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Abstract: The aim of this study was to monitor sensory quality, stability, selected nutritionally
interesting properties and their changes in cold-pressed oil blends after fortification with chia and
sesame seeds and seed oils during repeated thermal treatments. Rapeseed (cv. Sidney) and sunflower
(cv. Velox) seeds from the Czech Republic were used to produce cold-pressed oils, which were fortified
with chia and sesame seeds and seed oils in the concentrations of 1% and 5%. In all oil blends, sensory
evaluation (quantitative descriptive analysis and hedonic analysis) and chemical analyses (oxidation
degree, hydrolytic stability, chlorophyll and carotenoid content) were carried out in order to perform
separation of samples degraded by thermal treatment. Assessors representing consumers were
able to differentiate between individual thermal treatments from the viewpoint of pleasantness.
Interestingly, the overall pleasantness of all fortified oil samples was still acceptable until the second
thermal treatment. On the other hand, the results of the study emphasized the problematic oxidation
degree of cold-pressed oil blends. The fortification of cold-pressed oils with chia and sesame seeds
and oils did not unambiguously lead to better stability during thermal treatment. The application of
elevated temperatures during the culinary use of these types of products should be limited to only
one thermal treatment since sensory and chemical changes occur after repeated heating.

Keywords: oxidized odor; oxidized taste; burnt taste; burnt odor; oxidation degree

1. Introduction

Rapeseed (Brassica napus) and sunflower (Helianthus annuus) belong to the most im-
portant oil crops cultivated worldwide, and cold-pressed rapeseed and sunflower oils
are starting to be more popular among consumers, especially in Poland, Germany, Great
Britain and France [1–5]. Rapeseed crop production represents 10% of worldwide oilseed
production [6].

The technological process employed in the production of cold-pressed oil makes it nu-
tritionally more acceptable as well as sensorially more interesting for some consumers [7,8].
Furthermore, in the case of many food commodities, consumers are searching for less-
processed options, and cold-pressed oils are often perceived as healthier than refined
vegetable oils. Some studies indicate that cold-pressed oils such as virgin olive oil, cold-
pressed rapeseed oil or Moringa oleifera seed oil could also be a suitable option for culinary
applications using elevated temperatures, even during frying [3,9,10].

Despite unquestionable benefits, cold-pressed oils present a major issue on two fronts,
i.e., a decrease of their (1) stability and (2) sensory quality during storage and thermal
treatment [6]. Oil stability is one of the most important factors that affect the oil quality
since instable oils have an undesirable taste and flavor [3,11]. One way to improve the
stability of oils is by blending with ingredients containing high antioxidant levels [12]. To
satisfy the consumer’s demands, oil blending is increasingly used in the food industry, and
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attractive new products promising improved characteristics are introduced to the market.
These are, in particular, extra virgin olive oils with herbs or spices called condiments,
which gain considerable attention from consumers due to added nutritional and sensory
benefit. Nevertheless, they are mainly not intended for thermal processing. Products of
this type are predominantly used as salad dressings, but they could possibly also be used
as alternatives for culinary operations applying higher temperature. Though, in some
conditions, this type of processing can negatively influence the product stability as well as
its sensory and nutritional profile [13,14].

Seeds are often used for the fortification since many of them contain higher amounts
of nutritionally valued components [15]. Chia (Salvia hispanica L.) seeds are a suitable
option to be used as an ingredient for fortification due to their favorable nutritional profile
and high level of antioxidants. These include phenolic compounds, especially myricetin,
quercetin, kaempferol and chlorogenic acid. Additionally, chia seeds contain carotenoids,
tocopherols and phytosterols [16]. Sesame (Sesamum indicum) seeds are another option.
They stand out among the raw materials for the production of vegetable oils due to the
presence of sesamol and their high stability at higher temperatures [17]. In addition to
sesamol, other lignans, especially sesamin and sesaminol and tocopherols contribute to
the antioxidant potential of sesame [18,19]. The aim of this study was to monitor the
stability, sensory quality, selected nutritionally interesting properties and their changes in
cold-pressed blends of rapeseed and sunflower oils after fortification with chia and sesame
seeds and seed oils during repeated thermal treatments.

2. Materials and Methods
2.1. Materials

The sunflower and rapeseed oils used in this study were of the cultivars Velox and
Sidney, respectively. The extraction was performed on an industrial scale by a local
producer in the Czech Republic. The oil yield, prepared by screw press and filtered through
a non-woven filter, was 30%.

Organic-quality seeds (chia and sesame) and oils (chia and sesame cold-pressed oils)
purchased from the local market were added to cold-pressed sunflower and rapeseed oils
at 1% and 5% concentrations. The seeds were crushed in a mortar immediately before
mixing with the oils. The samples prepared for the experiment are shown in Table 1.

Table 1. Analyzed samples of fortified oil mixtures.

