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Abstract

Deep-fat frying remains the predominant method of food preparation; however, increasing
concerns regarding health and sustainability have prompted the search for safer alternatives.
Palm olein is widely used as a frying medium but its consumption has been questioned
due to the presence of contaminants (e.g., 3-monochloropropane-1,2-diol, 3-MCPD) and
the challenges associated with its transportation from producing countries, creating a need
for healthier and more sustainable alternatives. The present study aimed to assess the
oxidative stability, physicochemical properties, and sensory characteristics of various oils
used for deep-fat frying, with particular emphasis on identifying suitable replacements for
palm olein. Five oils were evaluated: refined sunflower oil (RSO), RSO supplemented with
tert-butylhydroquinone (RSO+TBHQ), RSO supplemented with rosemary extract (RSO+RE),
high-oleic sunflower oil (HOSO), and palm olein (PO). Samples were evaluated before
and after deep-frying of French fries, at 175 ◦C for 2.5 min, over a total of 12 consecutive
frying cycles. The results demonstrated that palm olein and HOSO exhibited the highest
oxidative stability (induction period determined by Rancimat method at 100 ◦C was 27 h
and 26.2 h, respectively), whereas the addition of TBHQ (induction period 23.4 h) and
rosemary extract (induction period 11.5 h) provided only a modest enhancement of RSO
stability (induction period 9.6 h). Hierarchical cluster analysis grouped palm olein and
HOSO together, confirming their similar stability, while RSOs formed a distinct cluster.
These findings suggest that high-oleic sunflower oil represents the most promising, stable,
and nutritionally advantageous alternative to palm olein, simultaneously supporting local
production and improved dietary quality.

Keywords: deep-fat frying; palm olein; high-oleic sunflower oil; oxidative stability; antioxidants

1. Introduction
Deep-fat frying is one of the most commonly used methods of food preparation

worldwide [1,2], as it produces specific sensory characteristics like texture, color, and
flavor [3], that are highly appreciated by consumers. However, during the frying process,
oils are exposed to intense thermo-oxidative changes that lead to the degradation of
triglycerides, formation of polar compounds, polymers, free fatty acids, and secondary
oxidation products, all of which can negatively affect the nutritional quality and safety
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of food [4–8]. Therefore, the choice of appropriate frying oil is considered one of the key
factors for preserving the quality and safety of fried foods [9,10].

Palm olein is often used as a frying oil due to its good thermal stability and rela-
tively low cost [11]. However, its use raises certain controversies related to the presence
of contaminants such as 3-monochloropropane-1,2-diol (3-MCPD) [12,13], as well as the
fact that it is not locally produced in Serbia but imported from Southeast Asian countries.
3-MCPD is a refining-induced contaminant typically found at higher levels in palm-based
oils than in sunflower oil, and, due to its nephrotoxic and potentially carcinogenic effects, it
is classified by the European Food Safety Authority (EFSA) as a compound of toxicological
concern [13]. These reasons drive research toward alternative vegetable oils that could
provide similar or better technological properties, along with higher nutritional value and
sustainability. Sunflower oil is one of the most widely used vegetable oils in Europe and
the predominant oil in Serbia [14–16]. However, due to its high content of polyunsaturated
fatty acids, it is prone to oxidation at high temperatures, which limits its use in longer
frying cycles [3,17]. Frying stability can be improved by adding antioxidants. Synthetic
antioxidants, such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
tert-butylhydroquinone (TBHQ), and propyl gallate (PG), have traditionally been used
to inhibit oxidation, but their effectiveness at high temperatures is limited, while con-
cerns have also been raised regarding potential health risks, including blood coagulation
disorders, mutations, tumors, liver enlargement, and increased activity of microsomal
enzymes [18–20]. As an alternative, increasing attention has been given to natural extracts
rich in phenolic compounds [21], among which rosemary extract stands out, having been
shown in several studies to significantly enhance oil stability and reduce the formation of
harmful compounds during frying [22–24]. Numerous studies have addressed the role of
synthetic and natural antioxidants in improving oil stability; however, comparative data
under standardized frying conditions, especially involving locally produced sunflower oil,
remain scarce. In addition, high-oleic sunflower hybrids (HOSOs) have emerged as a poten-
tial solution, as their higher oleic acid content contributes to improved oxidative stability
and extended frying life [25,26]. Studies have demonstrated that HOSO exhibits signifi-
cantly lower degradation parameters, such as peroxide and anisidine values, compared to
conventional sunflower oil [3,27].

