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Abstract: The effect of different cooking processes such as frying and roasting on the oxidative
stability of sunflower seeds was evaluated under accelerated oxidation and normal storage conditions.
The fatty acid composition by GC-MS showed a higher amount of linoleic acid in fried samples
due to the replacement of the seed moisture by the frying oil. On the other hand, roasted samples
presented a higher oleic acid content. DSC and TGA results showed some decrease in the thermal
stability of sunflower seed samples, whereas PV and AV showed the formation of primary and
secondary products, with increasing oxidation time. Roasted sunflower seeds showed seven main
volatile compounds characteristic of the roasting process by HS-SPME-GC-MS: 2-pentylfuran, 2,3-
dimethyl-pyrazine, methyl-pyrazine, 2-octanone, 2-ethyl-6-methylpyrazine, trimethyl-pyrazine, and
trans,cis-2,4-decadienal, whereas fried samples showed six volatile characteristic compounds of the
frying process: butanal, 2-methyl-butanal, 3-methyl-butanal, heptanal, 1-hexanol, and trans,trans-2,4-
decadienal. The generation of hydroperoxides, their degradation, and the formation of secondary
oxidation products were also investigated by ATR-FTIR analysis. The proposed methodologies in this
work could be suitable for monitoring the quality and shelf-life of commercial processed sunflower
seeds with storage time.

Keywords: sunflower seeds; frying; roasting; oxidative stability; HS-SPME-GC-MS; DSC; TGA;
ATR-FTIR

1. Introduction

The production of sunflower seeds in Europe has recorded an important increase from
20 M to 42 M tonnes between 2009 and 2019, representing 75.8% of the world production
followed by Asia (11%), the Americas (9%), and Africa (4%) [1]. Consumer preferences
for sunflower seeds vary among the different European countries, mostly salted, roasted,
and in-shell sunflower seeds for direct consumption [2]. Sunflower seeds are valuable and
nutritious foods with a high oil content (35–40%) and protein (18–21%), with excellent
potential to be used in the production of food formulation products and edible oils [3]. In
addition, their content in substantial amounts of unsaturated fatty acids (77–82%), such as
linoleic (59.0–67.5%) and oleic acids (14.0–18.1%) [4], render them susceptible to oxidative
degradation and rancidity, resulting in their sensorial and nutritional deterioration [5].
The extent of the changes produced in lipid components of seeds depends on several
properties such as the degree of unsaturation of fatty acids linked with the presence of
factors promoting oxidation, mainly high temperatures, the presence of metallic ions,
light, and oxygen [6]. Oxidation processes may occur during the storage of samples, with
rancidity beginning on the seed surface to where the oxidation promoter, oxygen, diffuses
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from the environment into the bulk of the seed. This process is very complex, occurring
via a free radical chain mechanism. In this process, a peroxyl radical acts, abstracting
hydrogen from an unsaturated fatty acid molecule with weak C-H bonds (H in α position
with respect to a double bond) [7].

In addition, heat treatments such as roasting and frying are necessary during nut
processing in order to improve their sensory quality, digestibility, and microbiological safety.
These cooking processes enhance nuts’ sensory and palatability characteristics such as
flavor, color, and texture. During the roasting process, samples are heated to temperatures
of 130–180 ◦C from 10 to 60 min [8,9], resulting in some physical and chemical changes of the
product, e.g., formation of furan compounds, dehydration, and non-enzymatic browning.
Thus, lipid stability can be affected in the roasted sample [10]. Furthermore, changes in fatty
acid composition in nuts such as walnut [11], hazelnut [12], and almond [13–15] can occur
during the roasting process. However, the effects of roasting temperatures on the fatty acid
profile and antioxidant activity of sunflower seeds have not been thoroughly investigated.