Sample Mixture

S Sunflower oil (Velox)
R Rapeseed oil (Sidney)

Sss1 Sunflower oil + 1% sesame seeds
Sss5 Sunflower oil + 5% sesame seeds
Rss1 Rapeseed seed oil + 1% sesame seeds
Rss5 Rapeseed seed oil + 5% sesame seeds
Schs1 Sunflower oil + 1% chia seeds
Schs5 Sunflower oil + 5% chia seeds
Rchs1 Rapeseed oil + 1% chia seeds
Rchs5 Rapeseed oil + 5% chia seeds
Sso1 Sunflower oil + 1% sesame oil
Sso5 Sunflower oil + 5% sesame oil
Rso1 Rapeseed oil + 1% sesame oil
Rso5 Rapeseed oil + 5% sesame oil
Scho1 Sunflower oil + 1% chia oil
Scho5 Sunflower oil + 5% chia oil
Rcho1 Rapeseed oil + 1% chia oil
Rcho5 Rapeseed oil + 5% chia oil
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2.2. Methods
2.2.1. Thermal Treatment of the Fortified Oils

The prepared samples underwent three cycles of repeated heating in a Unox Elena
convection oven (Unox, Cadoneghe, Italy,). Briefly, 100 mL of each sample was heated in a
glass vessel with a total volume of 1000 mL. Each thermal treatment took 10 min at 220 ◦C
and was followed by 20 min of cooling.

2.2.2. Sensory Analyses of the Fortified Oils

Sensory analyses were performed at the Department of Plant Origin Foodstuffs Hy-
giene and Technology, Faculty of Veterinary Hygiene and Ecology, University of Veterinary
and Pharmaceutical Sciences Brno, the Czech Republic. Both quantitative descriptive
analysis and hedonic testing were performed on fortified cold-pressed rapeseed and sun-
flower oils prior to and after the thermal treatment. The aim of the sensory analysis was to
determine whether the trained panelists or the recruited assessors were able to perceive any
statistically significant differences between the control samples prior to thermal treatment
and the samples of fortified oils after individual, model thermal treatments. Simultaneously,
we wanted to describe the acceptability or pleasantness of the thermally treated samples as
perceived by recruited assessors representing consumers.

Quantitative Descriptive Analysis

Quantitative descriptive analysis of the fortified oil samples was performed by the
trained panel consisting of academic staff and the students of the Department of Plant
Origin Food Sciences. All the panelists had previous experience with sensory analysis
of various food commodities and familiarity with cold-pressed oils. The average age
of eight panelists (six women and two men) was 30.5 years. A session aimed at panel
discussion on the most cited descriptors of cold-pressed rapeseed and sunflower oils [5,20]
was performed in order to select those that best characterize the product and to eliminate
those that were not perceived by most panelists. After the discussion and selection of
the descriptors, a training session of the selected oil descriptors’ intensity scale method
preceded the quantitative descriptive analysis of oil samples. During the training session,
reference samples were provided to each panelist to form a sensory memory.

Selected attributes are listed in Table 2. All attributes were quantified using a 9-point
category ordinal scale with described extreme from 1 (no perception) to 9 (the highest
intensity).

Table 2. Attributes for quantitative descriptive analysis of fortified cold-pressed rapeseed and
sunflower oils and their definitions.

Attribute Definition

Appearance
Yellow color Intensity of yellow color
Aroma/odor

Original aroma Intensity of natural aroma associated with rapeseed or
sunflower oil depending on the assessed matrices

Oxidized odor Intensity of odor associated with oxidized oil
Burnt odor Intensity of odor associated with burnt oil

Flavor

Original flavor Intensity of natural flavor associated with rapeseed or
sunflower oil depending on the assessed matrices

Oxidized flavor Intensity of flavor associated with oxidized oil
Burnt flavor Intensity of flavor associated with burnt oil

Before each session, the panel was calibrated with respect to the intensities of the
perceived sensory attributes by evaluating the same standard reference samples—cold-
pressed rapeseed and sunflower oil without any addition or heating. Moreover, samples
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of oxidized and burnt oils were available for attuning the sensory perception criteria of
panelists. Samples were presented in a simultaneous presentation scheme [21], served in
clear plastic cups of 20 mL volume identified by three-digit numerical codes and assessed
at 28 ± 2 ◦C. In all, seven oil samples were served per session, and panelists attended one
session per day. Clean still water and white bread were provided as a neutralizer.

Hedonic Analysis

Trained panelists (n = 22; aged from 21 to 48 years old, 18 women and 4 men) consisting
of 22 students and employees of the Faculty of Veterinary Hygiene and Ecology were
recruited for the hedonic analysis. Pleasantness of appearance, aroma, flavor and overall
pleasantness were evaluated using the 9-point category ordinal hedonic scale (1 = dislike
extremely, 5 = neither like nor dislike, 9 = like extremely).

The hedonic analysis was performed in a complete block in 10 sessions (7 samples
per each session). The oils were presented simultaneously in clear plastic cups of 20 mL
volume identified by three-digit numerical codes.

2.2.3. Chemical Analyses of the Fortified Oils

The following analyses were performed on experimentally produced samples:
The peroxide value was determined according to ISO 3960:2017 [22]. Briefly, 5 g of

oil was weighed and mixed with 30 mL of chloroform and glacial acetic acid (ratio 2:3).
The mixture was shaken for 1 min, then the 30 mL of distilled water and 5 mL of starch
solution were added. After this, the samples were titrated with 0.01 M Na2S2O3. In the
blank sample, water was added instead of oil. The peroxide value was calculated using the
following formula:

PV (milliequivalents of active oxygen/kg oil; mekv. O2/kg) = 10 × (VNa2S2O3) − Vblank)/W (1)

where VNa2S2O3—volume of Na2S2O3 used for the titration of the sample (mL), Vblank—
volume of Na2S2O3 used for the titration of the blank sample (mL), W—amount of the
sample (g).