The aim of this study was to investigate the oxidative stability, as well as physicochem-
ical and sensory properties of different sunflower oil variants, in comparison with palm
olein in order to identify potential substitutes that could ensure frying stability, preserve
the sensory and nutritional quality of food, and contribute to sustainable, local production.
Special attention was given to assessing the effects of adding synthetic (TBHQ) and natural
(rosemary extract) antioxidants to refined sunflower oil, as well as to evaluating high-oleic
sunflower oil (HOSO) as a nutritionally advantageous alternative. In this way, the study
seeks to provide scientifically grounded evidence on the possibilities of replacing palm
olein with oils that are both locally available and sustainable.

2. Materials and Methods
2.1. Oil Samples

For the purposes of this study, standard (linoleic) refined sunflower oil (RSO), high-oleic
sunflower oil (HOSO), and palm olein (PO) were obtained from the edible oil factory Dijamant
Ltd. in Zrenjanin, Serbia. The synthetic antioxidant tert-butylhydroquinone (TBHQ) and the
natural antioxidant rosemary extract (RE), purchased from Kefo JSC (Zemun, Belgrade, Serbia),
originally sourced from Sigma-Aldrich (St. Louis, MO, USA), were added to refined linoleic
sunflower oil at a concentration of 0.02% w/w, i.e., 200 ppm (samples labeled as RSO+TBHQ
and RSO+RE), at the maximum levels permitted by the Regulation on Food Additives (Official
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Gazette RS, 53/2018). Mixing of oils with antioxidants was carried out using a magnetic
stirrer at 50 Hz for 2 min, after which the samples were immediately transferred into 2 L
PET bottles, filled to the top without headspace, sealed with original caps, and stored in a
refrigerator at 0–4 ◦C. A total of 5 oil samples were used for deep-frying tests. The frying
protocol was designed to reflect repeated use in food service settings (small restaurants and
fast-food outlets), based on the operators’ practical experience and routine handling of frying
oils. French fries (600 g) served as the model matrix and were fried in a FF230831 deep fryer
(Tefal, Slough, UK) filled with 1.2 L of oil. Frying was conducted at a controlled temperature
of 175 ◦C, for 2.5 min per cycle. After 12 frying cycles, with 24 h cooling intervals between
them, oil samples were collected after frying. These samples were labeled with the suffix
prime (‘).

2.2. Oil Identification

The fatty acid composition of the oils was determined using gas chromatography–mass
spectrometry (GC-MS) [28] on a GC7890B gas chromatograph (Agilent Technologies, Santa
Clara, CA, USA) equipped with a single-quadrupole mass spectrometer MSD5977A (Agilent
Technologies). Prepared fatty acid methyl esters (FAMEs) were separated using an SP–2560 capil-
lary column (Supelco, Merck KGaA, Darmstadt, Germany), L × I.D. 100 m × 0.25 mm × df 0.20,
purchased from Altium International Ltd., Belgrade, Serbia) according to ISO 12966-2, 2017 [29].
Detection and quantification conditions were described by Romanić et al. (2024) [30].

The iodine value was determined according to ISO 3961:2024 [31].
The refractive index was measured using ISO 6320:2017 [32].

2.3. Analysis of Oil Quality and Stability

Oil quality analyses were carried out in accordance with relevant ISO standards. Acid
value (AV) was determined according to ISO 660:2020 [33], while peroxide value (PV) was
analyzed according to ISO 3960:2017 [34]. The anisidine value (p-AnV) was measured
according to ISO 6885:2016 [35]. Based on PV and p-AnV values, the total oxidation index
(TOTOX) was calculated using Equation (1) [17,36]:

TOTOX = 2 × PV + p-AnV (1)

In addition, the contents of conjugated dienes (CDs) and conjugated trienes (CTs) were
determined according to ISO 3656:2013/Amd 1:2017 [37].

Rancimat Test

The induction period (IP) was determined in compliance with ISO 6886:2016 [38].
Measurements were performed on a Rancimat instrument, model 743 (Metrohm, Herisau,
Switzerland), at 100 ◦C and 120 ◦C, with a constant airflow of 20 L/h. These temperatures
were selected as they allow for a clear differentiation in oxidative stability among the
samples, facilitating the comparative assessment of their induction periods. The induction
period was defined as the time elapsed from the start of measurement to the appearance
of oxidation products, resulting in increased conductivity. For each measurement, 2–2.5 g
oil portions were placed in reaction vessels and analyzed in parallel. IP values were
automatically recorded by the instrument and expressed in hours.