On the other hand, during the deep frying process, nuts and seeds are immersed in
different frying oils at 160–200 ◦C in the presence of air [16]. In this case, water vapor
is released from the food being fried, allowing a rapid heat transfer and dehydration of
the food in a time period ranging from seconds to several minutes. Thus, a significant
lipid exchange between food and the frying oil is expected from foods with high lipid
content such as nuts, which can lead to changes in fatty acid composition as reported in
the literature [17]. In typical industrial frying operations, the frying oil is continuously and
repeatedly used at high temperatures, being often regularly replenished with fresh oil [18].
Chemical reactions can result as a consequence of the presence of moisture from the food in
combination with continuous oxygen exposition and high temperatures. As a consequence,
degradation of the frying oil and also the food have been reported for sunflower [18] and
canola oils [19].

The oxidative stability of fat samples has been frequently evaluated by determining
the fatty acid composition using gas chromatography [20–22]. Chemical indicators used to
estimate primary and secondary oxidation products in foods include peroxide (PV) [10],
thiobarbituric acid (TBA), and p-anisidine (AV) [23]. Thermal techniques such as thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC) have been also
applied for the assessment of the oxidative deterioration of fatty foods, since the thermal
parameters obtained can be directly related to the chemical structure of the sample [24]. In
addition, thermal processing conditions may significantly modify the volatile profile of
nuts. For this purpose, head space-solid phase microextraction–gas chromatography-mass
spectrometry (HS-SPME-GC-MS) has been used as a rapid, sensitive economic technique
without the use of solvents for volatiles extraction from nuts [25,26]. Attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) has been also used in
order to monitor the main structural changes as a consequence of the oxidative treatment
in nuts [20].

Most of the previously reported studies on nuts have not considered the influence
of the cooking process (roasting and frying) under normal and accelerated oxidation
conditions. In addition, the volatile profile of roasted and fried sunflower seeds has
not been extensively reported to date. Thus, the aim of this study was to study the
effect of different cooking processes (roasting and frying) on the oxidative stability of
sunflower seeds. Thus, two different thermal treatments have been studied: normal storage
and accelerated oxidation conditions. The fatty acid composition (GC-MS) was studied
with primary and secondary oxidation products (PV and AV). Thermal parameters were
obtained by using the DSC and TGA techniques. Additionally, the volatile profiles were
determined by HS-SPME-GC-MS. Finally, lipids structural degradation was followed by
ATR-FTIR. The methodologies used in this work based on DSC, TGA, HS-SPME-GC-MS,
and ATR-FTIR techniques offer the advantage of performing a direct analysis of ground
seeds compared to the analysis of the extracted seed/nut oil as it is reported for almond
oil [26].
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2. Materials and Methods
2.1. Chemicals

Sodium methylate (0.5 mol L−1 methanolic solution, HPLC grade), sulphuric acid
(98%), acetic acid glacial (99.5%), sodium thiosulphate (0.1 mol L−1), starch solution, and
n-hexane (99%, GC grade) were obtained from Panreac (Barcelona, Spain). Standards
for GC analysis (99%) of methyl tridecanoate, oleic, linoleic, stearic, and palmitic acid
methyl esters, petroleum ether (≥95%), methanol (≥99.8%), potassium iodide, chloroform
(≥99.8%, for HPLC), acetic acid, hydrochloric acid, isooctane, potassium iodate, p-anisidine
reagent, internal standard 4-methyl-2-pentanone, and hexanal (98%) were acquired from
Sigma-Aldrich Inc. (St. Louis, MO, USA). All chemicals used were of analytical grade.

2.2. Materials

The commercially packaged sunflower seeds used in this study were obtained from a
local market in Alicante (Spain). Roasted unshelled sunflower seeds with salt and shelled
fried sunflower seeds with salt samples were analyzed. According to the package labeling,
sunflower seed oil was used as the frying medium for shelled fried sunflower seeds. All
samples were kept in a cool and dry place (storage temperature of 23 ± 1 ◦C and relative
humidity of 50%). Samples were immediately prepared before analysis in order to protect
them against oxidation. The shell of roasted sunflower seeds was removed by using a
hammer, and 10 ± 1 g of nut seeds were ground in a domestic electric grinder (Moulinex,
Barcelona, Spain). Then, the seed fragments were passed through a 1 mm sieve in order
to ensure the homogeneity of the samples. Finally, samples were stored in a desiccator
until analysis. Sunflower seed samples were directly analyzed by ATR-FTIR, HS-SPME-
GC-MS, DSC, and TGA. For fatty acid composition and PV and AV determinations, the
oil of samples was extracted by applying an analytical method previously developed [27].
Triplicates were carried out for all the analyses.