Free fatty acids (FFAs) were determined according to ISO 660:2009 [23]. Briefly, 5 g of
oil was mixed with 50 mL of diethylether, 1 mL of phenolphthalein solution was added,
and the sample was titrated with 0.1 M KOH. The free fatty acid value was calculated using
the following formula:

FFA = (56.11 × V × c/m) × 10 (2)

where V—amount of the used KOH (mL), c—concentration of the KOH (0.1M), m—amount
of the sample (g).

Chlorophyll and carotenoid content was analyzed according to Kraljic et al. [24] using
the spectrophotometric method. The absorbance was measured at 670, 630, 710 and 445 nm.
The following formulas were used:

chlorophyll content (mg/kg) = 34.53 [A670 − 0.5 (A630 + A710)] (3)

carotenoid content (mg/kg) = [383 × A445]/10* (4)

*10: cuvette width in mm.

2.2.4. Statistical Analysis

The experimental design in the sensory analyses was a complete block design. Statisti-
cal analyses of sensory data were performed using the SensoMineR package for R software
(The R Foundation for Statistical Computing, Austria). Principal component analysis (PCA)
was selected for sensory data evaluation as well as for complex data evaluation from both
chemical and sensory analyses. For processing the results of chemical analyses, statistical
significance at p < 0.05 was evaluated by one-way ANOVA (analysis of variance) and
parametric Tukey post hoc test (in the case when Levene’s test showed equal variances
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p > 0.05) and nonparametric Games–Howell post hoc test (in the case when Levene’s test
showed unequal variances p < 0.05) for finding differences within groups.

3. Results and Discussion
3.1. Sensory Quality of the Fortified Oils
3.1.1. Quantitative Descriptive Analysis

The results of the quantitative descriptive analysis of fortified cold-pressed rapeseed
and sunflower oils prior to and after individual thermal treatments are shown in Figure 1.
The position of the ellipses representing groups of fortified oils indicates that panelists were
able to perceive many statistically significant (p < 0.05) differences between oil groups after
individual thermal treatments. However, based on the results of sensory analysis, it was
not possible to determine a clear trend comparing the effect of chia and sesame addition
in the form of seeds and oils since the panelists were not able to perceive statistically
significant (p < 0.05) differences in sensory descriptors for 1% and 5% addition.

Figure 1. The results of PCA of the quantitative descriptive analysis of fortified oils before and after
heat treatments: (a) Confidence ellipses for the mean points (RO_C, rapeseed oil control; RO_HT1,
rapeseed oil samples after 1st heat treatment; RO_HT2, rapeseed oil samples after 2nd heat treatment;
RO_HT3, rapeseed oil samples after 3rd heat treatment; SO_C, sunflower oil control; SO_HT1,
sunflower oil after 1st heat treatment; SO_HT2, sunflower oil after 2nd heat treatment; SO_HT3,
sunflower oil after 3rd heat treatment). (b) Variables factor map.

In the case of rapeseed oils, the original flavor intensity decreased significantly
(p < 0.05) after the second thermal treatment as did the original aroma intensity. The
study focused on changes in the volatile profile of vegetable oils during short-term deep-
frying showed that the content of terpenes responsible for cold-pressed oil aroma decreased
considerably, from 17.4% in the unheated to 3.02% in oils after 20 min of deep-frying at
180 ◦C [23]. Oxidized odor intensity, as a negatively evaluated descriptor, was already
slightly increased after the first thermal treatment. The other negatively evaluated descrip-
tor, burnt odor, increased significantly (p < 0.05) only after the third thermal treatment.
Oxidized flavor was significantly (p < 0.05) more intense after the second thermal treatment,
and burnt flavor increased significantly only after the third thermal treatment. Similarly,
Multari et al. [25] found that aldehydes, as oxidation products developed during deep-
frying, increased from 15.9% in unheated oil to 52.7% after 20 min of deep-frying at 180 ◦C.

As shown in Table 3, there was no statistically significant (p > 0.05) difference between
the control group of fortified rapeseed oil samples without any thermal treatment and the
group of fortified rapeseed oil samples that were subjected to the first thermal treatment,
but there was statistically significant (p < 0.05) difference between the control group and
the group of fortified rapeseed oil samples after the second thermal treatment. There
was no perceived shift in yellow color intensity in any of the groups of both fortified
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rapeseed and sunflower oils prior to and in between the individual thermal treatments.
Color change is used as an indicator for rapid monitoring of frying oil quality by the
food industry, and it occurs as a consequence of several processes: (a) the development
of pigments during oxidation of phenolic antioxidants, (b) oxidation and polymerization
of unsaturated fatty acids and (c) the increase of linolenic fatty acids. The darkening
of color is a useful phenomenon since it can prevent the use of oil that has undergone
excessive deterioration [26]. Our fortified oil samples showed no visible color changes
after all three experimental thermal treatments, pointing out that no extensive detrimental
chemical changes in oil nutritional quality occurred during the experiment. Similarly, there
was no significant (p > 0.05) increase in instrumentally measured lightness (L value) in
coconut–sesame oil blends during frying, although some blends showed decreased red
color, which may be attributed to the loss of natural antioxidants [27].