2.4. Sensory Evaluation

Sensory evaluation was performed by a panel of 20 trained assessors from the De-
partment of Food Engineering, Faculty of Technology, University of Novi Sad. The age of
the panelists ranged from 25 to 65 years. Evaluation of sensory quality was carried out
using a ranking method according to ISO 8589:2007 [39]. Analytical–descriptive tests were
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applied, with scores ranging from 0 (unacceptable quality) to 5 (optimal quality), following
the methodology of Romanić et al. (2024) [30]. The sensory attributes evaluated were color,
odor, and taste. A total of 10 samples were tested. Samples were heated to 35–40 ◦C to
enhance odor and flavor and served in 20–25 mL portions in 50 mL laboratory glasses. The
overall score represented the sum of color, appearance, odor, and taste scores.

2.5. Oil Transparency

In addition to sensory scoring, oil color was determined instrumentally, spectropho-
tometrically, using a UV/VIS spectrophotometer, model T80+ (PG Instruments Limited,
London, UK). Transparency (%T) of pure oil was measured in glass cuvettes with a 10 mm
path length at 455 nm, against an empty cuvette as a reference, as described by Lužaić et al.
(2025) [25].

2.6. Statistics

All results are presented as mean ± standard deviation (n = 3). One-way analysis
of variance (ANOVA) with post hoc Tukey’s HSD test was used to determine significant
differences among data at the significance level of p < 0.05.

Hierarchical cluster analysis (HCA) was applied as a multivariate statistical technique
commonly used for grouping samples or variables based on similarity. This analysis
enables visualization of data structure through a dendrogram, illustrating how samples are
linked at different levels of similarity. HCA provides insight into the existence of natural
clusters in large datasets, identifying patterns and relationships among samples exhibiting
similar behavior. Samples were grouped based on oil identification results (iodine value,
refractive index), oil quality parameters (acid, peroxide, and anisidine values, TOTOX,
conjugated dienes and trienes), as well as sensory characteristics and transparency. Prior
to clustering, values were normalized using z-score transformation, while Ward’s method
was used for cluster formation, with Euclidean distance applied to display dissimilarities
among samples.

Statistical analysis was conducted using Microsoft Excel 2016, ver. 16.0 (Redmond,
Washington, DC, USA), Statistica, ver. 14.0.0.15 (StatSoft, Tulsa, OK, USA), and NCSS 2024
(Kaysville, UT, USA).

3. Results and Discussion
3.1. Sample Identification

The fatty acid profile of all analyzed samples was consistent with the expected values
for the respective oil types and within the limits prescribed by the Codex Alimentarius
standards for edible vegetable oils [40]. Refined sunflower oil (RSO) was characterized by
a high content of linoleic acid (C18:2 cis), which amounted to 52.72 ± 0.79% before frying,
while oleic acid (C18:1 cis) was present at approximately 36%, as shown in Table 1. This
ratio is typical for standard (linoleic) sunflower hybrids [41,42]. After frying, a decrease
in linoleic acid content in RSO to 50.15 ± 0.75% was observed, accompanied by a slight
increase in oleic acid, indicating oxidative degradation of polyunsaturated fatty acids due
to thermal treatment. Patil et al. (2023) [7] reported a reduction in linoleic acid content
after 5 min of frying at 160 ± 5 ◦C in sunflower oil from 60.88 ± 0.01% to 45.39 ± 0.12%. A
decrease in linoleic acid content after 30 min of frying in corn and extra virgin olive
oil—from 1232.3 ± 398.5 mM and 240.2 ± 41.5 mM to 1127.7 ± 164.5 mM and
200.4 ± 30.3 mM, respectively, was reported by Kusumoto et al. (2024) [43]. A simi-
lar trend was observed in variants with added TBHQ and rosemary extract (RSO+TBHQ
and RSO+RE), confirming that some PUFA loss occurs during frying despite the presence
of antioxidants [4,44].
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Table 1. Fatty acid composition, iodine value, and refractive index of the tested oil samples before and after frying (‘ indicates values after frying).