2.3. Oxidation Conditions

For accelerated oxidation conditions, sunflower seeds (1.0 ± 0.1 g) and extracted
sunflower oil (12.0 ± 0.1 g) samples were placed into 20 mL dark glass vials sealed with an
aluminium crimp cap provided with a polytetrafluoroethylene/silicone septum. In order
to accelerate the oxidation, sample vials were placed in an oven (Selecta, Barcelona, Spain)
at 100◦. Four points of oxidative stability of samples were evaluated: zero, three, five, and
10 days of heat treatment. All the analyses were performed in triplicate. Samples subjected
to normal storage conditions were kept protected from light into their commercial pack-
age made of polyethylene terephthalate/low density polyethylene at room temperature
(25 ± 3 ◦C) for four and 11 months. Triplicate were carried out for all the analyses.

2.4. Analysis of FAMEs

The fatty acid composition of extracted sunflower oils was determined by GC-MS.
FAMEs were prepared according to the American Oil Chemists’ Society method CE-2-66 [28],
previously reported [20]. The fatty acid profile was analyzed using an Agilent 6890N gas chro-
matograph coupled to a 5973N quadrupole mass spectrometer operating in electronic impact
(EI) ionization mode (70 eV). A BPX70 capillary column (30 m × 0.25 mm i.d. × 0.25 µm film
thickness; SGE Europe Ltd., UK) was used. The column temperature was programmed
from 120 to 245 ◦C (hold 15 min) at a heating rate of 3 ◦C min−1 using helium as carrier
gas at a flow rate of 1 mL min−1. Ion source and GC-MS transfer line temperatures were
kept at 250 and 280 ◦C, respectively. Injector temperature was fixed at 250 ◦C, and 1 µL
of extracts were injected in the split mode (1:75). Prior to calibration curve runs, two
different multistock solutions were mixed in n-hexane, consisting of 7000 mg Kg−1 of oleic
and linoleic standards and a 1500 mg Kg−1 solution of stearic and palmitic acid methyl
esters. Both were stored at −21 ◦C in amber glass vials. On each day of analysis, different
concentrations of standard solutions were serially diluted. Identification of FAMEs in
extracted sunflower oils was performed in full scan mode (m/z 30–550) by a combination
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of NIST mass spectral library and gas chromatographic retention times of standard com-
pounds (oleic, linoleic, stearic, and palmitic acid methyl esters). A 700 mg Kg−1 solution
of methyl tridecanoate was used as internal standard, as this fatty acid is not present in
sunflower seeds.

2.5. Determination of Peroxide and p-Anisidine Values

The PV of all samples was determined according to ISO 3960:2007 Standard [29]. The
secondary oxidation products formed were estimated by the determination of AV according
to the IUPAC method 2.504 (IUPAC, 1987) [30].

2.6. Thermal Analysis

Ground seed samples analyzed by DSC and TGA in inert atmosphere (nitrogen). TA
Instruments DSC Q2000 V23.12 Build 103 (New Castle, DE, USA) was used to carried out
the DSC tests. TGA/SDTA 851 Mettler Toledo (Schwarzenbach, Switzerland) thermobal-
ance was used to carried out the dynamic TGA tests; 3.0 ± 0.1 mg and 7.0 ± 0.1 mg of
nut samples were used for DSC and TGA, respectively. Details of the methods used are
reported elsewhere [31].

