharmaceutical industries due to its unique properties and bioactive compounds (Wargala, Chrzanowska, Bernatek-Samoraj, & Kot, 2023). In food, it's a specialty cooking oil and is used in salad dressings and bakery products, though its strong flavor and dark color limit its use in frying. Nutritionally, it's a source of antioxidants and may offer benefits for heart health, prostate health, and overactive bladder. In cosmetics, it's incorporated for moisturizing and antioxidant properties in skin and hair care. Additionally, its bioactive compounds show promise in addressing metabolic disorders and oxidative stress . 
Pumpkin seed oil, despite its antioxidant richness, is prone to oxidative rancidity due to its high proportion of polyunsaturated fatty acids and the presence of chlorophylls in unrefined, cold-pressed oils (Mostafa Al-Turky, Alhafez, & Ibrahim, 2024). These pigments act as photosensitizers, accelerating oxidation when exposed to light, heat, or air. Therefore, proper storage in dark, airtight containers at low temperatures is crucial for maintaining the oil's quality 
Rancidity Control: Improving shelf life through natural antioxidants (e.g., blending with more stable oils like moringa or avocado seed oil).
Therefore, pumpkin seed oil is a nutrient-dense specialty oil with strong antioxidant properties but moderate susceptibility to oxidation due to its PUFA content and chlorophyll pigments. It is promising for functional foods, cosmetics, and nutraceuticals, though preservation and blending strategies are essential to maintain stability.

[bookmark: _Toc7884]2.4.5 Groundnut (peanut) oil
Groundnut oil, also known as peanut oil, is extracted from the seeds of Arachis hypogaea. It is one of the most widely consumed edible oils globally, appreciated for its mild flavor, relatively high smoke point, and balanced fatty acid composition (Ozcan, 2010). Beyond food applications, groundnut oil has value in nutraceutical, cosmetic, and industrial sectors.
Groundnut oil is characterized by a beneficial balance of monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids, making it relatively stable compared to oils high in PUFAs. The major fatty acids include oleic acid (40-55%), linoleic acid (25-35%), palmitic acid (8-10%), and stearic acid (2-4%). It also contains antioxidants like tocopherols (vitamin E), phytosterols, resveratrol, and polyphenols, contributing to its stability and potential health benefits (Musalima, Ogwok, & Mugampoza, 2019). additionally, the oil has a pleasant flavor, and good stability. It's widely used in the food industry, nutraceuticals, cosmetics, and even for industrial purposes. 
Groundnut oil's resistance to rancidity stems from its higher oleic acid content and natural antioxidants, but high-linoleic varieties are more susceptible to peroxidation (Lankanayaka et al., 2025). Refined groundnut oil loses some of its antioxidant capacity, shortening shelf life. It is also prone to photo-oxidation when exposed to light due to natural pigments. Blending with stable oils (like moringa or avocado seed oil) or adding natural antioxidants (such as rosemary extract or tocopherols) can significantly improve its oxidative stability and shelf life. 
In summary, groundnut oil is a versatile edible oil with good oxidative stability compared to sunflower and pumpkin oils, but still prone to rancidity under poor storage. Its balance of flavor, nutrition, and stability makes it valuable in frying, food processing, and cosmetics, with potential for further improvement via breeding, refining, and blending strategies.