Parameter RSO RSO′ RSO+TBHQ RSO+TBHQ′ RSO+RE RSO+RE′ HOSO HOSO′ PO PO′

Fatty acid (% w/w)
C12:0 nd nd nd nd nd nd nd nd 0.24 ± 0.02 aA 0.24 ± 0.02 aA

C14:0 0.07 ± 0.01 abA 0.09 ± 0.01 abA 0.07 ± 0.01 abA 0.10 ± 0.01 abA 0.07 ± 0.01 abA 0.10 ± 0.01 abA 0.04 ± 0.00 abA 0.05 ± 0.01 abA 0.93 ± 0.09 bB 0.95 ± 0.10 bB

C16:0 6.21 ± 0.25 dB 7.49 ± 0.30 dC 6.17 ± 0.25 dB 7.50 ± 0.30 dC 6.17 ± 0.25 dB 7.51 ± 0.30 dC 4.16 ± 0.17 cA 4.54 ± 0.18 cA 38.90 ± 0.58 eD 39.55 ± 0.59 eD

C16:1 0.09 ± 0.01 abA 0.10 ± 0.01 abA 0.09 ± 0.01 abA 0.10 ± 0.01 abA 0.09 ± 0.01 abA 0.10 ± 0.01 abA 0.12 ± 0.01 abA 0.12 ± 0.01 abA 0.18 ± 0.02 aB 0.18 ± 0.02 aB

C17:0 0.04 ± 0.00 aA 0.04 ± 0.00 aA 0.04 ± 0.00 aA 0.04 ± 0.00 aA 0.04 ± 0.00 aA 0.04 ± 0.00 aA 0.03 ± 0.00 aA 0.03 ± 0.00 aA 0.10 ± 0.01 aA 0.10 ± 0.01 aB

C17:1 0.03 ± 0.00 aA 0.03 ± 0.00 aA 0.03 ± 0.00 aA 0.03 ± 0.00 aA 0.03 ± 0.00 aA 0.03 ± 0.00 aA 0.05 ± 0.01 abA 0.05 ± 0.01 abA 0.03 ± 0.00 aA 0.03 ± 0.00 aB

C18:0 3.31 ± 0.13 cA 3.46 ± 0.14 cA 3.29 ± 0.13 cA 3.41 ± 0.14 cA 3.32 ± 0.13 cA 3.45 ± 0.14 cA 3.36 ± 0.13 cA 3.37 ± 0.13 cA 4.33 ± 0.17 cB 4.38 ± 0.18 cB

C18:1 trans nd nd nd nd nd nd 0.08 ± 0.01 abA 0.08 ± 0.01 abA nd nd
C18:1 cis 35.82 ± 0.54 eA 36.92 ± 0.55 eA 35.72 ± 0.54 eA 36.41 ± 0.55 eA 35.77 ± 0.54 eA 36.74 ± 0.55 eA 81.94 ± 1.23 eC 81.59 ± 1.22 eC 43.22 ± 0.65 fB 43.15 ± 0.65 fB

C18:2 trans 0.07 ± 0.01 abA 0.08 ± 0.01 abAB 0.07 ± 0.01 abA 0.08 ± 0.01 abAB 0.07 ± 0.01 abA 0.08 ± 0.01 abAB 0.11 ± 0.01 abB 0.11 ± 0.01 abB 0.21 ± 0.02 aC 0.21 ± 0.02 aC

C18:2 cis 52.72 ± 0.79 fD 50.15 ± 0.75 fC 52.87 ± 0.79 fD 50.69 ± 0.76 fC 52.79 ± 0.79 fD 50.32 ± 0.75 fC 8.11 ± 0.32 dA 8.07 ± 0.32 dA 10.90 ± 0.16 dB 10.28 ± 0.15 dB

C18:3 0.09 ± 0.01 abA 0.08 ± 0.01 abA 0.09 ± 0.01 abA 0.09 ± 0.01 abA 0.08 ± 0.01 abA 0.08 ± 0.01 abA 0.06 ± 0.01 abA 0.06 ± 0.01 abA 0.22 ± 0.02 aB 0.20 ± 0.02 aB

C20:0 0.25 ± 0.03 abA 0.27 ± 0.03 abA 0.25 ± 0.03 abA 0.26 ± 0.03 abA 0.25 ± 0.03 abA 0.26 ± 0.03 abA 0.32 ± 0.03 abAB 0.32 ± 0.03 abAB 0.40 ± 0.04 abB 0.40 ± 0.04 abB

C20:1 0.17 ± 0.02 abA 0.18 ± 0.02 abA 0.17 ± 0.02 abA 0.17 ± 0.02 abA 0.17 ± 0.02 abA 0.17 ± 0.02 abA 0.26 ± 0.03 abB 0.26 ± 0.03 abB 0.16 ± 0.02 aA 0.16 ± 0.02 aA

