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Abstract: The present investigation was performed to evaluate the effects of various synthetic antiox-
idants (vitamin A, vitamin E, β-carotene, and BHT) on the oxidation of sunflower oil subjected to
accelerated thermal storage at 60 ◦C for three months (12 weeks). The performance of the antioxidants
studied was evaluated using several quality parameters: the free fatty acid value (FFA), primary oxi-
dation (via the peroxide value (PV) and K232 value), secondary oxidation products (via the anisidine
value (p-AV) and K270 value), and the total oxidation value (TOTOX). The fatty acid composition
(FAC), oxidizability value (COX), iodine value (IV), and pigment content (chlorophyll and carotenoid)
were also evaluated. The results revealed that the control sample of sunflower oil exhibited higher
susceptibility to oxidative deterioration. Antioxidants at 200 ppm were more effective in preserving
the oxidative stability of sunflower oil subjected to accelerated storage compared to the control oil.
The smallest increases in all stability parameter indexes were recorded for antioxidant-supplemented
sunflower oil. However, the IV and chlorophyll and carotenoid contents were reduced. At 200 ppm,
vitamin E and β-carotene showed the greatest stability in sunflower oil, while their combination
with vitamin A at 100 ppm of each showed the lowest stability. In addition, synthetic antioxidants
provided greater protection against the degradation of polyunsaturated fatty acids (PUFAs). The
highest level of PUFA degradation was recorded in the control oil, followed by the oil containing
vitamin A. In conclusion, adding synthetic antioxidants to sunflower oil improves its stability during
storage. However, some authors associated these molecules with a health risk due to carcinogenic
effects as these molecules have been listed as “Generally Recognized As Safe” (GRAS).

Keywords: sunflower oil; Helianthus annuus L.; synthetic antioxidants; vitamin A

1. Introduction

Vegetable oils and fats are a valuable part of a healthy human diet [1]. Among these
oils is sunflower (Helianthus annuus L.) oil, the most cultivated vegetable oil worldwide [2],
which is mainly used in the food, cosmetic, and pharmaceutical industries [3]. It accounts
for 12% of the world’s edible oil production, making it the fourth most important oilseed
crop [4]. Sunflower oil is a rich source of polyunsaturated fatty acids (PUFAs) and mo-
nounsaturated fatty acids (MUFAs), tocopherols, and sterols [5]. Additionally, it has a high
content of polyunsaturated fatty acids (85–95%), consisting mostly of linoleic and oleic
acids (~90%) [6].
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A major problem with oils, fats, and foods incorporating fats is oxidation, which
leads to alterations in quality characteristics such as weight, taste, texture, and nutritional
value [7,8]. It is a process that depends largely on various parameters such as the unsat-
uration level, oxygen molecule type, food matrix type, and the availability of metal ions
and antioxidants [9]. Indeed, highly unsaturated oils are unambiguously recognized as
more susceptible to oxidative deterioration [1,10] during storage or heat treatments [11].
However, due to the relatively higher proportion of unsaturated fatty acids (UFAs) on one
hand and beneficial components such as antioxidants, which are also removed during the
refining process [12], on the other hand, sunflower oil is more prone to oxidation and/or
degradation during processing and storage [2]. This deterioration can occur through
several reactions such as the oxidation of fatty acids, the hydrolysis of triacylglycerols,
polymerization, and isomerization [13]. Therefore, several products are generated (aldehy-
des, epoxides, hydroxyketones, dicarboxylic compounds, and carbonyls) that can induce
pathological complications such as cardiovascular diseases, diabetes, colon cancer, neu-
rodegenerative diseases, and aging [14].

Stability to oxidation is a vital parameter for assessing the quality of edible oils and
fats [15]. This term reflects the ability of oils and fats, during processing and storage,
to resist oxidative deterioration (rancidity) [15]. Oxidative stability can be improved by
adding suitable antioxidants [16]. The term antioxidant refers to a compound or system
that has the ability to retard autoxidation by preventing the formation of free radicals or
stopping their spread [17] in foods or biological systems [18]. Antioxidants act as inhibitors
of the oxidation process [10,19] through various mechanisms and at various levels [10]. In
effect, antioxidants can act as scavengers of peroxidation initiator species, interrupt the
auto-oxidation chain reaction, chelate metal ions, and deactivate •O2− to prevent peroxide
formation [17]. For this purpose, synthetic antioxidants are used which are able to scavenge
free radicals and chelate transition metals [17]. The antioxidant capacity of antioxidant
compounds is dependent on their structural properties, the concentration used, the applied
temperature, exposure to light [18], the presence of synergistic and pro-oxidant compounds,
and the characteristics of the substrate susceptible to oxidation [20].

Many synthetic antioxidant substances have been developed and applied practically
as food additives and supplements [19]. Synthetic antioxidants are used to increase the
oxidative stability of oils [21]. The most commonly used antioxidants are Butylhydrox-
yanisol (BHA), butylhydroxytoluene (BHT), tert-butyl-hydroquinone (TBHQ) [12,22], and
propyl gallate (PG) [12]. Traditionally, antioxidants are used to protect vegetable oils from
oxidative aging and to extend their shelf life [23]. They are effective and less expensive
than antioxidants of natural origin [23]. Antioxidants for use in food must be inexpensive,
non-toxic, and effective at low concentrations [7,12].

The use of synthetic and natural antioxidants in food preservation, along with their
safety and selection as additives, has been well documented. These compounds are gener-
ally classified as “Generally Recognized As Safe” (GRAS) ingredients. However, both the
proportions in which antioxidants are added to foods and tolerance thresholds (acceptable
quantities) are subject to significant variations. For example, TBHQ can be used alone or in
combination with BHA and/or BHT up to a maximum limit of 200 ppm [24].

The aim of this study was to investigate the efficacy of several synthetic antioxidants
including vitamin A, vitamin E, β-carotene, and butylated hydroxytoluene (BHT) on
the qualitative properties of sunflower vegetable oil and their effectiveness in retarding
oxidation during accelerated thermal storage. Conducted at a constant temperature of
60 ◦C over a three-month period, this study assessed antioxidant activity by determining
the extent of the inhibition of the formation of primary and secondary oxidation products
by each additive. This research also aimed to explore the behavior of these antioxidants and
identify the most effective one for improving the shelf life and maintaining the nutritional
quality of sunflower oil under high-temperature storage conditions.
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2. Materials and Methods
2.1. Sunflower Oil Sampling

The starting oil was industrially-produced sunflower oil purchased from a local
supermarket which contained no oxidation-inhibiting additives. All antioxidants, BHT,
β-carotene, vitamin A, and α-tocopherol, were obtained from the company “Huileries du
Souss Belhassan (HSB)”. The oil samples and antioxidants were stored at 4 ◦C before the
experiments began. All other chemicals and reagents employed were of analytical grade,
supplied by Merck, and used without further purification.

2.2. Mixture Preparation and Storage of Supplemented Sunflower Oil

Synthetic antioxidants (vitamin A, vitamin E, β-carotene, and BHT) were added
directly to the sunflower oil. Each antioxidant was added at 200 ppm. A mixture of vitamin
E (100 ppm) and β-carotene (100 ppm) was also added. Oil without added antioxidants
were considered simple control (SF-C) oils. The prepared samples were individually
transferred into glass bottles (60 mL), sealed, and filled. Then, the samples were stored in an
oven at 60 ± 2 ◦C for 90 days. The oxidation state of the control and supplemented oils was
examined by determining changes in chemical indicators of oil oxidation. Free fatty acids
(FFAs), the peroxide value (PV), the p-anisidine value (p-AV), the K232 value (conjugated
dienes), the K270 value (conjugated trienes), the TOTOX value, and the chlorophyll and
carotenoid content were measured every fortnight. The fatty acid content (FAC), iodine
value (IV), and COX value were determined at the end of each month of storage.

2.3. Analytical Methods
2.3.1. Determination of Free Fatty Acids Value (FFA)

The free fatty acid (FFA) value was determined following the guidelines outlined
in [25]. Briefly, 10 g of each oil sample was dissolved in 50 mL of neutral ethanol (95%).
The resulting mixture was manually stirred and titrated with potassium hydroxide (0.1 N)
using phenolphthalein as an indicator. The FFA value was then expressed as the percentage
(g/100 g) of oleic acid present in the oil samples.