[bookmark: _Toc8206]2.4.6 Antioxidant compounds in Moringa Oleifera
M. Oleifera, or the drumstick tree, is packed with antioxidants, notably phenolic acids, which protect against oxidative damage. These acids, like gallic acid, chlorogenic acid, caffeic acid, ferulic acid, and p-coumaric acid, act as free radical scavengers by donating electrons or hydrogen atoms, thus stabilizing them peroxidation (El-Sherbiny, Alluqmani, Elsehemy, & Kalaba, 2024). Chlorogenic and caffeic acids also exhibit strong metal-chelating properties, preventing lipid peroxidation (El-Sherbiny et al., 2024).
Moringa leaves and seeds are rich in flavonoids, notably quercetin, kaempferol, isorhamnetin, and rutin (M. Lin, Zhang, & Chen, 2018). These compounds act as antioxidants, scavenging free radicals, inhibiting lipid peroxidation, and chelating transition metals. Quercetin, in particular, is known for its ability to improve the oxidative stability of edible oils. Moringa seeds are also rich in vitamin C, a water-soluble antioxidant that helps neutralize free radicals and regenerate other antioxidants like vitamin E (Flora & Pachauri, 2011). However, a key limitation is vitamin C's heat-sensitivity, meaning it can degrade during processes like oil extraction or other forms of processing. 
Moringa seed oil's high concentration of α-tocopherol and γ-tocopherol contributes to its antioxidant properties, specifically protecting unsaturated fatty acids from oxidation (El-Sherbiny et al., 2024). This protection is crucial for enhancing the oil's shelf life and preventing rancidity. The tocopherols act as lipid-soluble antioxidants by donating hydrogen atoms to lipid radicals, which inhibits the chain reaction of oxidation. 
The seeds of M. oleifera are also rich in β-carotene and lutein, both of which contribute to their antioxidant properties (El-Sherbiny et al., 2024). These compounds can help protect against oxidative damage by quenching singlet oxygen and scavenging peroxyl radicals, which are involved in the photo-oxidation of oils. Additionally, the seeds contain β-carotene and lutein which quench singlet oxygen generated during photo-oxidation of oils and act as chain-breaking antioxidants by scavenging peroxyl radicals (El-Sherbiny et al., 2024).
Furthermore, M. Oleifera seeds contain unique glucosinolates and their derived isothiocyanates, which contribute to both antioxidant and antimicrobial activities (Fahey et al., 2018). Specifically, isothiocyanates, formed through glucosinolate hydrolysis, can neutralize free radicals and positively influence antioxidant defense enzymes like glutathione peroxidase and catalase’
Other bioactive molecules in M. Oleifera include saponins, alkaloids, and sterols (Divya et al., 2024). While saponins and alkaloids contribute to radical scavenging, their activity is generally less potent than that of polyphenols and flavonoids. Sterols like β-sitosterol and stigmasterol play a role in membrane stabilization and offer mild antioxidant effects. 
Therefore, the antioxidant activity of M. Oleifera is primarily attributed to phenolic acids (chlorogenic, gallic, caffeic), flavonoids (quercetin, kaempferol), vitamins (C and E), carotenoids, and isothiocyanates. These compounds work synergistically to scavenge free radicals, chelate metals, and protect lipids from oxidative rancidity, supporting its application as a natural preservative in edible oils.

4. [bookmark: _Toc31141]Edible oil extraction procedures from seeds
Edible oil extraction is a crucial stage that determines both the yield and the nutritional quality of the final product. A wide range of procedures are employed, from traditional methods such as cold pressing, boiling, and roasting, to advanced technologies including solvent extraction, supercritical CO₂ extraction, ultrasound-assisted extraction, and microwave-assisted extraction. Among the many parameters influencing these processes, temperature control remains the most critical, as it strongly affects both oil yield and the stability of bioactive compounds (Gu et al., 2025).
Low-temperature techniques, particularly cold pressing, are widely recognized for preserving sensitive bioactives such as tocopherols, carotenoids, and phenolic compounds (Carrà et al., 2025). Studies on sunflower, sesame, and Moringa oleifera seed oils have consistently shown that cold pressing retains a higher antioxidant content, thereby improving oxidative stability and nutritional value (Aly, Ali, & Abdeldaiem, 2021). However, the trade-off is a relatively lower oil yield compared to heat-assisted or solvent-based methods, which limits scalability in industrial applications.
By contrast, high-temperature approaches such as boiling, dry roasting, and hot pressing often enhance oil recovery and improve extraction efficiency by breaking down cell walls and releasing bound lipids (Zhu et al., 2025). For example, roasting has been shown to increase oil yield in groundnuts and pumpkin seeds (Zhang, Li, Cao, Wang, & Xue, 2020). Nevertheless, the elevated temperatures can degrade heat-sensitive antioxidants, reduce vitamin content, and accelerate the formation of undesirable oxidation products, thereby compromising long-term oil stability (Gharby et al., 2025). This trade-off between yield and quality remains a key challenge in edible oil processing.
Modern “green” extraction technologies have attempted to overcome these limitations. Supercritical CO₂ extraction, for instance, operates under moderate temperatures while providing high yields and preserving antioxidants (Yildirim et al., 2024), though the high cost of equipment limits its widespread adoption. Similarly, ultrasound-assisted and microwave-assisted methods shorten extraction time, reduce solvent use, and improve yield, but they also generate localized heating that may degrade sensitive compounds if not carefully optimized (Nayak et al., 2024).
Despite advances, a clear consensus on the optimal temperature regimes for different oilseeds remains elusive. Most studies highlight the benefits of cold pressing for antioxidant preservation, yet the higher efficiency of heat-assisted methods continues to attract industrial preference. This gap underscores the need for comparative evaluations of extraction procedures that systematically assess not only yield but also retention of natural antioxidants and long-term oil stability. Such evidence would guide the development of scalable, cost-effective extraction methods that align with consumer demand for safe, minimally processed oils with extended shelf life.