C22:0 0.82 ± 0.08 bBC 0.83 ± 0.08 bBCD 0.82 ± 0.08 bBC 0.81 ± 0.08 bB 0.83 ± 0.08 bBCD 0.81 ± 0.08 bB 1.01 ± 0.04 bD 1.00 ± 0.04 bCD 0.07 ± 0.01 aA 0.07 ± 0.01 aA

C24:0 0.31 ± 0.03 abB 0.31 ± 0.03 abB 0.31 ± 0.03 abB 0.31 ± 0.03 abB 0.31 ± 0.03 abB 0.31 ± 0.03 abB 0.35 ± 0.04 abB 0.35 ± 0.04 abB 0.09 ± 0.01 aA 0.09 ± 0.01 aA

SFA 11.01 ± 0.53 aAB 12.49 ± 0.59 aB 10.95 ± 0.53 aAB 12.43 ± 0.59 aB 10.99 ± 0.53 aAB 12.48 ± 0.59 aB 9.27 ± 0.41 aA 9.67 ± 0.42 aA 45.06 ± 0.93 bC 45.78 ± 0.96 bC

MUFA 36.11 ± 0.57 bA 37.23 ± 0.58 bA 36.01 ± 0.57 bA 36.71 ± 0.58 bA 36.06 ± 0.57 bA 37.04 ± 0.58 bA 82.45 ± 1.29 bC 82.10 ± 1.28 bC 43.59 ± 0.69 bB 43.52 ± 0.69 bB

PUFA 52.88 ± 0.81 cD 50.31 ± 0.77 cC 53.03 ± 0.81 cD 50.86 ± 0.78 cC 52.94 ± 0.81 cD 50.48 ± 0.77 cC 8.28 ± 0.34 aA 8.24 ± 0.34 aA 11.33 ± 0.20 aB 10.69 ± 0.19 aB

IV (gI2/
100 g)

123 ± 3 C 119 ± 2 C 123 ± 2 C 120 ± 2 C 123 ± 3 C 119 ± 2 C 85 ± 1 B 85 ± 2 B 57 ± 1 A 56 ± 1 A

RI (n40 ◦C
D ) 1.4659 ± 0.0001 C 1.4655 ± 0.0002 C 1.4659 ± 0.0002 C 1.4655 ± 0.0002 C 1.4659 ± 0.0002 C 1.4655 ± 0.0002 C 1.4615 ± 0.0002 B 1.4614 ± 0.0002 B 1.4582 ± 0.0002 A 1.4581 ± 0.0002 A

nd—not detected. Different lower-case letters in the same column indicate significantly different values (p < 0.05) between parameters (fatty acids) while different upper-case letters in
same raw indicate significantly different values (p < 0.05) between samples and both conditions (before and after frying), according to post hoc Tukey’s HSD.
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High-oleic sunflower oil (HOSO) showed a markedly different fatty acid composition,
with dominant oleic acid (81.59 ± 1.22%) and very low linoleic acid content (8.11 ± 0.32%).
This composition classifies HOSO as a highly stable oil, which was confirmed by minimal
changes in fatty acid composition after frying. No statistically significant differences in fatty
acid composition were observed before and after frying. The oxidative stability of HOSO is
also supported by Romano et al. (2021) [1], who reported negligible changes in fatty acid
composition after 48 h of frying: SFA increased from 7.77 ± 0.08% to 9.79 ± 0.01%, MUFA
remained 84.11 ± 0.39% and 85.10 ± 0.01% before and after frying, and PUFA content
decreased from 8.35 ± 0.05% to 5.09 ± 0.01%.

Palm olein (PO) differed as expected from sunflower oils, with high palmitic acid
(38.90 ± 0.58%) and oleic acid (43.15 ± 0.65%) contents, while linoleic acid content was
10.90 ± 0.16%. No statistically significant changes were observed in the dominant fatty
acids after frying, indicating good stability of palm olein at high temperatures. The presence
of trans isomers in all samples was due to the refining process. Saturated fatty acids (SFAs)
were highest in palm olein (approximately 45%), followed by RSO (approximately 10%)
and lowest in HOSO (approximately 9%), while polyunsaturated fatty acids were most
abundant in RSO (52%), followed by PO (11%), and least in HOSO (8%). Increased SFA
content contributes to thermal stability but negatively affects the nutritional profile of the
oils [17,45]. In this context, HOSO represents an optimal compromise between high stability
and a favorable fatty acid composition.

