APPLICATION OF ZEOLITE 4A IN THE REGENERATION OF SUNFLOWER OIL AFTER THERMAL DEGRADATION
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Abstract: Edible oils, particularly sunflower oil, play an important role in human nutrition due to their high content of essential fatty acids and fat-soluble vitamins. However, their susceptibility to oxidation and thermal degradation during cooking and repeated heating leads to a reduction in nutritional value and the formation of undesirable degradation products. In order to preserve the quality of used oil, the possibility of regenerating sunflower oil using zeolite 4A, known for its pronounced adsorption properties, was investigated. The results showed that heating the oil caused an increase in acid value, a rise in moisture and volatile matter content, as well as a decrease in saponification value, indicating progressive oil degradation. The application of zeolite 4A as an adsorbent for oil regeneration resulted in a significant improvement of oil quality, reflected in the reduction of acid value and moisture content, while the saponification value remained more stable compared to untreated oil. These findings confirm the high efficiency of zeolite 4A in removing degradation products and highlight its potential for use in the regeneration of edible oils. It is concluded that zeolite 4A represents an effective and readily available adsorbent that can contribute to extending the shelf life of oils, preserving their sensory and nutritional properties, and improving food safety. The obtained results provide a basis for further research in the field of edible oil regeneration using zeolites and other adsorbents.
Keywords: sunflower oil, thermal degradation, zeolite 4A, adsorption, regeneration.

1. INTRODUCTION
Edible oils represent a group of plant- or animal-derived fats that are used in food preparation, such as frying, baking, and seasoning (e.g., salad dressings and bread spreads). They are an important part of the human diet because they contain fat-soluble vitamins such as A, D, E, and K. Vitamin E is particularly important, as it possesses antioxidant properties and neutralizes free radicals responsible for carcinogenesis and aging processes [1]. Sunflower oil, obtained from the seeds of the plant Helianthus annuus, is one of the most important edible oils and is widely used in nutrition, especially as a frying medium. Its composition is characterized by a high content of oleic and linoleic acids [2]. Linoleic acid accounts for a larger proportion of triacylglycerols (53.9 mg/kg) compared to oleic acid, with a concentration of 23.9 mg/kg [3,4]. In addition, sunflower oil is rich in natural antioxidants, including phenolic compounds [5].
The composition of edible oils is largely based on triacylglycerols, which make up about 96% of the total mass. However, due to their chemical structure, these oils are prone to oxidative processes, especially at high temperatures. During oxidation, fatty acids, either free or bound to glycerol, can degrade into volatile and non-volatile products [6]. In the course of this process, beneficial components break down, while potentially toxic compounds are formed, which can impair the sensory properties of the oil (odor and flavor) and negatively affect human health [7–11]. At temperatures above 150 °C, the oxidation rate of oils increases significantly. During thermal processing, in addition to the primary oxidation products, such as hydroperoxides and the compounds resulting from their decomposition, secondary thermo-oxidation products are also formed. This group includes dimers and polymers of fatty acids and triglycerides, oxy-polymers, cyclic fatty acids, as well as various volatile and non-volatile compounds [12–14]. Heating of oils leads to an increase in density, saponification value, acid value, and peroxide value, while the iodine value decreases simultaneously [15]. The saponification value (mg KOH/g) is defined as the amount of potassium hydroxide required to completely saponify (both free and esterified) fatty acids in one gram of oil or fat. The acid value (mg KOH/g) represents the amount of potassium hydroxide needed to neutralize the free fatty acids in one gram of oil or fat. Oils rich in polyunsaturated fatty acids, such as sunflower oil, are particularly susceptible to oxidation at elevated temperatures.
One of the methods for preserving the quality of used oil is the application of adsorbents, through which undesirable products of thermal degradation can be removed. For this purpose, natural and synthetic adsorbents such as zeolites are particularly used. Zeolites are microporous aluminosilicates of crystalline structure, well known for their pronounced ability of selective adsorption [16–19]. They have proven to be highly effective adsorptive materials for the removal of various organic compounds. Owing to their large specific surface area, high adsorption capacity, as well as excellent thermal and hydrothermal stability, zeolites are considered among the most important industrial adsorbents and catalysts [20,21]. Their adsorption efficiency is based on the microporous structure and precisely defined pore dimensions, which allow for selective binding of molecules depending on their size and shape [18].
Zeolite NaA, also known as 4A, forms a three-dimensional framework (denoted as LTA5), created by linking β-cages through double four-membered rings (D4R) (Figure 1). Each β-cage contains 12 tetrahedral units, [SiO₄]⁴⁻ and [AlO₄]⁵⁻, interconnected by shared oxygen atoms. The pores of zeolite NaA have a diameter of 4 Å, and through ion exchange with calcium or potassium salt solutions they can be modified to 5 or 3 Å, respectively [22]. In zeolites with high aluminum content (type A), where the negative framework charge is balanced by cations, electrostatic interactions are dominant, favoring the adsorption of polar molecules [23].
The aim of this study was to investigate the influence of zeolite 4A on the regeneration of thermally degraded sunflower oil by determining key quality parameters, including acid value, saponification value, and moisture and volatile matter content. In this way, the efficiency of zeolite 4A as an adsorbent in removing degradation products and preserving the nutritional and sensory quality of oil is assessed.
.
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Figure 1. Three-dimensional structure of Zeolite A (LTA structure) [24]