2.3.2. Determination of Peroxide Value (PV)

The peroxide value (PV) of the oils was determined using the standard method
outlined in [26]. Initially, 5 g of each oil sample was accurately weighed and dissolved
in a mixture containing acetic acid and chloroform in a ratio of 3:2 (v/v). Subsequently,
1 mL of saturated iodide solution was added to this mixture. The reaction was allowed to
proceed for 5 min at room temperature in the absence of light. Following this, 75 mL of
distilled water was added to the solution, and titration was carried out using 0.01 N sodium
thiosulfate (Na2O3S2), with starch serving as a color indicator. The titration continued until
the blue color disappeared. The results were then expressed in milliequivalents of active
oxygen per kilogram of oil (mEq (O2)/Kg).

2.3.3. Determination of K232 (Conjugated Diene) and K270 (Conjugated Triene) Values

The K232 and K270 values were obtained in accordance with the procedures specified
in [27]. These values represent the specific extinctions of a mixture solution of 1% (w/v)
cyclohexane and sunflower oil, which were determined using a SCILOGEX SP-UV1100
spectrometer fitted with a 1 cm cuvette. The parameters were derived from measuring the
absorbance of the oil sample at specific wavelengths, namely 232 nm for K232 (conjugated
dienes) and 270 nm for K270 (conjugated trienes) [28].

2.3.4. Determination of p-Anisidine Value (p-AV)

The p-anisidine value (p-AV) was determined following the standardized method
outlined in [29]. First, 2 g of the oil sample was accurately weighed and placed into a 25 mL
flask. It was then diluted with 25 mL of isooctane to prepare solution A. The absorbance
(Ab) of solution A at 350 nm was measured using a SCILOGEX SP-UV1100 spectrometer,
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with isooctane serving as a blank. Subsequently, 5 mL of solution A was transferred into the
first tube, and precisely 1 mL of p-anisidine solution (0.25% w/v in glacial acetic acid) was
added. Following a 10 min incubation period, the absorbance (As) at 350 nm was measured
using the spectrometer, with the second tube containing isooctane and p-anisidine used as
the blank reference. The p-AV was calculated according to the Formula (1) as follows:

p-AV = (25 × (1.2 × (As − Ab)))/m (1)

p-AV is the p-anisidine value. As is the absorbance of the oil solution sample post
reaction with p-anisidine. Ab is the absorbance of the non-reacted test solution. m is
the mass, in grams, of the test sample. Finally, 25 is the equivalent volume of isooctane
dissolving the oil, and 1.2 is a correction factor use to account for the dilution of the test
sample by 1 mL of the p-anisidine solution.

2.3.5. Determination of Total Oxidation Value (TOTOX)

The total oxidation value (TOTOX) value, which provides a comprehensive assessment
of the early and late stages of oxidation, giving a more complete overview of oxidation
stability and overall oil quality, is calculated theoretically by combining the peroxide value
(early stage) and the p-anisidine value (late stage) using Formula (2) [30]:

TOTOX = 2 × PV + p-AV (2)

2.3.6. Determination of Fatty Acid Composition (FAC)

In accordance with the established standard in [31], the fatty acid composition was
obtained using a gas chromatograph (Agilent-6890, Santa Clara, CA, USA) coupled to
a flame ionization detector (GC/FID) after the transformation of the fatty acids into the
corresponding fatty acid methyl esters by a transmethylation process. Approximately
0.1 g of each oil sample was carefully vortexed with 2 mL of isooctane and 0.1 mL of a
methanolic potassium hydroxide solution (2 N) in a test tube for 1 min. The solution was
then left to stand for 2 min. Next, 2 mL of 40% (w/v) sodium chloride solution was added
and stirred immediately. The isooctane phase containing the fatty acid methyl esters was
mixed with 1 g of sodium hydrogen sulphate, and 1 µL of the phase was injected into the
GC in split mode (fractionation ratio: 1:50). The carrier gas was helium (with a flow rate of
1 mL/min), and a DB 23 AG-TRANS capillary column (60 m × 320 µm diameter; 0.25 µm
film thickness) was used. The oven, injector, and detector were set at 185, 200, and 230 ◦C,
respectively. A mixture of hydrogen and air was used to generate the flame. The results
were expressed as a percentage for each fatty acid detected in the oil [32].

2.3.7. Determination of Iodine Value (IV)

The iodine value (IV) is utilized as an indicator to evaluate the degree of unsaturation
in oils, representing the weight of iodine absorbed per 100 g of oil or fat. It is calculated from
the percentage of unsaturated fatty acids, which can be determined using Equation (3) [30]
as follows:

IV = (% C16:1 × CO1) + (% C18:1 × CO2) + (% C18:2 × CO3) + (% C18:3 × CO3) (3)

The notation C16:1 refers to palmitoleic acid, C18:1 represents oleic acid, C18:2 stands
for linoleic acid, and C18:3 denotes linolenic acid. CO1, CO2, CO3, and CO4 correspond,
respectively, to iodine values of 1.001, 0.899, 1.814, and 2.737 for each fatty acid.

2.3.8. Determination of Oxidizability Value (COX)

The oxidizability value (COX) is a measurement of an oil’s sensitivity to oxidation and
is calculated as a percentage by means of a theoretical formula derived from the fatty acid
composition. This computation method allows for a quantitative assessment of the oil’s
oxidizability on the basis of its fatty acid composition, thereby assisting in understanding
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and predicting its stability and shelf life. The equation used to calculate the COX is as
follows (4) [28]:

COX = ((% C16:1 + % C18:1) + 10.3 × (% C18:2) + 21.6 × (% C18:3))/100 (4)

2.3.9. Determination of Pigment Content

The determination of the oil pigment content followed the protocol outlined by [24].
In a 25 mL volumetric flask, approximately 7.5 g of each oil sample was placed and then
diluted with cyclohexane to reach a volume of 25 mL. The content of chlorophylls and
carotenoids was quantified by measuring the absorbance at 670 nm and 470 nm, respectively,
using Equations (5) and (6) as follows:

Chlorophyll content (mg/Kg) = (A670 × 106)/(613 × 100 × L) (5)

Carotenoid content (mg/Kg) = (A470 × 106)/(2000 × 100 × L) (6)

2.4. Statistical Analysis

The results are presented as mean ± SD (standard deviation, n = 3) values. A statistical
analysis to evaluate statistically significant differences in mean values was carried out with
the Tukey test at a significance level of 0.05, using R software (version 4.0.5).

3. Results and Discussion
3.1. Effect of Thermal Storage on Free Fatty Acids (FFAs)

The hydrolytic degradation of oils and fats leads to the formation of free fatty acids
(FFAs), which are an important indicator of their rancidity [2]. FFAs are formed by the
hydrolysis of triacylglycerols and the decomposition of hydroperoxides into carboxyl
groups [33]. Figure 1 shows the influence of antioxidants on the FFA content, which is
measured in grams per 100 g (g/100 g). The results revealed that the FFA values increased
linearly with storage time, an effect that was particularly noticeable after 8 weeks in all
samples. FFA generation rates were low during the initial period. The control samples
(SF-Cs) had the highest FFA values (from 0.10 ± 0.02 to 0.84 ± 0.14 g/100 g). Significant
differences (p < 0.05) were observed between the various samples at 6 and 8 weeks. Notably,
the oil samples containing synthetic antioxidants demonstrated lower FFA values than the
SF-Cs at all concentrations studied. Lower levels of FFAs during storage mean that less
oxidative degradation has occurred [34]. The FFA values in oil samples with vitamin A
(SF-VA), vitamin E (SF-VE), β-carotene (SF-βC), BHT (SF-BHT), and a mixture of vitamin E
and β-carotene (SF-VE + βC) at the end of storage were 0.55 ± 0.09, 0.51 ± 0.13, 0.71 ± 0.16,
0.53 ± 0.10, and 0.73 ± 0.12 g/100 g, respectively. However, no significant differences
(p < 0.05) were observed between the different samples at the end of the storage period. The
incorporation of synthetic antioxidants slowed down the rate of FFA formation at 60 ◦C.
The SF-VE treatment was the most effective in preventing FFA formation, with lower FFA
values than in the SF-Cs and following other sample treatments. Among the antioxidants
studied, the SF-βC and SF-VE + βC samples had slightly higher FFA values. In general, at
to end of storage, the antioxidant power against FFA liberation was as follows in ascending
order: SF-VE > SF-BHT > SF-VA > SF-βC > SF-VE + βC > SF-C. Applying antioxidants
reduced the rate of FFA formation in the oil.