The iodine value was consistent with the fatty acid profile: highest in RSO
(119–123 g I2/100 g), intermediate in HOSO (85 g I2/100 g), and lowest in PO
(56–57 g I2/100 g). After frying, a slight decrease in iodine value was observed in all
oils, confirming oxidative and polymerization processes of unsaturated fatty acids during
thermal treatment [4]. The refractive index (n40 ◦C

D ) also reflected the fatty acid compo-
sition. The highest values were recorded for RSO (1.4659 ± 0.0001), followed by HOSO
(1.4615 ± 0.0002), and lowest for PO (1.4582 ± 0.0002). A slight decrease in refractive
index was observed after frying in all oils, which may be associated with a reduction in
polyunsaturated fatty acids [3,46]). Iodine values and refractive indices were within the
limits prescribed by the Codex Alimentarius standard [40].

3.2. Oil Quality and Oxidative Stability

The results of quality parameters before and after frying of the tested oils are presented in
Figure 1. The lowest acid value (AV) was recorded in RSO and RSO+RE (0.19–0.20 mg KOH/g)
(Figure 1a), indicating the efficiency of the refining process. During frying, AV gradually
increased due to triglyceride hydrolysis and thermo-oxidative processes [47], with the most
pronounced increase observed in RSO (0.41 ± 0.02 mg KOH/g), confirming its lower oxidative
stability. The addition of RE provided better protection (0.25 ± 0.02 mg KOH/g) compared
to TBHQ (0.31 ± 0.02 mg KOH/g), as previously reported by Urbančič et al. (2014) [48].
The highest AVs were recorded in PO (0.68–0.69 mg KOH/g), with no significant difference
before and after frying. These values are slightly above the maximum limit set by the Codex
Alimentarius standard [40] (0.6 mg KOH/g), which may be attributed to long transport from
the country of origin to the end consumer, handling, and storage during transport [49]. Patil
et al. (2023) [7] reported slightly lower values for PO (0.24 and 0.38 mg KOH/g before and
after frying). In HOSO and antioxidant-enriched RSO variants (TBHQ and RE), AV increase
was moderate, indicating the protective effect of antioxidants and the higher oxidative stability
of high-oleic oils [3,48].

Initial PVs (Figure 1b) were low (0.40 ± 0.02–2.67 ± 0.09 mmol/kg), as ex-
pected for refined oils. After frying, PV increased significantly, particularly in RSO
(15.01 ± 0.97 mmol/kg) and RSO+RE (13.66 ± 1.03 mmol/kg), while values in HOSO and
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PO were considerably lower (8.51 ± 0.22 and 9.59 ± 0.13 mmol/kg). TBHQ effectively
reduced the accumulation of primary oxidation products (10.08 ± 0.41 mmol/kg), whereas
RE showed a weaker effect (13.66 ± 1.03 mmol/kg). Since the Codex Alimentarius stan-
dard [40] recommends a maximum PV of 5 mmol/kg for fresh oils, it is evident that RSO
exceeds this limit after frying, indicating its pronounced susceptibility to oxidation.

Figure 1. Oxidative stability parameters of oils before and after frying: (a) acid value (AV),
(b) peroxide value (PV), (c) anisidine value (p-AnV), (d) TOTOX value, (e) conjugated dienes (CDs),
and (f) conjugated trienes (CTs) content. Different lower-case letters indicate significantly different
values (p < 0.05), while (a,b) include Codex Alimentarius threshold markers (red lines).

Obtained p-AnV values (Figure 1c) before frying ranged from 1.75 ± 0.03 (HOSO)
and 2.26 ± 0.06 (PO) to 11.61 ± 0.33 in RSO. After frying, p-AnV increased significantly
in all samples, most notably in RSO (50.78 ± 1.29), while in PO, it increased thirteenfold
compared to initial values. Patil et al. (2023) [7] reported slightly lower values in RSO and
PO for both PV and p-AnV, but trends were consistent with our findings. The lowest p-AnV
after frying was recorded in HOSO (14.46 ± 0.11), confirming its superior resistance to the
formation of secondary oxidation products.