Table 3. Matrix with the p-values of the Hotelling’s T2 tests for each pair of fortified oil groups
(quantitative descriptive analysis).

RO_C RO_HT1 RO_HT2 RO_HT3 SO_C SO_HT1 SO_HT2 SO_HT3
RO_C 1.00 0.09 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

RO_HT1 0.09 1.00 0.17 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01
RO_HT2 p < 0.01 0.17 1.00 0.26 p < 0.01 p < 0.01 p < 0.01 p < 0.01
RO_HT3 p < 0.01 p < 0.01 0.26 1.00 p < 0.01 p < 0.01 p < 0.01 p < 0.01

SO_C p < 0.01 p < 0.01 p < 0.01 p < 0.01 1.00 0.70 0.16 p < 0.01
SO_HT1 p < 0.01 p < 0.01 p < 0.01 p < 0.01 0.70 1.00 0.35 p < 0.05
SO_HT2 p < 0.01 p < 0.01 p < 0.01 p < 0.01 0.16 0.35 1.00 p < 0.05
SO_HT3 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.05 p < 0.05 1.00

Statistically significant differences between the groups are emphasized in green. RO_C, rapeseed oil control;
RO_HT1, rapeseed oil samples after 1st heat treatment; RO_HT2, rapeseed oil samples after 2nd heat treatment;
RO_HT3, rapeseed oil samples after 3rd heat treatment; SO_C, sunflower oil control; SO_HT1, sunflower oil
after 1st heat treatment; SO_HT2, sunflower oil after 2nd heat treatment; SO_HT3, sunflower oil after 3rd heat
treatment.

In the case of sunflower oils, the original flavor intensity did not change during the
experimental thermal treatments, only the original aroma intensity decreased slightly after
the third thermal treatment. This could be due to the fact that unheated, cold-pressed
sunflower oil is originally high in terpenes, although most of them were lost upon deep-
frying [25].

When speaking about negatively evaluated descriptors, neither oxidized odor nor
burnt odor intensity increased significantly (p < 0.05) during the thermal treatments. Only
oxidized flavor was significantly (p < 0.05) more intense after the third thermal treatment.
Similarly, a study focused on the sensory parameters of coconut oil blends with sesame
oil during frying showed that oxidized odor was not perceived in any of the blends
during frying [27]. As shown in Table 3, there was no statistically significant (p > 0.05)
difference between the control group of fortified sunflower oil samples without any thermal
treatment and the group of fortified sunflower oil samples that were subjected to the first
and the second thermal treatments. Only the group of fortified sunflower oil samples
after the third thermal treatment was significantly different from all the other groups of
sunflower oil samples. This is interesting, because cold-pressed sunflower oil without any
fortification generally exhibits a very low oxidation stability index and has low resistance
to oxidative-induced degradation [28]. Despite this fact, sunflower oil showed lower levels
of unpleasant off-flavors. It showed the lowest levels of unpleasant off-flavors among
six different unfortified vegetable oils including rapeseed oil [29]. These findings are in
accordance with our results.

Sensory Analysis as a Separation Method

Separation methods are usually physico-chemical methods consisting of separation of
the individual components of a mixture in order to obtain pure components. Their main
goal is to answer questions about what substances are in the sample, i.e., its qualitative
composition, or, on a deeper level, what is the amount of these substances in the sample,
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i.e., quantitative composition. Sensory analysis has been defined as a scientific method
used to evoke, measure, analyze and interpret responses to products as perceived through
human senses. It attempts to isolate the sensory properties of foods themselves and allows
to distinguish different products [30]. The field of sensory evaluation is growing rapidly
and by means of sensory analysis, it is possible to detect groups of various substances in
analyzed products, which was previously performed mostly by means of gas chromatog-
raphy. This is possible especially thanks to the expert panelists and elaborated protocols
involving training sessions and reference materials. There are many efforts to increase the
reliability and accuracy of sensory analyses in the research of edible oils to detect oxidized
odor. One example of such effort is the formulation of artificial olfactory reference materials
for virgin olive oil sensory evaluation [31]. Individual volatiles responsible for oxidized
odor can be detected by gas chromatography, the mixture of volatiles contributing to the
oxidized odor can also be detected by means of sensory analysis allowing separation of the
rancid samples from those that are still sensorially acceptable. Moreover, Wiking et al. [32]
proved high correlation between sensorially determined oxidized flavor and free fatty acids
determined by chemical analyses and gas chromatography–mass spectrometry among
others. They concluded that, today, many analytical techniques, including sensory analysis,
are available for quantifying free fatty acids, giving important information regarding the
rancid off-flavor.

3.1.2. Hedonic Analysis

The results of hedonic analysis of fortified cold-pressed rapeseed and sunflower oils
prior to and after individual thermal treatments are shown in Figure 2.

Figure 2. The results of PCA of hedonic analysis of oils before and after heat treatments: (a) Confi-
dence ellipses for the mean points (RO_C, rapeseed oil control; RO_HT1, rapeseed oil samples after
1st heat treatment; RO_HT2, rapeseed oil samples after 2nd heat treatment; RO_HT3, rapeseed oil
samples after 3rd heat treatment; SO_C, sunflower oil control; SO_HT1, sunflower oil after 1st heat
treatment; SO_HT2, sunflower oil after 2nd heat treatment; SO_HT3, sunflower oil after 3rd heat
treatment). (b) Variables factor map.