2. MATERIAL AND METHODS
For the purposes of this study, we used edible sunflower oil produced in Bosnia and Herzegovina, while synthetic zeolite, Zeolite 4A, was applied as the adsorbent. In the initial oil sample, the values of acid value, saponification value, and moisture and volatile matter content were determined at room temperature. The oil was then heated at temperatures of 110℃, 130℃, 150℃, 170℃, and 190℃ for periods of 10 and 30 minutes. Regeneration of the oil was carried out using the adsorbent Zeolite 4A, after which the values of acid value, saponification value, and moisture and volatile matter content were determined again. These values were measured using standard methods:
· BAS EN ISO 662 Determination of moisture and volatile matter content;
· BAS EN ISO 3657 Determination of saponification value;
· BAS EN ISO 660 Determination of acid value and acidity.

3. RESULTS AND DISCUSSION
 After determining the acid value, saponification value, and the moisture and volatile matter content in the initial oil sample, the sunflower oil was heated to defined temperatures, and the results are presented in Table 1.
Table 1. Acid value, saponification value, and moisture and volatile matter content of heated oil before regeneration with Zeolite 4A.
	Time (min)
	Temperature (℃)
	Acid value (mg KOH/g)
	Saponification value (mg KOH/g)
	Moisture and volatile matter content (%)

	-
	25
	0,30
	189
	0,02

	10
	110
	0,30
	189
	0,02

	10
	130
	0,30
	189
	0,02

	10
	150
	0,60
	188
	0,10

	10
	170
	0,80
	188
	0,43

	10
	190
	1,00
	186
	0,56

	30
	110
	0,50
	188
	0,04

	30
	130
	0,50
	187
	0,04

	30
	150
	0,90
	185
	0,15

	30
	170
	1,30
	185
	0,55

	30
	190
	1,70
	182
	0,82

	
	
	
	
	


  
The acid value, which represents a measure of the free fatty acid content, has a low value at room temperature (25 °C) (0.30 mg KOH/g), indicating a stable oil without significant degradation. When heated up to 130 °C, the acid value remains almost unchanged, suggesting that no substantial hydrolysis of triglycerides occurs within this temperature range. However, already at 150 °C an increase in the acid value (0.60 and 0.90 mg KOH/g, at 10 and 30 minutes heating time, respectively) can be observed, and further temperature rise leads to a sharp increase – at 190 °C after 30 minutes it reaches 1.70 mg KOH/g. This increase clearly confirms that temperatures above 150 °C are critical for accelerating hydrolysis and oxidative degradation of triglycerides, accompanied by the formation of free fatty acids [25,26]. It is also observed that extending the heating time from 10 to 30 minutes at the same temperature further increases the acid value, which means that the duration of exposure also contributes to degradation.
The saponification value shows a slightly decreasing trend with increasing temperature. At lower temperatures (25–130 °C), the values remain stable (189 mg KOH/g), indicating that under these conditions there are no significant changes in the molecular structure of the oil. At higher temperatures, the values start to decrease: at 150 °C they reach 188 and 185 mg KOH/g (for heating times of 10 min and 30 min, respectively), while at 190 °C after 30 minutes the lowest value of 182 mg KOH/g is recorded. The decrease in the saponification value can be attributed to the thermolysis of ester bonds in triglycerides, resulting in the release of free fatty acids and the formation of oxidation products that no longer participate in saponification [27].
The moisture and volatile matter content in the oil shows an increase with rising temperature and heating duration. At the initial temperature (25 °C), the value is very low (0.02 %), while at 110–130 °C it remains almost unchanged, regardless of the heating time. With the temperature increase to 150 °C, a rise to 0.10 % and 0.15 % is observed (for heating times of 10 and 30 minutes, respectively), and at 170 °C the values reach 0.43 % and 0.55 %. The most pronounced increase is recorded at 190 °C, where the moisture and volatile matter content reaches 0.56 % after 10 minutes and 0.82 % after 30 minutes. This increase can be explained by the more intense release of low-molecular compounds, including aldehydes, ketones, and short-chain acids, as well as thermally induced release of water from glyceride degradation reactions [28].
The regeneration of the oil was carried out by adsorption, using synthetic zeolite, Zeolite 4A, as the adsorbent. The values of the acid value, saponification value, and the moisture and volatile matter content after regeneration with Zeolite 4A are presented in Table 2.
Table 2. Acid value, saponification value, and moisture and volatile matter content of heated oil after regeneration with Zeolite 4A.
	Time (min)
	Temperature (℃)
	Acid value (mg KOH/g)
	Saponification value (mg KOH/g)
	Moisture and volatile matter content (%)