The TOTOX index, as a cumulative indicator of oxidation (Figure 1d), was lowest
in HOSO and PO before frying (4.77 ± 0.12 and 7.55 ± 0.13), while RSO had a signifi-
cantly higher value (12.48 ± 0.29). After frying, RSO exhibited extremely high TOTOX
(81.27 ± 1.97), confirming its lowest stability. These results were further supported by high
CD and CT values (Figure 1e,f) in RSO before and after frying (4.40 ± 0.13 and 5.47 ± 0.13;
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0.56 ± 0.02 and 1.93 ± 0.06). In contrast, HOSO showed much more favorable results
after frying (TOTOX = 30.99 ± 0.34; CD = 3.21 ± 0.03; CT = 1.07 ± 0.04), while PO was
intermediate (TOTOX = 48.75 ± 0.47; CD = 3.33 ± 0.14; CT = 1.36 ± 0.03). The presence of
TBHQ significantly mitigated degradation (TOTOX = 51.25 ± 1.29), whereas the effect of
RE was weaker (TOTOX = 67.44 ± 2.09). These results are in line with previous studies by
Urbančič et al. (2014) [48] and Patil et al. (2023) [7].

The Rancimat test results presented in Table 2 clearly show that the oxidative stability
of oils varies significantly depending on fatty acid composition and the presence of antiox-
idants. Standard refined sunflower oil (RSO) had the shortest induction period (9.6 h at
100 ◦C and 2.3 h at 120 ◦C), confirming its susceptibility to oxidation due to the high linoleic
acid content. The addition of the synthetic antioxidant TBHQ significantly extended the
stability of RSO (23.4 h at 100 ◦C and 5.9 h at 120 ◦C) in agreement with the literature data,
indicating that TBHQ is among the most effective permitted synthetic antioxidants for oils
rich in polyunsaturated fatty acids [48,50]. Although the natural rosemary extract (RE) did
not reach the efficacy of TBHQ, it still significantly increased the induction period com-
pared to the control (11.5 h and 2.9 h), confirming the potential of natural antioxidants as a
functional alternative, especially considering the growing demand for clean-label products.

Table 2. Induction period of oils before frying obtained by the Rancimat method and oil transparency
before and after frying.

Samples
Induction Period (h) Transparency (%)

100 ◦C 120 ◦C

RSO 9.6 2.3 92.7 ± 0.5 f

RSO′ / / 82.7 ± 0.3 c

RSO+TBHQ 23.4 5.9 90.5 ± 0.6 e

RSO+TBHQ′ / / 84.5 ± 0.3 d

RSO+RE 11.5 2.9 92.7 ± 0.4 f

RSO+RE′ / / 83.0 ± 0.4 c

HOSO 26.2 6.6 90.4 ± 0.5 e

HOSO′ / / 89.3 ± 0.3 e

PO 27.0 6.8 58.7 ± 0.2 b

PO′ / / 50.3 ± 0.1 a

Different lower-case letters in the same column indicate significantly different values (p < 0.05).

High-oleic sunflower oil (HOSO) and palm olein (PO) exhibited the longest induction
periods (26.2 h and 27.0 h at 100 ◦C, and 6.6 h and 6.8 h at 120 ◦C, respectively). These
values are comparable to previous studies [3,51]. These results reflect the inherent stability
of oils rich in monounsaturated fatty acids, making them suitable for thermal processing
and extended storage. Interestingly, HOSO achieved values nearly identical to palm olein,
confirming its potential as a locally available and nutritionally preferable alternative to
palm olein.

3.3. Sensory Characteristics

Sensory analysis results (Figure 2) revealed a clear distinction between fresh and used
oils, with fresh samples (RSO, HOSO, PO) generally receiving the highest scores for all
attributes—color, appearance, odor, and taste. RSO and HOSO in their fresh state were
rated with the maximum total score (20 points), while palm olein scored slightly lower
(17.5 points), primarily due to taste, influenced by the slightly elevated AV. The most
pronounced degradation of sensory properties was observed in the samples after frying,
particularly RSO′ and PO′, whose total scores dropped to 12 and 14.5 points, respectively.
These differences clearly indicate that thermal processing led to a loss of pleasant aroma
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and the emergence of off-flavors, consistent with the oxidative processes confirmed by
chemical analyses.

Figure 2. Sensory attributes of the blended vegetable oils (a) and total sensory score (b).

The addition of antioxidants had a positive effect on preserving sensory quality. Both
TBHQ and rosemary extract contributed to maintaining more favorable odor and taste
properties in fresh oils (RSO+TBHQ and RSO+RE—18.5 points), while their used variants,
although degraded, still scored higher compared to used RSO. These results confirm that
the application of antioxidants not only delays chemical oxidation but also helps preserve
sensory acceptability.