Some of the samples characterized by the same treatment formed distinct clusters
showing that the assessors were able to differentiate between individual thermal treatments
from the viewpoint of pleasantness. The position of the ellipses representing groups of
fortified oils indicates that many statistically significant (p < 0.05) differences between the
groups of oils after individual thermal treatments were perceived. Data on the sensory
quality of various oils after thermal treatment conducted during cooking are scarce. One
example of such a study is the experiment focused on the evaluation of flavor, taste, color
and viscosity of deep-fried soybean oils in order to determine the oil disposal point [33].
In accordance with our results, the above-mentioned study showed that it is possible to
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apply sensory analysis to frying oil quality and that the sensory method could be sensitive
to small differences in rancidity. Pleasantness of appearance did not change either in the
case of fortified rapeseed or in sunflower oil samples during the thermal treatments. The
obtained results of other studies also indicated that longer thermal treatment is necessary
for the color changes to appear—either as discoloration or darkening [34,35]. Nevertheless,
the appearance of rapeseed oil samples was considered as slightly more attractive by
assessors as it reached the value 7 (median) throughout the whole experiment, whereas the
median of sunflower oil samples was stable at value 6.

In the case of rapeseed oils, aroma pleasantness decreased significantly (p < 0.05) and
gradually after each thermal treatment. The same trends were noticed in flavor pleasantness
and overall pleasantness. However, the overall pleasantness of rapeseed oil samples was
still acceptable until the third thermal treatment as the median of the data obtained for
this descriptor was 6 on the 9-point scale (1 = dislike extremely, 5 = neither like nor dislike,
9 = like extremely). It should be emphasized that sensory qualities are often more important
for the majority of consumers than nutritional value [36]. As shown in Table 4, assessors
perceived statistically significant (p < 0.05) differences between all fortified rapeseed oil
groups except between the samples after the second and the third thermal treatment.

Table 4. Matrix with the p-values of the Hotelling’s T2 tests for each pair of fortified oil groups
(hedonic analysis).

RO_C RO_HT1 RO_HT2 RO_HT3 SO_C SO_HT1 SO_HT2 SO_HT3
RO_C 1.00 p < 0.05 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

RO_HT1 p < 0.05 1.00 p < 0.05 p < 0.01 0.32 p < 0.05 p < 0.01 p < 0.01
RO_HT2 p < 0.01 p < 0.05 1.00 0.10 p < 0.01 p < 0.01 p < 0.05 p < 0.01
RO_HT3 p < 0.01 p < 0.01 0.10 1.00 p < 0.01 p < 0.01 p < 0.01 p < 0.01

SO_C p < 0.01 0.32 p < 0.01 p < 0.01 1.00 0.30 p < 0.01 p < 0.01
SO_HT1 p < 0.01 p < 0.05 p < 0.01 p < 0.01 0.30 1.00 p < 0.01 p < 0.01
SO_HT2 p < 0.01 p < 0.01 p < 0.05 p < 0.01 p < 0.01 p < 0.01 1.00 0.76
SO_HT3 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 0.76 1.00

Statistically significant differences between the groups are emphasized in green. RO_C, rapeseed oil control;
RO_HT1, rapeseed oil samples after 1st heat treatment; RO_HT2, rapeseed oil samples after 2nd heat treatment;
RO_HT3, rapeseed oil samples after 3rd heat treatment; SO_C, sunflower oil control; SO_HT1, sunflower oil
after 1st heat treatment; SO_HT2, sunflower oil after 2nd heat treatment; SO_HT3, sunflower oil after 3rd heat
treatment.

In the case of sunflower oils, both descriptors (aroma pleasantness and flavor pleas-
antness) decreased significantly (p < 0.05) only after the second thermal treatment, and the
overall pleasantness followed the same trend. The overall pleasantness of sunflower oil
samples was perceived as acceptable until the second thermal treatment as the median
of the data obtained for this descriptor was 6 on the 9-point scale, and after the next
consecutive thermal treatment, it dropped to 5. The comparison of fortified rapeseed and
sunflower oil samples indicated that rapeseed oil’s sensory quality changed gradually
during the experimental thermal treatments, whereas sunflower oil was more stable in its
sensory quality. This is in accordance with the study performed by Xu et al. [29], which also
used sensory evaluation by a 9-point hedonic scale to compare the frying performance of
different vegetable oils. Their results showed that sunflower oil was quite stable in sensory
quality during the thermal treatment and reached the highest levels of taste acceptability
and overall quality among six unfortified vegetable oils, though it performed significantly
worse in free fatty acid content and total polar compounds.

As is clearly visible both from Figure 2 and Table 4, assessors perceived statistically
significant (p < 0.05) differences between the control group and the groups of fortified
sunflower oil samples after the second and the third thermal treatments and also between
the group of fortified sunflower oil samples after the first thermal treatment and the groups
of sunflower oils after the second and the third thermal treatments. The pleasantness of
flavor and aroma, but not the pleasantness of appearance, were highly correlated to the
overall pleasantness (p < 0.05) of fortified cold-pressed oils.



Separations 2021, 8, 55 9 of 14

3.2. Chemical Characterization of Experimentally Fortified Oils

The oxidation degree of oil samples (sunflower and rapeseed cold-pressed oil) with
and without the addition of seeds and oils is shown in Table 5.