The present results were also consistent with those of Chen et al. [35], who revealed
an increase in FFA content during sunflower oil storage at 60 ◦C after the addition of
synthetic antioxidants (BHA, BHT, and TBHQ) and rosemary extracts. Additionally, it
is evident that the TBHQ showed the smallest upward trend (p < 0.05) in sunflower oil
over six frying periods [36]. According to Hussain et al. [2], sunflower oil containing the
synthetic antioxidant BHT has a lower FFA content than oil without antioxidants. Ling
et al. [37] reported that BHA and α-tocopherol at 200 ppm have similar inhibitory effects in
preventing the triglyceride hydrolysis of sunflower oil over 24 days of accelerated storage
(65 ◦C). Adiiba et al. [38] revealed that phenolic antioxidants (TBHQ, BHT, and BHA) did
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not interfere with or enhance FFA production and preserved carotene and tocopherols
during the enzymatic hydrolysis of crude palm oil as follows: TBHQ > BHT > BHA. In a
study conducted on the stability of chia oil (Salvia hispanica L.), Bodoira et al. [39] showed
no significant increase in acidity over time (p ≤ 0.05) for oil containing TBHQ as synthetic
antioxidant compared to natural antioxidants (tocopherol, ascorbyl palmitate, and rosemary
extract) in fluorescent lighting (800 Lux) or in the dark for 300 days.
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Figure 1. Changes in free fatty acids in sunflower oil stored at 60 °C for 12 weeks. Distinct letters 
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PV, although levels at the end of the storage week were higher. Notably, the PV is greater 
in the SF-Cs (3.78 ± 0.85 to 52.34 ± 1.22 mEq (O2)/Kg) compared to the other enriched oils. 
Initially, the PV were comparable between samples, although there was a difference be-
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Figure 1. Changes in free fatty acids in sunflower oil stored at 60 ◦C for 12 weeks. Distinct letters
indicate significant differences (p < 0.05) between oils. Uppercase letters express differences between
treatments for the same week of storage, while lowercase letters express the differences for each
treatment over the different weeks of storage (from W0 to W12).

3.2. Primary Oxidation
3.2.1. Effect of Thermal Storage on Peroxide Value (PV)

The peroxide value (PV) is among the leading tests for measuring peroxides and
the rancidity of oils and fats. This is a revealer of the primary oxidation of oils, which
produces colorless, odorless hydroperoxides [11]. A higher PV reflects less lipid chemical
stability [40]. Influences of antioxidants on the PV of sunflower oil samples during storage
are shown in Figure 2. All oil samples up to week 10 showed a slight increase in the PV,
although levels at the end of the storage week were higher. Notably, the PV is greater
in the SF-Cs (3.78 ± 0.85 to 52.34 ± 1.22 mEq (O2)/Kg) compared to the other enriched
oils. Initially, the PV were comparable between samples, although there was a difference
between the SF-Cs and SF-BHT. The use of antioxidants led to PVs aligning with the
standard oil value as per Codex Alimentarius [41] after 6 weeks except for vitamin E
after 8 weeks, while the control exceeded its limit after 2 weeks of storage. Antioxidants
exhibited better protective properties against hydroperoxides than the SF-Cs. Arabsorkhi
et al. [42] reported that the rate of oxidation increased in the absence of antioxidants.
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Of the various synthetic antioxidants, PV found that the oil with the blend (SF-VE + 
βC) added had less antioxidant activity than other enriched oils. SF-VE and SF-βC 
showed similar changes throughout the storage time. Similarly, it has been shown that 50 
µg/g of α-tocopherol in butter oil shows excellent results in terms of PV after 32 days 
storage at 60 °C [43]. We found that there was a significant difference between the com-
bination of vitamin E and β-carotene compared with when it was used separately from 
week 8 onwards, so that SF-VE + βC had a weaker protective effect than SF-VE and 
SF-βC. Likewise, Smyk et al. [44] showed that in the presence of β-carotene, tocopherols 
were less effective in protecting vegetable oils than in the absence of β-carotene. Ac-
cording to Kehili et al. [45], antioxidants such as β-carotene and vitamin E have 
pro-oxidant properties when used in high concentrations. However, it has been proven 
that oil containing a combination of TBHQ and BHA demonstrated PVs similar to those 
of oils containing TBHQ and higher than those of oils containing BHA during 22 days of 
accelerated storage [46]. At the end of storage, BHT was found to have the greatest in-
hibitory effect on the PV, followed by vitamin E and β-carotene, with values of 36.52 ± 
1.44, 39.48 ± 1.34, and 42.93 ± 2.14 mEq (O2)/Kg, respectively. Keramat et al. [47] showed 
that virgin olive oil samples incorporating β-carotene exhibited higher PVs than those 
with BHT at storage at 60 °C. Differently from our study, Ling et al. [37] revealed that a 
significant difference (p < 0.05) existed in the PVs of sunflower oils containing BHA and 
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Of the various synthetic antioxidants, PV found that the oil with the blend (SF-VE + βC)
added had less antioxidant activity than other enriched oils. SF-VE and SF-βC showed
similar changes throughout the storage time. Similarly, it has been shown that 50 µg/g of
α-tocopherol in butter oil shows excellent results in terms of PV after 32 days storage at
60 ◦C [43]. We found that there was a significant difference between the combination of
vitamin E and β-carotene compared with when it was used separately from week 8 onwards,
so that SF-VE + βC had a weaker protective effect than SF-VE and SF-βC. Likewise, Smyk
et al. [44] showed that in the presence of β-carotene, tocopherols were less effective in
protecting vegetable oils than in the absence of β-carotene. According to Kehili et al. [45],
antioxidants such as β-carotene and vitamin E have pro-oxidant properties when used
in high concentrations. However, it has been proven that oil containing a combination of
TBHQ and BHA demonstrated PVs similar to those of oils containing TBHQ and higher
than those of oils containing BHA during 22 days of accelerated storage [46]. At the end
of storage, BHT was found to have the greatest inhibitory effect on the PV, followed by
vitamin E and β-carotene, with values of 36.52 ± 1.44, 39.48 ± 1.34, and 42.93 ± 2.14 mEq
(O2)/Kg, respectively. Keramat et al. [47] showed that virgin olive oil samples incorporating
β-carotene exhibited higher PVs than those with BHT at storage at 60 ◦C. Differently from
our study, Ling et al. [37] revealed that a significant difference (p < 0.05) existed in the PVs
of sunflower oils containing BHA and α-tocopherol at the end of storage at 60 ◦C.

The treatment of samples with antioxidants was effective in reducing the PV during
storage. This is consistent with the results obtained in previous studies conducted by [35,48].
Mohanan et al. [49] reported that a higher temperature produces a considerably greater
rate of peroxide formation in flaxseed oil as compared to the ability of the antioxidants
present in the flaxseed oil to neutralize it, resulting in a higher level of oxidation. In general,
incorporating a synthetic antioxidant into an oil resulted in the highest antioxidant activity
against primary oxidation. Similarly, as evidenced by the results of a study conducted by
Yang et al. [50], the PVs of virgin soybean and rice bran oils were significantly (p < 0.05)
greater than those of their counterparts incorporating rosemary extract, BHA, and BHT,
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during storage for 24 days at 62 ◦C. The addition of BHA to soybean oil showed a lower
PV than the control over the first 12 days at 60 ◦C [51].