	-
	25
	0,30
	189
	0,02

	10
	110
	0,20
	189
	0,02

	10
	130
	0,20
	189
	0,02

	10
	150
	0,20
	188
	0,02

	10
	170
	0,20
	188
	0,05

	10
	190
	0,30
	188
	0,10

	30
	110
	0,20
	188
	0,02

	30
	130
	0,20
	188
	0,02

	30
	150
	0,20
	188
	0,03

	30
	170
	0,30
	187
	0,05

	30
	190
	0,40
	186
	0,11

	
	
	
	
	



The acid value before regeneration shows a clear increase with rising temperature. At 190 °C after 30 minutes, the acid value reached 1.70 mg KOH/g, which clearly indicates intensive triglyceride degradation and the formation of free fatty acids. After regeneration of the oil with Zeolite 4A, the acid value was significantly lower. In the temperature range of 110 °C–150 °C, the acid value remained constant at 0.20 mg KOH/g, while at 190 °C and 30 minutes of heating it reached 0.40 mg KOH/g, which is considerably lower compared to the value before regeneration at the same temperature and heating time. This result clearly confirms the effectiveness of zeolite in adsorbing free fatty acids and degradation products, thereby ensuring oil stability even at higher temperatures.
The saponification value before regeneration showed a decreasing trend with increasing temperature and heating time, with the value dropping from the initial 189 mg KOH/g to 182 mg KOH/g at 190 °C after 30 minutes. This can be associated with triglyceride degradation and the formation of lower fatty acids. After zeolite treatment, the saponification values showed greater stability, without a significant decrease even at the highest temperature of 190 °C. The lowest recorded value was 186 mg KOH/g at 190 °C after 30 minutes, which is notably higher compared to the values before regeneration. This stability indicates the ability of zeolite to slow down the degradation of the glyceride structure and preserve the chemical composition of the oil [27].
The most pronounced difference is observed in the moisture and volatile matter content. Before regeneration, this parameter showed a sharp increase already at 150 °C (0.10%), reaching 0.56% at 190 °C after 10 minutes and 0.82% after 30 minutes of heating. After regeneration, the values remained in the range of 0,02% to 0,05% for both 10 and 30 minutes of heating time. At the temperature of 190 °C a slight increase in the moisture and volatile matter content is observed, up to 0,11%, but still significantly lower than before regeneration with Zeolite 4A. It is evident that Zeolite 4A has a significant adsorptive effect, since the amount of moisture and volatile components was several times lower in the regenerated oil compared to the non-regenerated one. The mechanism of action of the adsorbent is based on the selective adsorption of polar and smaller molecules through interactions such as electrostatic forces and Van der Waals forces [28].
4. CONCLUSION
The research results clearly show that the process of thermal heating of edible sunflower oil leads to significant changes in its physicochemical parameters. With increasing temperature, there is a rise in the acid value, a decrease in the saponification value, and a significant increase in the moisture and volatile matter content, confirming intensive hydrolytic and oxidative degradation of triglycerides at higher temperatures. However, the application of Zeolite 4A in the oil regeneration process proved to be an extremely effective method for stabilizing these parameters. After treatment, the acid value remains almost unchanged even at higher temperatures, the saponification value maintains stable levels without significant decline, while the moisture and volatile matter content is reduced manifold compared to the non-regenerated oil. The obtained results confirm that adsorption on Zeolite 4A can significantly extend the stability and quality of edible oil during thermal treatment, making this method an effective and economically feasible solution for the regeneration of used oils.
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ПРИМЈЕНА ЗЕОЛИТА 4А У РЕГЕНЕРАЦИЈИ СУНЦОКРЕТОВОГ УЉА НАКОН ТЕРМИЧКЕ ДЕГРАДАЦИЈЕ

Сажетак: Јестива уља, а нарочито сунцокретово уље, имају значајну улогу у људској исхрани захваљујући високом садржају есенцијалних масних киселина и витамина растворљивих у мастима. Међутим, њихова подложност оксидацији и термичкој деградацији током термичке обраде и вишекратног загријавања доводи до смањења нутритивне вредности и формирања нежељених продуката деградације. У циљу очувања квалитета коришћеног уља, испитана је могућност регенерације сунцокретовог уља помоћу зеолита 4А, познатог по израженим адсорпционим својствима. Резултати су показали да загријавање уља доводи до повећања киселинског броја, раста садржаја влаге и испарљивих материја, као и пада сапонификационог броја, што указује на прогресивну деградацију уља. Примјена зеолита 4А, као адсорбенса, за регенерацију уља резултовала је значајним побољшањем квалитета уља, што се огледало у смањењу киселинског броја и садржаја влаге, док је вриједност сапонификационог броја остала стабилнија у поређењу са уљем прије третмана. Ови резултати потврђују високу ефикасност зеолита 4А у уклањању продуката деградације и указују на његов потенцијал за примјену у регенерацији јестивих уља. Закључује се да зеолит 4А представља ефикасан и лако доступан адсорбенс који може доприњети продужењу употребног вијека уља, очувању његових сензорских и нутритивних својстава, као и унапређењу безбедности хране. Добијени резултати пружају основу за даља истраживања у области регенерације јестивих уља примјеном зеолита и других адсорбенаса.
Кључне речи: сунцокретово уље, термичка деградација, зеолит 4А, адсорпција, регенерација.
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