Table 5. Oxidation degree of fortified oil samples after repeated cycles of heating.

Sample Without Heating
(mekv.O2/kg)

1st Heating
(mekv.O2/kg)

2nd Heating
(mekv.O2/kg)

3rd Heating
(mekv.O2/kg)

S 1.30 ± 0.20 a 27.14 ± 0.65 b 33.30 ± 0.19 b 37.78 ± 0.35 c

R 2.76 ± 0.20 a 13.54 ± 0.09 b 12.95 ± 0.02 b 14.77 ± 0.03 c

Sss1 9.78 ± 0.12 a 21.30 ± 0.58 b 24.47 ± 0.86 b 25.77 ± 1.96
Sss5 10.90 ± 0.03 a 15.46 ± 0.08 b 19.05 ± 0.15 c 23.54 ± 0.28 d

Rss1 5.90 ± 0.01 a 9.52 ± 0.32 a 10.12 ± 0.27 a 13.49 ± 0.14 b

Rss5 5.25 ± 0.06 a 10.53 ± 0.29 b 11.93 ± 0.28 b 11.38 ± 0.30 b

Schs1 11.00 ± 0.14 a 25.16 ± 0.30 b 27.21 ± 1.20 33.07 ± 0.03 c

Schs5 11.17 ± 0.42 a 25.96 ± 0.19 b 27.50 ± 0.38 b 32.96 ± 2.44
Rchs1 5.59 ± 0.00 a 10.97 ± 0.28 b 12.85 ± 0.10 b 14.88 ± 0.20 c

Rchs5 5.79 ± 0.15 a 10.29 ± 0.41 b 12.76 ± 0.24 bc 15.24 ± 0.42 c

Sso1 4.09 ± 0.00 a 25.17 ± 0.34 b 24.63 ± 1.09 bc 33.12 ± 0.11 c

Sso5 27.79 ± 0.01 22.63 ± 0.46 a 24.18 ± 0.69 29.52 ± 0.24 b

Rso1 3.45 ± 0.15a 11.00 ± 0.15 bc 12.34 ± 0.05 b 13.04 ± 0.02 c

Rso5 6.29 ± 0.14 a 12.20 ± 0.09 b 11.19 ± 0.68 13.45 ± 0.10 c

Scho1 24.77 ± 0.12 a 25.80 ± 0.11 b 27.33 ± 0.03 c 25.74 ± 0.07 a

Scho5 21.14 ± 0.43 a 24.21 ± 0.43 b 23.23 ± 0.11 22.04 ± 0.40
Rcho1 6.05 ± 0.09 a 10.90 ± 0.01 b 12.24 ± 0.57 13.52 ± 0.53
Rcho5 12.81 ± 0.13 a 8.35 ± 0.28 bc 8.15 ± 0.25 b 9.86 ± 0.18 c

Different letters (a, b, c, d) indicate statistically significant (p < 0.05) differences between unheated and heated
samples.

Oxidation degree was measured by the content of hydroperoxides (primary products
of oxidation). The gained results indicate the increase in oxidation processes after almost
each heating cycle. The highest increases (over 30 mekv.O2/kg) after three heating cycles
were measured in following samples: S (the second heating), Schs1 (the third heating)
and Sso1 (the third heating). It should be emphasized that many samples (S, Sss1, Schs1,
Schs5, Sso1, Sso5, Scho1, Scho5) even after the first heating cycle had a peroxide value over
20 mekv.O2/kg; the limit that is considered not suitable for human consumption since
peroxide values between 20 to 40 mekv.O2/kg indicate the rancid taste of edible oils [37].
Our results clearly showed that the oxidation degree of rapeseed cold-pressed oils (both
with and without fortification) was lower in comparison with that of sunflower oil samples.
This finding is unambiguously supported by the obtained results for chlorophyll and
carotenoid contents. It can be seen that cold-pressed rapeseed oils had higher chlorophyll
and carotenoid content (Tables 7 and 8). These findings are supported by the fact that the
oxidation degree of the oils is in negative correlation with their contents of β-carotene and
chlorophyll [38,39].

The hydrolytic stability of experimentally produced fortified cold-pressed oils is
shown in Table 6.

Statistically significant (p < 0.05) differences between heating cycles were obtained
only among the following samples: R, Rss1, Rch1 and Scho1. According to these results,
it can be stated that both sunflower and rapeseed cold-pressed oils showed relatively
constant hydrolytic stability since all samples (heated and not heated) had a free fatty
acid content under 4.0 mg KOH/g (the suggested limit for cold-pressed fats and oils) [40].
The increase of free fatty acids in oils occurs during storage (mainly not adequate storage:
light exposure and high temperature) and heating. The formed free fatty acids are mainly
changed to primary and secondary oxidation products [41–43].
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Table 6. Hydrolytic stability of fortified oil samples after repeated cycles of heating.