3.2.2. Effect of Thermal Storage on K232 (Conjugated Diene) Value

Another quality indicator for assessing primary oxidation products is the extinction
coefficient K232. Indeed, at 232 nm, a maximum absorbance is reached for hydroperoxide
(conjugated dienes), the product of the primary oxidation phase [52]. Figure 3 indicates
that storage time impacted the K232 values, with an increase observed across all samples
and antioxidants, in agreement with [45]. Over the full study duration, excluding the initial
week, the increase in K232 for both the control and antioxidant-supplemented oils was not
significant (p > 0.05) over time. However, notably higher values of K232 were found for
the SF-Cs that ranged from 3.01 ± 0.15 to 4.15 ± 0.97 after 12 weeks of storage at 60 ◦C. In
parallel, Günal and Turan [53] observed an increase in the K232 value of sunflower oil from
3.54 to 17.39 after 12 days and up to 98.25 at 21 days at 60 ◦C. Oils containing synthetic
antioxidants exhibit a slight reduction in K232 values, which ranged from 3.05 ± 0.25 to
3.77 ± 0.38 for the SF-BHT, from 3.23 ± 0.31 to 3.79 ± 0.54 for the SF-βC, from 3.23 ± 0.22
to 3.83 ± 0.70 for the SF-VE + βC, from 3.24 ± 0.15 to 3.88 ± 0.39 for the SF-VE + βC,
and from 3.12 ± 0.21 to 3.92 ± 0.69 for the SF-VE. The conjugated diene content formed
during heating increases as the content of polyunsaturated fatty acids (PUFAs) in the oils
increases [54]. Kehili et al. [49] showed comparable K232 values between a sunflower oil
control sample and sunflower oil supplemented with BHT (200 µg/g) during accelerated
shelf-life storage. In agreement with previous findings regarding the PV, the K232 results
show that synthetic antioxidants lower the production of primary oxidation products. This
aligns with observations that the application of the synthetic antioxidant TBHQ in soybean
oil reduced the rate of oxidation product formation, as evidenced by Tavakoli et al. [55]. A
low conjugated diene content reflects good oxidative stability [52].
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Figure 3. Changes in the conjugated diene contents of sunflower oil stored at 60 ◦C for 12 weeks.
Distinct letters indicate significant differences (p < 0.05) between oils. Uppercase letters express
differences between treatments for the same week of storage, while lowercase letters express the
differences for each treatment over the different weeks of storage (from W0 to W12).
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3.3. Secondary Oxidation
3.3.1. Effect of Thermal Storage on p-Anisidine Value (p-AV)

A low PV does not necessarily indicate good oil quality during storage as levels of
hydroperoxides decrease during the secondary phase of oxidation. Therefore, it is crucial to
supplement this indicator by measuring secondary oxidation products in order to accurately
assess the state of oxidation of an oil [56]. This comprehensive evaluation is achieved
through the measurement of the p-anisidine value (p-AV), detecting the occurrence of non-
volatile aldehydic compounds formed through hydroperoxide decomposition, as noted
by Sidhu et al. [57]. Figure 4 presents information on the quantities of secondary lipid
oxidation products measured using the p-AV in the different sunflower oils evaluated. The
initial p-AV of the control sunflower oil (SF-C) was determined to be 6.80 ± 0.55, revealing
no significant differences compared to the SF-VA, SF-BHT, and SF-VE + βC (p < 0.05)
samples except for sunflower oils enriched with VE (SF-VEs) and β-carotene (SF-βC), both
of which had the second-lowest (5.65 ± 0.41) and lowest (4.74 ± 0.28) levels, respectively.
After storing the samples at 60 ◦C for up to 2 weeks, all samples demonstrated an increased
p-AV, which occurred most significantly in sunflower oil supplemented with the vitamin
E and β-carotene mixture (SF-VE + βC), with an increase of 47% (9.88 ± 0.61), closely
followed by the SF-VE + βC with an increase of 31% (8.94 ± 0.56). As depicted in Figure 4,
these two samples showed the highest secondary oxidation rates by the end of storage.
However, the p-AVs of the other samples remained relatively low for the first 2 weeks
and then steadily increased, particularly in the SF-BHT and SF-βC, reaching 11.62 ± 0.71
(almost three times the initial value) and 11.10 ± 0.60 (a 70% increase from the initial
value) by 8 weeks. During this storage period, the increased rates caused the sunflower
oil supplemented with the BHT antioxidant to score significantly higher than the other
samples, which were themselves significantly higher than the control. Subsequently, the
p-AVs of the samples became quite similar, with the sunflower oil supplemented with
vitamin A displaying the highest value and the sunflower oil supplemented with vitamin
E showing a slower dynamic of oxidation throughout the storage period. The remaining
samples fell in between. By the end of storage, the difference between the samples was
non-significant (p < 0.05). The recommended p-AV for good-quality oil is typically less
than 10, as suggested by Aissa et al. [58]. However, in our study, all samples exhibited a
substantial increase in the p-AV as a result of exposure to higher temperatures.

Our findings clearly illustrate that the prolonged exposure of oil to heat leads to a
significant rise in this parameter, primarily due to the combined effects of heat and other
factors on the oxidation of sunflower oil. As sunflower oil is known for its high content of
UFA, is particularly susceptible to oxidation under such conditions. The authors Kiralan
et al. [59] noted a significant increase in secondary products like aldehydes in vegetable
oils stored at 60 ◦C, leading to a notable rise in the p-AV, which is consistent with our
observations. Furthermore, Athanasiadis et al. [60], found that BHT (200 ppm), as well
as mixtures of tocopherols (α-T/δ-T) in ratios of 4:1, were slightly more effective than a
control in preserving sunflower and olive pomace oils under Rancimat incubation for 24 h.
Similarly, Chong et al. [61] demonstrated the efficacy of synthetic BHA (200 ppm) and
α-tocopherol (200 ppm) in reducing p-AV levels in sunflower oils under accelerated storage
conditions (65 ◦C) for 24 days. In another study by Sahunie [62], the supplementation of
sunflower oil with phenolic extracts and BHA resulted in a greater decrease in the p-AV
compared to the control during 6 months of storage in both dark and light conditions.
They also observed a significant increase in the p-AV when sunflower oil underwent
repeated heating for 4 weeks, highlighting the impact of processing conditions on oil
stability. These latter authors claimed that the variations observed between the results and
the literature may be attributed to differences in heating cycles and temperatures utilized
during experimentation.
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tion products (K270) that were not significant at all time weeks. However, the addition of 
antioxidants to the oil slightly reduced their K270 during storage. β-carotene (SF-βC) 
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3.3.2. Effect of Thermal Storage on K270 (Conjugated Triene) Value

UV absorbance variations at 270 nm (K270) are used for the relative quantification of
oxidation [52]. Secondary oxidation compounds, such as small-chain fatty acids, aldehydes,
and ketones, are absorbed at 270 nm [63]. Over time, the K270 rises (Figure 5), indicating
increased production of secondary oxidation compounds. The initial K270 value in the
SF-VE sample was the highest among the oils at 3.29 ± 0.17. The SF-C recorded high
K270 values after two weeks and right up to the end. The results are in line with Kiralan
et al.’s [59] results; they found that the K270 value of sunflower oil increased from an
initial value of 3.49 to 4.69 after 16 days of storage at 60 ◦C. Statistically, the SF-C, SF-VA,
SF-VE, SF-βC, SF-BHT, and SF-VE + βC samples showed comparable secondary oxidation
products (K270) that were not significant at all time weeks. However, the addition of
antioxidants to the oil slightly reduced their K270 during storage. β-carotene (SF-βC)
showed the lowest K270 values, ranging from 3.22 ± 0.20 at W0 to 3.56 ± 0.23 at W12.
Generally, the amount of conjugated trienes in SF-BHT was lower in the SF-VA. When
β-carotene (100 mg/Kg) was combined with vitamin E (100 mg/Kg), the mixture showed
little additional protective effect against secondary peroxides compared with the use of
either alone. At the end of the storage period, for the fortified oils, the SF-VE + βC oil had
the highest conjugated triene value (3.66 ± 0.25), followed by the SF-VA (3.64 ± 0.33) oil
and SF-VE (3.63 ± 0.28) oil. Our results, in concordance with Tavakoli et al. [55], revealed
that soybean oil containing the synthetic antioxidant TBHQ had the least conjugated triene
products compared with the control oil. Compared to other oils, the evolution of the K270
value of the SF-C is not perfectly identical to that observed for the p-AV. According to
Fadda et al. [64], the K270 measurement is not at all similar to that of the p-AV as ketones
are not detected during the determination of the latter.
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(SF-VE + βC) showed an oxidation rate comparable to that of the control from early to late 
in the storage period. In the same period, sunflower oils enriched with BHT (SF-BHT) 
and vitamin E (SF-VE) possessed the lowest levels of total oxidation value, culminating in 
values of 84.19 ± 2.93 and 89.69 ± 3.03, respectively. The remaining oils (SF-βC and SF-VA) 
fell in between. 