2.7. ATR–FTIR Analysis

The structural analysis of ground samples (2.00 ± 0.01 mg) was conducted using a
Bruker Analitik IFS 66 FTIR spectrometer (Ettlingen, Germany) equipped with an ATR
accessory (incident angle of 45◦). Absorbance mode was recorded from 4.000–600 cm−1,
using 64 scans and 4 cm−1 resolution. Correction against the background spectrum of air
was carried out. All analyses were performed in duplicate.

2.8. HS–SPME–GC–MS Analysis

Ground samples (1.00 ± 0.01 g) with 2 mL of NaCl 2 mol L−1, 40 mL of the internal
standard 4-methyl-2-pentanone (8 mg Kg−1), and a micro-stirring bar were placed in a
20 mL vial. SPME sampling and GC-MS determination were carried out as it is described
in our previous work [31].

Hexanal was quantified by HS-SPME-GC-MS using a standard calibration curve as
described elsewhere [32,33]. Stock (30 mg Kg−1) and working solutions were prepared
using distilled water as solvent. The SPME sampling and GC-MS procedures were carried
out as described before.

2.9. Statistical Analysis

SPSS software (Version 15.0, Chicago, IL, USA) was used to applied ANOVA to the
results followed by the Tukey’s test. Significance of differences was considered at the level
of p < 0.05.

3. Results and Discussion
3.1. Quantitative Analysis of FAMEs

The method used for FAMEs quantification was validated in terms of linearity, pre-
cision, detection (LOD), and quantification (LOQ) limits (Table 1). Linearity was esti-
mated at five calibration concentration levels, each injected in triplicate. The calibration
curves showed excellent linearity with R2 values above 0.993 and RSD values of peak
areas lower than 5%. LOD and LOQ values for FAMEs of sunflower seeds ranged from
0.03–0.29 mg Kg−1 (3 Sy/x/a) and 0.07–0.62 mg Kg−1 (10 Sy/x/a), respectively, calculated
by using regression parameters of the calibration graphs (where Sy/x is the standard
deviation of the residues and a is the slope).
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Table 1. Analytical figures of merit for fatty acids determination by GC-MS in sunflower seed samples.

Compound R2 Linear Range
(g Kg−1)

LOD
(mg Kg−1)

LOQ
(mg Kg−1)

Oleic acid (roasted seeds) 0.9928 3.00–7.00 0.29 0.50
Oleic acid (fried seeds) 0.9928 0.40–2.50 0.29 0.50