5. Research Gaps 
There is a limited industrial application of natural antioxidants. While natural extracts like Moringa oleifera show strong antioxidant potential, their scaling to industrial oil processing remains limited due to cost, stability, and regulatory challenges. Furthermore, the precise mechanisms and synergistic effects of bioactive compounds (flavonoids, phenolics, carotenoids, etc.) in preventing rancidity are not fully understood, and requiring deeper biochemical studies. Additionally, there are different extraction methods (cold pressing, roasting, aqueous extraction, centrifugation) that produce variable yields and antioxidant retention. There is a need for standardized protocols that balance yield with preservation of nutritional quality. Finally, while natural antioxidants are generally considered safe, long-term toxicological and nutritional studies are limited compared to synthetic preservatives like BHT. Research is lacking on how blends of different seed oils interact with natural antioxidants, and whether this enhances or reduces stability. Most studies focus on chemical preservatives, but combined effects of antioxidants, packaging, and storage environments (light, oxygen, temperature) on oil rancidity remain underexplored.  These gaps suggest future research should focus on scalable extraction techniques, industrial validation of natural antioxidants, and integrated preservation strategies (antioxidants + packaging + storage).
Conclusion
Rancidity remains a central challenge to the quality, safety, and shelf life of edible vegetable oils. Its occurrence through autoxidation, photo-oxidation, and enzymatic pathways not only compromises sensory attributes but also depletes essential nutrients while generating toxic compounds with potential health risks. Conventional reliance on synthetic antioxidants such as BHT, BHA, TBHQ, and PG has provided effective preservation, yet their safety concerns and regulatory restrictions continue to limit long-term acceptance. In contrast, natural antioxidants, particularly those derived from Moringa oleifera, avocado seeds, pumpkin seeds, sunflower, and groundnut oils, demonstrate strong protective effects against oxidative deterioration while offering added nutritional and health benefits.
Advances in oil extraction methods highlight the trade-off between maximizing yield and preserving antioxidant integrity, with cold-pressing favored for stability and bioactivity retention. Future directions should prioritize scalable “green” extraction technologies, synergistic combinations of antioxidants, and integration with smart packaging systems to prolong oil stability. Moreover, industrial validation, cost-effective processing, and comprehensive toxicological assessments of natural extracts are essential to accelerate their adoption as sustainable alternatives to synthetic preservatives.
Finally, protecting edible oils from rancidity requires a holistic approach: balancing extraction techniques; antioxidant strategies; and storage innovations. Embracing natural, plant-derived antioxidants not only enhances oxidative stability but also aligns with consumer demand for safer, cleaner-label, and environmentally sustainable food systems.
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image2.emf
Vegetable oils  Fatty acids   

 Monosaturated   Polyunsaturated   Saturated   Artificial antioxidants   

Olive  71.3  12.7  16.0  NA  

Rapeseed (A)  65.2  29.3  5.5  Citric acid/Vitamin E  

Rapeseed  65.0  29.0  5.0  NA  

Sunflower (A)  22.8  65.2  12.0  Citric acid/Vitamin E  

Sunflower   23.0  65.0  12.0  NA  

Corn (A)  33.5  51.0  15.5  Citric acid/TBHQ  

Corn  34.0  50.0  16.0  NA  

Soybean  24.3  60.0  15.7  Citric acid/TBHQ  

Rice  40.8  40.1  19.1  NA  

(A)   Presence of  artificial antioxidants   TBHQ: tert - butylhydroquinone  

 