Our results are in line with the existing literature, which highlights the impact of 
additives on reducing oil oxidation. For instance, in a study conducted by Hussain et al. 
[2], the oxidative parameters of sunflower oil were significantly higher than those of 
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3.4. Effect of Thermal Storage on Total Oxidation (TOTOX) Value

The total oxidation value or TOTOX is a measure of oxidative degradation that si-
multaneously reflects the values of primary as well as secondary oxidation products [65].
This parameter reflects both the oxidation history and the rancidity potential of oils [40]. A
TOTOX value less than 10 indicates better quality [64]. The initial total oxidation values of
the oils analyzed were quite similar, ranging from 11.04 ± 0.69 (SF-BHT) to 14.36 ± 1.22
(SF-C) (Figure 6). As a result of the accelerated storage, this parameter demonstrated a
progressive increase in all analyzed oils. At first, the increase advanced in parallel at a
slow rate up to 6 weeks. However, after this period, the increase systematically gathered
considerable speed, with all values twice their previous levels. The control sunflower oil
(SF-C) consistently demonstrated the highest oxidation rate throughout the storage period,
reaching a peak value of 115.91 ± 1.22. Interestingly, the sunflower oil enriched with mixed
vitamin E and β-carotene (SF-VE + βC) closely followed the control, demonstrating a value
of 114.36 ± 3.72 by the end of storage. It is worth noting that this oil (SF-VE + βC) showed
an oxidation rate comparable to that of the control from early to late in the storage period.
In the same period, sunflower oils enriched with BHT (SF-BHT) and vitamin E (SF-VE)
possessed the lowest levels of total oxidation value, culminating in values of 84.19 ± 2.93
and 89.69 ± 3.03, respectively. The remaining oils (SF-βC and SF-VA) fell in between.

Our results are in line with the existing literature, which highlights the impact of
additives on reducing oil oxidation. For instance, in a study conducted by Hussain et al. [2],
the oxidative parameters of sunflower oil were significantly higher than those of samples
containing a sesame seed extract and BHT following 24 days of storage at 62 ◦C. Likewise,
Yildiz et al. [66] conducted a study in which natural phenolic compounds such as thy-
mol, carvacrol, and thymoquinone exhibited comparable oxidative stability to commercial
antioxidants like α-tocopherol, BHT, and BHA. However, their effectiveness was slightly
lower than that of BHT in refined and stripped corn oils under 60 ◦C conditions, as indi-
cated by various tests assessing oxidative stability during accelerated storage. Additionally,
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their various tests revealed that BHT improved oxidative stability to a greater extent com-
pared to α-tocopherol and BHA during accelerated storage at 60 ◦C. Thus, this parameter
was effectively reduced in oil samples supplemented with antioxidant compounds. Nid
Ahmed et al. [30], similarly, demonstrated the enhanced antioxidant efficacy of tocobiol as
a synthetic antioxidant in preventing oxidation compared with unpurified sunflower oil
stored at 60 ◦C for 4 months. Under same storage conditions, Karabulut [43], demonstrated
that in purified butter oil, the combination of α-tocopherol (50 ppm), ascorbyl palmitate
(50 ppm), and β-carotene (5 ppm) was better at retarding oxidation than that of a bi-mixture
of α-tocopherol and ascorbyl palmitate or β-carotene. Notably, data revealed by Marinova
et al. [67] support the synergistic effect of α-tocopherol and myricetin at concentrations
(50–250 ppm) in sunflower oil at 100 ◦C, most notably with an equimolar mixture at total
concentrations below 100 Mm.
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3.5. Effect of Thermal Storage on Fatty Acid Composition (FAC) 
Fatty acids are compounds that provide the human body with a source of energy 

[68]. It should be noted that the properties, nutritional benefits, and stability of a partic-
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3.5. Effect of Thermal Storage on Fatty Acid Composition (FAC)

Fatty acids are compounds that provide the human body with a source of energy [68].
It should be noted that the properties, nutritional benefits, and stability of a particular
vegetable oil are highly dependent on its fatty acid composition (FAC) [69]. Sunflower oil is
considered nutritious owing to its rich levels of polyunsaturated fatty acids (PUFAs). The
latter are widely considered to be nutritionally beneficial in terms of human health [70].
The FAC varied significantly (p < 0.05) among the different samples (Tables 1–3). The initial
FAC analysis further elucidated the distinct properties of the SF-C, SF-VA, SF-VE, SF-βC,
SF-BHT, and SF-VE + βC samples. Polyunsaturated fatty acids (PUFAs) dominate the
total fatty acids in all samples, ranging from 48.72 ± 0.19 (SF-βC) to 51.35 ± 0.28 g/100 g
(SF-VA), followed by monounsaturated fatty acids (MUFAs), ranging from 36.27 ± 0.17
(SF-C) to 39.44 ± 0.19 g/100 g (SF-VE), and saturated fatty acids (SFAs), ranging from
11.47 ± 0.27 (SF-VE + βC) to 12.52 ± 0.14 g/100 g (SF-VA). The SF-VA sample displayed
a notable abundance of linoleic acid (C18:2) (51.3 ± 0.11 g/100 g), comprising over half
of all fatty acids. Oleic acid (C18:1) was the second most abundant UFA, comprising
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approximately 39.2 ± 0.20 g/100 g of the SF-βC. In contrast, the fatty acid composition of
the SF-VA showed a higher content of SFAs. Palmitic acid (C16:0) was the majority fatty
acid, constituting around 7.72 ± 0.09 g/100 g of the composition. The variation in the FAC
percent of sunflower oil might be due to the synthetic antioxidants and processing treatment
employed during its enhancement. Generally, no significant differences were observed
among the sunflower oil samples, and this enriched in terms of the FAC over one month
of storage at 60 ◦C; this was already reported by El Bernoussi et al. [71]. In contrast, there
is a significant difference between the first month and the third month. The amounts of
PUFAs decreased by storage days in control and all enriched oil samples; this degradation
can be explained by the sensitivity of PUFAs to heat [72]. Similarly, after 90 days storage,
the oil samples showed significant decreases in their UFA contents. However, the SFA
content increased between the initial and final stages, which was also reported by Meng
et al. [73]. The results obtained, irrespective of the variations observed, always comply
with the maximum levels authorized by [41].

Table 1. Changes in the fatty acid composition and oxidizability value of a sunflower oil control and
sunflower oil with vitamin A stored at 60 ◦C for 12 weeks.

Sunflower Oil Control Sunflower Oil with Vitamin A

W0 W4 W8 W12 W0 W4 W8 W12

C14:0
Myristic acid 0.07 ± 0.02 a 0.08 ± 0.01 a 0.11 ± 0.02 a 0.09 ± 0.03 a 0.10 ± 0.01 a 0.08 ± 0.01 a 0.08 ± 0.01 a 0.09 ± 0.02 a

C16:0
Palmitic acid 7.72 ± 0.09 a 7.83 ± 0.04 b 7.55 ± 0.03 a 8.55 ± 0.05 c 7.62 ± 0.03 a 7.77 ± 0.06 a 7.98 ± 0.08 b 8.75 ± 0.11 c

C16:1
Palmitoleic acid 0.11 ± 0.03 ab 0.12 ± 0.03 b 0.11 ± 0.01 ab 0.22 ± 0.02 a 0.15 ± 0.01 ab 0.16 ± 0.01 ab 0.11 ± 0.02 a 0.20 ± 0.04 b

C18:0
Stearic acid 3.34 ± 0.09 a 3.40 ± 0.11 ab 3.6 ± 0.09 b 3.05 ± 0.06 c 3.72 ± 0.06 ab 3.66 ± 0.10 ab 3.80 ± 0.10 b 3.58 ± 0.05 a

C18:1
Oleic acid 36.16 ± 0.14 a 36.53 ± 0.09 b 38.32 ± 0.18 c 40.26 ± 0.11 d 36.33 ± 0.09 a 37.63 ± 0.14 b 36.85 ± 0.13 c 38.88 ± 0.22 d