The transparency parameter proved to be a good indicator of changes in the visual
quality of the oils. Fresh sunflower oils exhibited high transparency (90–93%), characteristic
of refined oils, whereas a significant decrease was observed in the used samples (Table 2).
This result aligns with lower sensory scores for odor and taste, suggesting that reduced
transparency may be associated with the formation of oxidative and polymeric products,
which simultaneously impair organoleptic properties.

3.4. Hierarchical Cluster Analysis (HCA)

Hierarchical cluster analysis (HCA), shown in Figure 3, clearly confirmed the results
of chemical, oxidative, and sensory analyses, highlighting the superiority of HOSO and PO
compared to the other oils. These samples clustered together, with no significant changes
observed after frying, confirming their high resistance to thermal degradation. Their
stability primarily results from a favorable fatty acid composition, HOSO is dominated
by oleic acid (over 80%), while PO naturally contains moderate amounts of saturated
and monounsaturated fatty acids, contributing to its oxidative resistance. The obtained
induction periods further support this resistance, with HOSO showing 26.2 h (100 ◦C) and
6.6 h (120 ◦C), and PO showing 27.0 h (100 ◦C) and 6.8 h (120 ◦C), the highest values among
all analyzed samples.

From a sensory perspective, these samples retained a mild, pleasant aroma and min-
imal changes in color, while transparency remained stable even after thermal treatment,
making them particularly suitable for multiple uses. In comparison, RSO, as a typical
linoleic oil, exhibited the expected lower resistance. Although fresh samples of RSO,
RSO+RE, and RSO+TBHQ clustered closer to HOSO and PO, their overall stability was
considerably lower. The induction period of fresh RSO was only 9.6 h (100 ◦C) and 2.3 h
(120 ◦C), while the addition of antioxidants slightly improved these values (RE 11.5 h and
2.9 h; TBHQ 23.4 h and 5.9 h), but without a long-lasting effect.

After frying, all linoleic sunflower oil samples (RSO′, RSO+RE′, RSO+TBHQ′) showed
a pronounced deterioration of properties and formed a separate cluster, confirming that



Processes 2025, 13, 3285 10 of 13

degradation during thermal treatment plays a decisive role in determining their charac-
teristics. This is reflected not only in reduced induction periods and increased oxidative
degradation but also in sensory scores, post-frying oils exhibited stronger off-odors, darker
color, and reduced transparency, clearly differentiating them from high-oleic sunflower oil
and palm olein.

Figure 3. Hierarchical cluster analysis of tested oils based on fatty acid profile, quality parameters,
and sensory characteristics.

4. Conclusions
The results of this study highlighted distinct differences in the frying performance of

the tested oils. Refined sunflower oil (RSO) was the most prone to oxidation, with sharp
increases in PV (15.01 mmol/kg), anisidine value (50.78), and TOTOX index (81.27) after
frying. Antioxidant supplementation improved its stability to some extent: TBHQ extended
the induction period from 9.6 h to 23.4 h (100 ◦C) and reduced the accumulation of oxidation
products (TOTOX 51.25), while rosemary extract had a weaker but still significant effect
(IP 11.5 h; TOTOX 67.44). Additionally, antioxidant-enriched oils maintained better sensory
quality (18.5 points) compared to used RSO (12 points), confirming the contribution of antioxi-
dants to preserving acceptability. Nevertheless, high-oleic sunflower oil (HOSO) exhibited
the greatest resistance, with PV (8.51 mmol/kg), p-AnV (14.46), and TOTOX (30.99) values
remaining markedly lower than those of all RSO variants, including those with antioxidants.
Its induction period (26.2 h) was nearly identical to that of palm olein (27.0 h), confirming
comparable oxidative stability. Furthermore, HOSO preserved high sensory scores and trans-
parency, whereas palm olein, despite its oxidative stability, showed lower sensory acceptance
(14.5 points) and a marked decrease in transparency (from 58.7% to 50.3%). Hierarchical
cluster analysis supported these findings, grouping HOSO and PO together as the most stable
oils, while all RSO variants—even those with antioxidants—clustered separately due to their
higher susceptibility to degradation. Taken together, these results demonstrate that HOSO,
owing to its high oleic acid content, is the most promising substitute for palm olein, combining
oxidative stability, nutritional advantages, and the benefit of local production.
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