Sample
Without

Heating (mg
KOH/g)

1st Heating (mg
KOH/g)

2nd Heating
(mg KOH/g)

3rd Heating
(mg KOH/g)

S 0.43 ± 0.03 0.58 ± 0.04 0.61 ± 0.08 0.53 ± 0.04
R 1.42 ± 0.06 a 1.80 ± 0.12 2.03 ± 0.02 b 1.87 ± 0.12

Sss1 0.67 ± 0.00 a 0.80 ± 0.04 0.61 ± 0.00 b 0.67 ± 0.00 a

Sss5 0.84 ± 0.08 0.81 ± 0.04 0.83 ± 0.08 0.78 ± 0.00
Rss1 1.93 ± 0.04 1.86 ± 0.03 a 2.15 ± 0.03 b 1.98 ± 0.05
Rss5 2.19 ± 0.08 2.45 ± 0.01 2.02 ± 0.04 2.16 ± 0.08
Schs1 0.36 ± 0.04 0.50 ± 0.08 0.50 ± 0.08 0.47 ± 0.04
Schs5 0.50 ± 0.08 0.45 ± 0.00 0.45 ± 0.00 0.45 ± 0.08
Rchs1 1.68 ± 0.16 1.73 ± 0.08 1.78 ± 0.00 a 1.68 ± 0.01 b

Rchs5 1.68 ± 0.16 2.01 ± 0.01 1.78 ± 0.17 1.72 ± 0.08
Sso1 0.36 ± 0.04 0.45 ± 0.00 0.50 ± 0.08 0.50 ± 0.08
Sso5 0.42 ± 0.04 1.78 ± 0.06 1.73 ± 0.09 1.65 ± 0.12
Rso1 1.29 ± 0.08 1.73 ± 0.08 1.79 ± 0.08 1.68 ± 0.00
Rso5 1.68 ± 0.00 0.55 ± 0.00 0.58 ± 0.04 0.42 ± 0.04
Scho1 0.50 ± 0.00 a 0.45 ± 0.16 0.50 ± 0.08 0.39 ± 0.00 b

Scho5 0.50 ± 0.08 0.45 ± 0.00 0.64 ± 0.04 0.56 ± 0.15
Rcho1 1.71 ± 0.04 1.57 ± 0.16 1.61 ± 0.08 1.89 ± 0.22
Rcho5 1.71 ± 0.04 1.90 ± 0.09 1.74 ± 0.04 1.79 ± 0.01

Different letters (a, b) indicate statistically significant (p < 0.05) differences between unheated and heated samples.

It is known that chlorophylls under certain conditions, such as under sunlight, can act
as prooxidants and consequently increase the level of oxidation. This could be especially
noticeable in cold-pressed plant oils since these types of edible oils contain higher amounts
of chlorophyll [44]. Our results indicated significantly (p < 0.05) decreased chlorophyll
contents in almost all evaluated samples (Table 7).

Table 7. Chlorophyll content in fortified oil samples after repeated cycles of heating.

Sample Without Heating
(mg/kg)

1st Heating
(mg/kg)

2nd Heating
(mg/kg)

3rd Heating
(mg/kg)

S 2.53 ± 0.04 a 2.23 ± 0.01 b 2.08 ± 0.01 c 1.89 ± 0.01 d

R 47.00 ± 0.10 a 46.14 ± 0.03 b 44.89 ± 0.13 c 43.11 ± 0.11 d

Sss1 2.10 ± 0.01 2.11 ± 0.33 2.16 ± 0.04 1.86 ± 0.12
Sss5 2.06 ± 0.01 a 2.16 ± 0.05 a 2.10 ± 0.03 a 1.90 ± 0.06 b

Rss1 46.25 ± 0.02 a 45.73 ± 0.22 b 45.24 ± 0.16 c 44.13 ± 0.19 d

Rss5 45.60 ± 0.02 a 45.69 ± 0.32 a 44.87 ± 0.17 b 43.24 ± 0.21 c

Schs1 2.11 ± 0.01 a 2.28 ± 0.08 ab 2.03 ± 0.02 b 1.73 ± 0.00 c

Schs5 2.04 ± 0.02 a 2.18 ± 0.05 a 2.30 ± 0.17 1.84 ± 0.05 b

Rchs1 46.17 ± 0.01 a 45.68 ± 0.14 ab 45.08 ± 0.25 b 43.87 ± 0.08 c

Rchs5 45.78 ± 0.03 a 45.64 ± 0.12 a 44.49 ± 0.20 c 43.29 ± 0.23 b

Sso1 1.54 ± 0.02 a 2.29 ± 0.05 b 2.18 ± 0.03 bc 1.86 ± 0.13 ac

Sso5 2.62 ± 0.02 a 2.39 ± 0.01 c 2.29 ± 0.06 bc 2.20 ± 0.02 b

Rso1 42.16 ± 0.03 a 45.61 ± 0.34 b 44.64 ± 0.03 b 42.11 ± 0.02 a

Rso5 45.45 ± 0.19 a 43.66 ± 1.22 43.23 ± 0.02 b 40.86 ± 0.04 c

Scho1 2.36 ± 0.03 a 2.33 ± 0.00 a 2.09 ± 0.04 c 1.96 ± 0.07 b

Scho5 2.26 ± 0.02 a 2.19 ± 0.01 b 2.03 ± 0.01 c 1.88 ± 0.04 d

Rcho1 46.08 ± 0.04 a 45.16 ± 0.06 b 44.16 ± 0.09 c 42.81 ± 0.23 d

Rcho5 45.86 ± 0.03 a 43.44 ± 0.20 b 43.06 ± 0.18 b 42.10 ± 0.18 c

Different letters (a, b, c, d) indicate statistically significant (p < 0.05) differences between not heated and heated
samples.