C18:2
Olinoleic acid 51.04 ± 0.23 a 50.41 ± 0.16 b 47.84 ± 0.25 c 46.03 ± 0.12 d 51.30 ± 0.11 a 49.66 ± 0.04 b 47.84 ± 0.09 c 45.88 ± 0.20 d

C18:3
Linolenic acid 0.31 ± 0.05 a 0.41 ± 0.03 b 0.32 ± 0.04 ab 0.21 ± 0.02 c 0.20 ± 0.01 a 0.21 ± 0.02 a 0.21 ± 0.02 a 0.23 ± 0.03 a

C20:0
Arachidic acid 0.24 ± 0.03 a 0.23 ± 0.03 a 0.28 ± 0.01 ab 0.31 ± 0.02 b 0.09 ± 0.02 a 0.15 ± 0.01 b 0.21 ± 0.01 c 0.08 ± 0.02 a

C22:0
Docosanoic acid 1.01 ± 0.05 a 0.98 ± 0.03 a 0.94 ± 0.03 a 1.02 ± 0.04 a 0.99 ± 0.02 a 1.00 ± 0.03 a 1.02 ± 0.04 a 0.98 ± 0.05 a

MUFA 36.27 ± 0.17 a 36.65 ± 0.12 a 38.43 ± 0.19 b 40.48 ± 0.13 c 36.48 ± 0.10 a 37.79 ± 0.15 b 36.96 ± 0.15 c 39.08 ± 0.25 d

PUFA 51.35 ± 0.28 a 50.82 ± 0.19 a 48.16 ± 0.29 b 46.24 ± 0.14 c 51.5 ± 0.12 a 49.87 ± 0.16 b 48.05 ± 0.11 c 46.11 ± 0.23 d

UFA 87.62 ± 0.23 a 87.47 ± 0.16 a 86.59 ± 0.24 b 86.72 ± 0.14 b 87.98 ± 0.11 a 87.66 ± 0.16 a 85.01 ± 0.13 b 85.19 ± 0.24 b

SFA 12.38 ± 0.28 a 12.52 ± 0.22 ab 12.48 ± 0.18 ab 13.02 ± 0.20 b 12.52 ± 0.14 a 12.66 ± 0.21 ab 13.09 ± 0.24 bc 13.48 ± 0.25 c

COX 5.69 ± 0.44 a 5.65 ± 0.33 a 5.38 ± 0.23 a 5.19 ± 0.19 a 5.69 ± 0.12 a 5.54 ± 0.16 a 5.34 ± 0.28 a 5.17 ± 0.29 a

Data are presented as means of three independent analyses ± SDs (standard deviations). Means followed
by lower-case letters express differences for each treatment for different weeks of storage (W0, W4, W8, and
W12). MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; UFA: unsaturated fatty acid; SFA:
saturated fatty acid.

Table 2. Changes in fatty acid composition and oxidizability value of sunflower oil with vitamin E
and with β-carotene stored at 60 ◦C for 12 weeks.

Sunflower Oil with Vitamin E Sunflower Oil with β-Carotene

W0 W4 W8 W12 W0 W4 W8 W12

C14:0
Myristic acid 0.09 ± 0.01 a 0.09 ± 0.02 a 0.05 ± 0.02 a 0.07 ± 0.01 a 0.11 ± 0.02 ab 0.07 ± 0.03 ab 0.06 ± 0.01 a 0.14 ± 0.04 b

C16:0
Palmitic acid 6.81 ± 0.05 a 7.77 ± 0.04 b 7.60 ± 0.07 b 7.76 ± 0.09 b 6.80 ± 0.11 a 7.98 ± 0.06 b 8.01 ± 0.13 b 8.18 ± 0.10 b

C16:1
Palmitoleic acid 0.20 ± 0.02 a 0.15 ± 0.02 a 0.18 ± 0.01 ab 0.17 ± 0.01 ab 0.22 ± 0.01 a 0.25 ± 0.03 a 0.19 ± 0.02 a 0.22 ± 0.04 a

C18:0
Stearic acid 3.82 ± 0.11 a 3.86 ± 0.08 a 3.65 ± 0.15 a 3.77 ± 0.08 a 3.82 ± 0.14 a 3.79 ± 0.12 a 3.77 ± 0.09 a 3.60 ± 0.17 a

C18:1
Oleic acid 39.24 ± 0.17 a 37.86 ± 0.13 b 35.58 ± 0.15 c 34.58 ± 0.19 d 39.2 ± 0.20 a 37.89 ± 0.11 b 36.66 ± 0.13 c 35.11 ± 0.10 d

C18:2
Olinoleic acid 48.46 ± 0.15 a 47.52 ± 0.16 b 48.49 ± 0.19 ab 48.65 ± 0.13 a 48.41 ± 0.18 a 49.14 ± 0.14 bc 48.76 ± 0.14 ab 49.20 ± 0.17 c

C18:3
Linolenic acid 0.29 ± 0.02 a 0.36 ± 0.02 b 0.32 ± 0.01 ab 0.31 ± 0.02 a 0.31 ± 0.01 a 0.22 ± 0.01 b 0.25 ± 0.01 c 0.17 ± 0.01 d
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Table 2. Cont.

Sunflower Oil with Vitamin E Sunflower Oil with β-Carotene

W0 W4 W8 W12 W0 W4 W8 W12

C20:0
Arachidic acid 0.21 ± 0.01 a 0.23 ± 0.02 a 0.25 ± 0.03 a 0.24 ± 0.03 a 0.12 ± 0.02 a 0.23 ± 0.01 b 0.21 ± 0.01 c 0.18 ± 0.01 d

C22:0
Docosanoic acid 0.95 ± 0.02 a 0.87 ± 0.03 b 0.69 ± 0.02 b 0.54 ± 0.06 c 0.74 ± 0.01 a 0.88 ± 0.04 a 0.84 ± 0.06 a 0.54 ± 0.08 b

MUFA 39.44 ± 0.19 a 38.01 ± 0.15 b 35.76 ± 0.16 c 34.75 ± 0.20 d 39.42 ± 0.21 a 38.14 ± 0.14 b 36.85 ± 0.15 c 35.33 ± 0.14 d

PUFA 48.75 ± 0.17 a 47.88 ± 0.18 b 48.81 ± 0.20 a 48.96 ± 0.15 a 48.72 ± 0.19 a 49.36 ± 0.15 b 49.01 ± 0.15 ab 49.37 ± 0.18 b

UFA 88.19 ± 0.18 a 85.89 ± 0.17 b 84.57 ± 0.18 c 83.71 ± 0.18 d 88.14 ± 0.20 a 87.5 ± 0.15 b 85.86 ± 0.15 c 84.70 ± 0.16 d

SFA 11.88 ± 0.20 a 12.82 ± 0.19 b 12.24 ± 0.29 ab 12.38 ± 0.27 ab 11.59 ± 0.30 a 12.95 ± 0.26 b 12.89 ± 0.30 b 12.63 ± 0.40 b

COX 5.45 ± 0.18 a 5.35 ± 0.20 a 5.42 ± 0.09 a 5.43 ± 0.13 a 5.45 ± 0.09 a 5.49 ± 0.17 a 5.44 ± 0.15 a 5.46 ± 0.25 a

Data are presented as means of three independent analyses ± SDs (standard deviations). Means followed by
lower-case letters express differences for each treatment for the different weeks of storage (W0, W4, W8, and
W12). MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; UFA: unsaturated fatty acid; SFA:
saturated fatty acid.

Table 3. Changes in fatty acid composition and oxidizability value of sunflower oil with BHT and
with vitamin E/β-carotene stored at 60 ◦C for 12 weeks.

Sunflower Oil with BHT Sunflower Oil with Vitamin E/β-Carotene

W0 W4 W8 W12 W0 W4 W8 W12

C14:0
Myristic acid 0.14 ± 0.01 a 0.09 ± 0.02 b 0.11 ± 0.02 ab 0.11 ± 0.01 ab 0.14 ± 0.01 a 0.13 ± 0.01 a 0.08 ± 0.01 b 0.12 ± 0.01 a

C16:0
Palmitic acid 7.47 ± 0.06 a 7.32 ± 0.08 a 7.30 ± 0.10 a 7.46 ± 0.11 a 6.72 ± 0.10 a 6.98 ± 0.09 a 7.45 ± 0.08 b 8.00 ± 0.13 c

C16:1
Palmitoleic acid 0.20 ± 0.02 a 0.14 ± 0.01 ab 0.12 ± 0.03 b 0.51 ± 0.03 c 0.19 ± 0.03 a 0.12 ± 0.05 a 0.14 ± 0.07 a 0.13 ± 0.04 a

C18:0
Stearic acid 3.37 ± 0.15 a 3.66 ± 0.10 ab 3.39 ± 0.13 ab 3.72 ± 0.14 b 3.43 ± 0.09 a 3.40 ± 0.08 a 3.68 ± 0.05 b 3.93 ± 0.10 c

C18:1
Oleic acid 37.70 ± 0.14 a 36.86 ± 0.10 b 37.40 ± 0.16 a 36.94 ± 0.15 b 36.78 ± 0.16 a 38.44 ± 0.17 b 36.83 ± 0.12 a 39.72 ± 0.13 c

C18:2
Olinoleic acid 50.45 ± 0.22 a 50.65 ± 0.15 a 50.33 ± 0.18 a 49.86 ± 0.12 b 49.99 ± 0.11 a 48.40 ± 0.16 b 48.99 ± 0.15 c 46.72 ± 0.13 d

C18:3
Linolenic acid 0.28 ± 0.01 a 0.32 ± 0.03 a 0.31 ± 0.02 a 0.33 ± 0.03 a 0.32 ± 0.02 a 0.27 ± 0.04 a 0.31 ± 0.03 a 0.30 ± 0.01 a

C20:0
Arachidic acid 0.22 ± 0.02 a 0.23 ± 0.02 a 0.21 ± 0.01 ab 0.17 ± 0.01 b 0.21 ± 0.01 a 0.30 ± 0.01 b 0.22 ± 0.01 a 0.23 ± 0.01 a

C22:0
Docosanoic acid 1.02 ± 0.01 a 0.97 ± 0.04 a 0.89 ± 0.01 b 1.03 ± 0.02 a 0.97 ± 0.06 a 0.76 ± 0.07 a 0.88 ± 0.11 a 0.96 ± 0.12 a

MUFA 37.90 ± 0.16 a 37.00 ± 0.11 b 37.52 ± 0.219 ac 37.45 ± 0.18 c 36.97 ± 0.19 a 38.56 ± 0.22 b 36.97 ± 0.19 a 39.85 ± 0.17 c

PUFA 50.73 ± 0.23 a 50.97 ± 0.18 a 50.64 ± 0.20 ab 50.19 ± 0.15 b 50.31 ± 0.13 a 48.67 ± 0.20 b 49.30 ± 0.18 c 47.02 ± 0.14 d

UFA 88.63 ± 0.20 a 87.97 ± 0.15 bc 88.16 ± 0.20 b 87.64 ± 0.17 c 87.28 ± 0.16 a 87.23 ± 0.21 a 86.27 ± 0.19 b 86.87 ± 0.16 a

SFA 12.22 ± 0.25 a 12.27 ± 0.26 a 11.90 ± 0.27 a 12.49 ± 0.29 a 11.47 ± 0.27 a 11.57 ± 0.26 ab 12.31 ± 0.27 b 13.24 ± 0.38 c

COX 5.64 ± 0.14 a 5.66 ± 0.17 a 5.63 ± 0.32 a 5.58 ± 0.16 a 5.59 ± 0.23 a 5.43 ± 0.57 a 5.48 ± 0.60 a 5.28 ± 0.35 a

Data are presented as means of three independent analyses ± SDs (standard deviations). Means followed by
lower-case letters express differences for each treatment for different weeks of storage (W0, W4, W8, and W12).
MUFA: Monounsaturated Fatty Acid; PUFA: Polyunsaturated Fatty Acid; UFA: Unsaturated Fatty Acid; SFA:
Saturated Fatty Acid.

3.6. Effect of Thermal Storage on Iodine Value (IV)

The iodine value (IV) is indeed a measure of the UFAs present in vegetable oil. The
IV is used to assess the oxidation stability of oils and greases [74]. Consecutive changes in
the IVs of sunflower oils evaluated during accelerated storage are shown in Figure 7. The
initial IVs measured at the start of the experiment (W0) were quite similar, starting with
the highest IV for the SF-BHT sample (126.38 ± 1.33 g (I2)/100 g) and the lowest for SF-VE
(124.18 ± 1.32 g (I2)/100 g). However, the results did not show any significant differences
(p < 0.05) in the initial IVs of the samples, all of which were over 120 g (I2)/100 g. A high
IV indicates a high content of UFAs in the oil, making it more prone to oxidation [75].
Previous research, such as that by Romanić et al. [76], has shown that adding supplements
to sunflower oil did not significantly affect its iodine value, which is consistent with our
findings. Over the 12-week storage period at 60 ◦C, the IV parameter started to decrease
slightly in all samples. The control sample experienced a significant decrease in IV, dropping
from 126.05 ± 1.77 to 120.49 ± 1.05 g (I2)/100 g by the end of storage. The sunflower oil
supplemented with vitamin A failed to maintain the stability of its IV, showing a significant
decrease from an initial value of 126.42 ± 0.98 to 119.01 ± 1.34 g (I2)/100 g. On the other



Analytica 2024, 5 287

hand, sunflower oils with other antioxidant additions were able to maintain the iodine
value to a greater (SF-BHT) or lesser extent (SF-VE). However, the latest results still fall
within the acceptable range compared to the Codex standard value, which typically ranges
from 110 to 145 g (I2) /100 g for sunflower oil [41].
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A decrease in the IV is consistent with a reduction in double bonds as an oil becomes
oxidized. This decrease is a result of oxidation, which involves a complex chain of chemical
reactions leading to a decline in unsaturation rates. Specifically, this process involves the
elimination of adjacent hydrogen atoms from double bonds, leading to the formation of
free radicals [77]. These findings are expected due to the high concentration of PUFAs
present in sunflower oil, accounting for more than 70%, as reported by Chong et al. [61].
The abundance of PUFAs makes sunflower oil particularly sensitive to oxidation reactions.
In storage, the double bonds within these PUFAs are vulnerable to attack by free radicals,
resulting in the creation of conjugated bonds, as also noted by Farahmandfar et al. [78]. In
line with our findings, Nogales-Delgado et al. [79] investigated the oxidative stability of
sunflower oils with added BHA and TBHQ, concluding that these antioxidants effectively
protect against lipid oxidation, showing superior results compared to a control sample.
Similarly, Chong et al. [61] reported lower iodine values in oil samples containing mangos-
teen peel extracts (100 ppm and 200 ppm), α-tocopherol, and BHA compared to a control
during 24 days of accelerated storage at 65 ◦C.

3.7. Effect of Thermal Storage on Oxidizability Value (COX)

The oxidizability value (COX) is an indicator of an oil’s susceptibility to oxidation;
as the COX value increases, the oil’s stability decreases [80]. The final COX value of the
sunflower oil control was significantly lower than that of the enriched oil with the exemp-
tion of the SF-VA (SF-VA < SF-C < SF-VE + βC < SF-VE < SF-βC < SF-BHT) (Tables 1–3).
This means that the FAC of the oil enriched with BHT should be more prone to oxidation
than that of the control and the other enriched oils. The COX values decreased slightly
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during storage; hence, the stability increased. The COX values ranged from 5.45 (SF-VE
and SF-βC) to 5.69 (SF-C and SF-VA) and from 5.17 (SF-VA) to 5.58 (SF-BHT) before storage
and after 90 days of storage, respectively. These COX values of control and enriched oils
are better than some other oils such as Opuntia ficus-indica seed oil (6.5), Prunus spinosa L.
oil (6.97 ± 0.35), Prunus avium L. oil (9.02 ± 0.39), and Perilla seed oil (14.83) [80–82].