The degradation of chlorophylls during heating cycles can be explained by the fact that
these compounds are sensitive to higher temperatures as they are to light exposure [45,46].
Chlorophylls occur in cold-pressed plant oils; they are removed in the refining process.
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The removal of chlorophylls is done due to the stabilization of refined oil and that is the
reason for the better stability of refined oils in comparison to that of cold-pressed edible
plant oils. The chlorophyll content in refined oils should be under 1 mg/kg due to the oil
stabilization during storage and processing [47]. Based on our results, it can be observed
that rapeseed oil is a significantly better source of chlorophyll than sunflower cold-pressed
oil (Table 7). This finding is supported by previous studies too [44,48].

Carotenoid content in experimentally produced fortified oil samples did not unam-
biguously degrade during heating cycles. Although, statistically significant differences
(p < 0.05) were observed, both decreased and increased carotenoid contents were measured
during the three heating cycles. However, a clear pattern was not visible (Table 8).

Table 8. Carotenoid content in oil samples after repeated cycles of heating.

Sample Without Heating
(mg/kg)

1st Heating
(mg/kg)

2nd Heating
(mg/kg)

3rd Heating
(mg/kg)

S 11.67 ± 0.35 a 12.41 ± 0.01 b 12.61 ± 0.06 bc 13.10 ± 0.06 c

R 88.75 ± 0.21 a 87.82 ± 0.18 b 89.24 ± 0.06 c 83.90 ± 0.05 d

Sss1 11.67 ± 0.07 a 15.73 ± 0.02 b 14.35 ± 0.02 c 15.75±0.03 b

Sss5 11.48 ± 0.01 a 15.73 ± 0.09 b 20.85 ± 0.07 c 14.01 ± 0.07 d

Rss1 88.44 ± 0.11 a 86.80 ± 0.11 b 85.24 ± 0.10 c 81.74 ± 0.12 d

Rss5 85.63 ± 0.09 a 94.87 ± 0.24 b 89.69 ± 0.40 c 91.85 ± 0.82 c

Schs1 11.16 ± 0.01 a 11.54 ± 0.11 ac 10.79 ± 0.01 b 11.79 ± 0.01 c

Schs5 11.38 ± 0.02 a 11.67 ± 0.06 b 13.36 ± 0.05 c 11.44 ± 0.11 a

Rchs1 87.52 ± 0.00 a 90.88 ± 0.35 b 84.78 ± 0.10 c 82.81 ± 0.04 d

Rchs5 87.92 ± 0.18 a 85.80 ± 0.09 b 83.53 ± 0.16 c 81.32 ± 0.18 d

Sso1 11.60 ± 0.06 a 10.87 ± 0.01 b 12.01 ± 0.05 c 11.45 ± 0.04 d

Sso5 10.93±0.01 a 12.75 ± 0.06 b 14.34 ± 0.02 c 14.75 ± 0.02 d

Rso1 106.72 ± 0.18 a 85.13 ± 0.10 b 83.55 ± 0.05 c 80.05 ± 0.11 d

Rso5 85.33 ± 0.20 a 82.76 ± 0.23 b 83.27 ± 0.04 c 75.84 ± 0.10 d

Scho1 11.42 ± 0.01 a 11.41 ± 0.01 a 10.91 ± 0.00 b 10.93 ± 0.03 b

Scho5 12.98 ± 0.04 a 12.46 ± 0.00 b 12.26 ± 0.04 c 14.23 ± 0.06 d

Rcho1 86.29 ± 0.11 a 84.67 ± 0.08 b 82.93 ± 0.04 c 81.36 ± 0.08 d

Rcho5 88.59 ± 0.06 a 84.78 ± 0.13 b 83.79 ± 0.09 c 80.31 ± 0.06 d

Different letters (a, b, c, d) indicate statistically significant (p < 0.05) differences between not heated and heated
samples.

Previous studies indicated mainly that temperatures over 180 ◦C affected visual
changes in rapeseed cold-pressed oils. The changes occurred usually due to the degradation
of chlorophylls and carotenoids [49]. The degradation of carotenoids can be increased in
the presence of hydroperoxides, since hydroperoxides affect carotenoid degradation to
hydroxyl- and epoxycarotenes [44]. The measured increase of carotenoid content in some
samples can be the result of the disruption of carotenoid–protein complexes. Carotenoid–
protein complexes could have persisted in cold-pressed oils before thermal treatment since
these oils were not stabilized through refining processes [50].

4. Conclusions

The research unambiguously showed that the thermal treatment of cold-pressed oils
fortified with chia and sesame seeds and oils can be detected by sensory analysis. The
sensory parameters that distinguished the most evaluated samples were oxidized flavor
and burnt flavor. Oxidized flavor was noticed mainly after the second thermal treatment,
whereas burnt flavor was apparent after the third thermal treatment. No visible changes of
color were noticed after three thermal treatments of the fortified cold-pressed oils. Until
the second thermal treatment, the overall pleasantness of all fortified cold-pressed oils was
still acceptable. Chemical analysis of experimentally produced fortified cold-pressed oils
did not show a clear pattern related to changes during thermal treatment cycles. However,
the most significant changes were observed in the peroxide value increase and chlorophyll
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content decrease during heating cycles. The study indicated that culinary use of such
products should be limited to only one thermal treatment since sensory and chemical
changes occur after repeated heating.
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