3.8. Effect of Thermal Storage on Pigment Content

The greenish color of crude vegetable oils is attributable to the chlorophyll and
carotenoid pigments contained in the oil. This color is considered to be an important
element in the sensory properties assessed by consumers and a crucial indicator of qual-
ity and antioxidant properties. Until now, several natural pigments have been used as
supplements in food products, providing nutritional benefits as well as an attractive color
combined with excellent functional properties, especially antioxidant effects [83]. However,
pigments are also known to contribute to the appearance of a bad taste and can act as
photosensitizers, catalyzing the oxidation of vegetable oil under severe conditions [84]. The
initial values as well as changes in pigment contents in the analyzed sunflower oils during
storage at 60 ◦C are presented in Figures 8 and 9.
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Figure 8 illustrates the evolution of chlorophylls among the samples. The chlorophyll
values registered at the start of the assay were quite similar, with the highest value of 0.19
recorded in both the SF-VA and SF-VE + βC samples, followed by the SF-C and SF-BHT
samples with values of 0.15 each. The last two values were 0.14 and 0.12, recorded in
the SF-βC and SF-VE samples, respectively. Our results are almost lower than the chloro-
phyll content in sunflower oils reported in [85]. In a study by Ghaliaoui et al. [83], the
chlorophyll content of sunflower and soybean oils fortified with the pigment extract of
Phyllaria reniformis increased compared to a control and BHA samples. The concentrations
of chlorophylls gradually decreased over time, with a notable decrease observed at the
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end of storage. The control sunflower oil (SF-C) experienced the most significant loss, with
a decrease of almost 41% compared to the initial value. In contrast, the other samples
containing additive antioxidants showed lower losses than the control, with reductions
of approximately 38, 32, 30, and 26% for SF-BHT, SF-VA, SF-VE + βC, and SF-VE, respec-
tively. The sample with the least loss was sunflower oil with the addition of β-carotene
(SF-βC), which experienced a reduction of 24.14% compared to its initial value. Similar
to our findings, Ghaliaoui et al. [83] assessed the chlorophyll content in soybean and sun-
flower oils with the addition of BHA, comparing it with 200 and 1000 ppm of Phyllaria
reniformis pigment extract. Their study revealed that supplementing with the synthetic
antioxidant BHA did not lead to significant changes compared to the control group for both
analyzed oils. However, In the presence of light, temperature, or other factors contributing
to oxidation during storage, chlorophylls undergo thermal decomposition into another
pigment called pheophytin. This transformation results in the oil acquiring a dull, dark
color. The chlorophyll and pheophytin profile may experience further modifications, with
pheophytinization leading to a decrease in chlorophyll levels [86]. Bijla et al. claimed that
enrichment with 0.01, 0.02, and 0.03% vitamin E led to a reduction in chlorophyll levels by
approximately 45% over four months of accelerated storage [24].
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Carotenoids, meanwhile, are tetra-terpenoids that can give orange, red, and yellow
hues, playing a vital role in the coloration of oils. Carotenoids are also powerful antioxidants
which prevent the oxidation of oil by inhibiting 1O2, which can inhibit its generation by
neutralizing activated sensitizers [87,88]. In contrast to chlorophylls, the carotenoid content
increased after supplementation (Figure 9). The initial values observed in the samples with
additives were consistently higher compared to that of the control. Among the analyzed
samples, the sunflower oil with added β-carotene (SF-βC) demonstrated the highest initial
value at 19.80 ± 1.01 mg/Kg, which was 116 times higher than the lowest value recorded
in the samples (0.17 ± 0.02 mg/Kg). The sunflower oil enriched with mixed antioxidants
(SF-VE + βC) held the second-highest level at 10.65 ± 0.92 mg/Kg; both of these samples
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had significantly higher levels than the others. The sunflower oil enriched with BHT held
the third position with a concentration of 0.45 ± 0.03 mg/Kg. The sunflower oil samples
enriched with vitamin E (SF-VE) and vitamin A (SF-VA) had the lowest enrichment levels,
with concentrations of 0.4 ± 0.02 and 0.36 ± 0.01 mg/Kg, respectively.

The carotenoid content evolved in the same way as the chlorophyll content during
accelerated storage. According to the literature, the rapid decline in carotenoids observed in
sunflower oil, which is rich in PUFAs, indicates that unsaturated lipids are oxidizing quickly.
This oxidation produces radicals that can attack carotenoids, as mentioned by Ghendov-
Mosanu et al. [89]. However, despite this decline, our study noted a modest decrease,
suggesting that carotenoids may still have a positive effect as antioxidants in slowing
down this oxidation process. Their efficacy is such that a single carotenoid molecule can
neutralize approximately 1000 singlet oxygen molecules. Mishra et al. [10] demonstrated
the enhanced performance of α-tocopherol in preserving the oxidative stability of purified
triacylglycerols from sunflower oil under accelerated oxidation conditions in darkness for
20 h across three different concentrations. In contrast, El Bernoussi et al. [71] investigated
the carotenoid and chlorophyll content in oils from sweet and bitter almonds supplemented
with BHA, noting a reduction of over 80% in pigment content, which is significantly higher
than the reduction observed in our study.

4. Conclusions

The current study suggests that during thermal storage at 60 ◦C, the oxidation param-
eters of pure sunflower oil increase, leading to a decrease in its relative stability. However,
when comparing this oil with oil supplemented with antioxidants, the evolution of these
analyzed parameters can be inhibited, demonstrating a significant protective effect of
antioxidants against oxidative deterioration. Significant differences were found between
sunflower oil enriched with antioxidants and pure sunflower oil with regard to some of
the parameters studied (FFAs, the PV, the p-AV, and the IV). Consequently, the addition of
antioxidants significantly increased the antioxidant capacity of sunflower oil. However,
sunflower oil enriched with β-carotene combined with vitamin E does not provide the
best antioxidant effect. In addition, the antioxidants incorporated into the oil inhibit its
degradation up on exposure to temperature by promoting hydrolytic stability and limiting
the depletion of polyunsaturated fatty acids (PUFAs). The incorporation of synthetic antiox-
idants in sunflower oil effectively inhibits its oxidation processes, considerably extending
its shelf life. However, these synthetic antioxidants have health risks due to carcinogenesis,
leading to their removal from the list of items generally recognized as safe (GRAS). As a
result, as an alternative to using synthetic antioxidants to prevent the oxidative degradation
of oil, a recourse to natural antioxidants obtained from agricultural by-products has been
called into question.
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74. Yılmaz, B.; Şahin, T.Ö.; Ağagündüz, D. Oxidative Changes in Ten Vegetable Oils Caused by the Deep-Frying Process of Potato. J.
Food Biochem. 2023, 2023, 1–11. [CrossRef]

https://doi.org/10.1016/j.foodchem.2014.09.090
https://www.ncbi.nlm.nih.gov/pubmed/25442572
https://doi.org/10.1007/s13197-020-04655-4
https://www.ncbi.nlm.nih.gov/pubmed/33087982
https://doi.org/10.1111/jfpp.13705
https://doi.org/10.1016/j.jtusci.2015.05.004
https://doi.org/10.1080/10942912.2017.1382509
https://doi.org/10.1155/2022/3505943
https://doi.org/10.48130/FMR-2023-0030
https://doi.org/10.3390/analytica4040034
https://doi.org/10.1111/jfbc.12272
https://doi.org/10.3390/ijms24021113
https://www.ncbi.nlm.nih.gov/pubmed/36674630
https://doi.org/10.1016/j.fbio.2015.07.002
https://doi.org/10.1016/j.ocsci.2023.12.006
https://doi.org/10.3390/foods11030439
https://www.ncbi.nlm.nih.gov/pubmed/35159589
https://doi.org/10.3390/su14020849
https://doi.org/10.3390/molecules26061630
https://doi.org/10.1007/s11694-020-00665-0
https://doi.org/10.1016/j.foodchem.2007.06.022
https://doi.org/10.1111/jfpp.14990
https://doi.org/10.3389/fnut.2021.804587
https://www.ncbi.nlm.nih.gov/pubmed/35187023
https://doi.org/10.1016/j.focha.2023.100447
https://doi.org/10.1016/j.jspr.2020.101662
https://doi.org/10.1155/2022/6761029
https://doi.org/10.3390/pr9071199
https://doi.org/10.1155/2023/6598528


Analytica 2024, 5 294

75. Alireza, S.; Tan, C.P.; Hamed, M.; Che Man, Y.B. Effect of Frying Process on Fatty Acid Composition and Iodine Value of Selected
Vegetable Oils and Their Blends. Int. Food Res. J. 2010, 17, 295–302.
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