Linoleic acid 0.9979 2.50–5.50 0.19 0.62
Stearic acid 0.9995 0.10–1.00 0.07 0.17

Palmitic acid 0.9995 0.10–1.00 0.03 0.07

The concentrations (g fatty acid/100 g seed oil) of palmitic, stearic, oleic, and linoleic
acids as a function of storage time at 100 ◦C (zero, three, five, and 10 days) and room
temperature (four, eight, and 11 months) are shown in Table 2. After the accelerated
oxidation treatment at 100 ◦C, the major fatty acid found in roasted seed oils at day 0
was oleic acid (63.35 ± 0.16%) followed by linoleic acid (30.92 ± 0.25%). There were also
smaller amounts of palmitic (3.25 ± 0.06%) and stearic (2.38 ± 0.07%) acids. Similar results
were reported for sunflower seeds [34] with 5.00–6.10% of palmitic, 2.53–3.24% of stearic,
54.1–54.1% of oleic, and 32.3–41.0% of linoleic fatty acids. Additionally, other seeds such
as hemp, pumpkin, brown flaxseed, golden flaxseed, blue poppy seed, and white poppy
seed oils have shown similar fatty acid composition [35–37]. Regarding fried samples,
linoleic acid (77.40 ± 0.02%) was the highest fatty acid at the beginning of the storage
period followed by oleic (14.31 ± 0.02%), palmitic (4.56 ± 0.19%), and, finally, stearic
(3.73 ± 0.15%) acids. The higher value of linoleic content observed in fried sunflower
seed samples compared to the roasted ones was related to sunflower seed processing.
According to the package labeling, sunflower seed oil was used as the frying medium
for these samples, which contains oleic (35%) and linoleic (54%) major fatty acids in its
composition, as it has been reported [38]. In this sense, when the food is immersed in the
oil during the frying process, partial migration of oil frying is produced into the samples.
Additionally, some of the moisture of the food sample is replaced by the frying oil leading
to the formation of pores allowing oil penetration into the created voids [31]. In this sense,
changes in the composition of several nuts such as peanuts, almonds, cashew nuts, and
sunflower seeds as a consequence of frying were reported showing a significant loss of
moisture and oil gain, which were dependent on the structure of the samples [17]. This
effect was more evident if combined with a high surface-to-weight ratio of sunflower
seeds, showing an increase in their oil weight in relation to the moisture loss. A general
increase in fatty acids concentration was observed with storage time at 100 ◦C except for
linoleic acid content (Table 2), which decreased from 30.92 ± 0.25 to 25.46 ± 0.10 and
from 77.40 ± 0.02 to 65.01 ± 2.61 g fatty acid/100 g seed oil for roasted and fried samples,
respectively. This fact could be explained because the breakdown of polyunsaturated fatty
acids, which allows the increase of unsaturated and saturated ones. Similar results were
obtained for fatty acid composition of pumpkin seed and safflower oils after eight weeks
of storage at 40 ◦C [36]. Similarly, Anjum et al. found that the longer the microwave
roasting time (5, 10 and 15 min), the higher the percentage of oleic acid and the lower
the linoleic acid content in sunflower seeds [39]. The increase in oleic acid and parallel
decrease in linoleic acid contents observed with increasing oxidation time was attributed
to the reported higher rate of fatty acid oxidation with increasing the number of double
bonds. This fact is explained, since hydrogen attached to the carbon between two double
bonds can be removed easily [20,40].

On the other hand, significant changes in the fatty acid composition of sunflower
seeds were found with increasing oxidation time at room temperature (Table 2). In general,
saturated fatty acids and oleic acid increased while the amount of linoleic acid decreased.
Similar results were reported for the fatty acid composition of safflower oils after eight
weeks of storage at 20 ◦C [36]. The decrease in linolenic acid with time was related to an
increase in malondialdehyde content as oxidation proceeds, as previously reported [32].
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Table 2. Major fatty acid content of sunflower seeds (g fatty acid/100 g seed oil) as a function of
storage time for accelerated and room temperature oxidation conditions.

Fatty Acid Storage Treatment Storage Time Roasted Sample Fried Sample

Palmitic

100 ◦C 0 days 3.25 ± 0.06 a 4.56 ± 0.19 a

3 days 6.77 ± 0.23 b 4.66 ± 0.29 a

5 days 6.19 ± 0.50 b 4.64 ± 0.10 a

10 days 6.66 ± 0.75 b 5.99 ± 0.27 b

Room temperature 0 days 3.25 ± 0.06 a 4.56 ± 0.19 a

4 months 6.90 ± 0.10 c 5.95 ± 0.09 b

11 months 6.09 ± 0.02 b 8.47 ± 0.02 c

Stearic

100 ◦C 0 days 2.38 ± 0.07 a 3.73 ± 0.15 a

3 days 3.77 ± 0.57 b 4.33 ± 0.50 ab

5 days 3.08 ± 0.24 ab 4.91 ± 0.15 b

10 days 4.41 ± 0.21 c 6.34 ± 0.42 c

Room temperature 0 days 2.38 ± 0.07 a 3.73 ± 0.15 a

4 months 4.11 ± 0.02 b 4.70 ± 0.01 b

11 months 4.29 ± 0.04 c 6.58 ± 0.02 c

Oleic

100 ◦C 0 days 63.35 ± 0.16 a 14.31 ± 0.02 a

3 days 68.12 ± 0.07 c 16.35 ± 0.88 a

5 days 67.25 ± 0.12 b 19.06 ± 1.86 b

10 days 67.43 ± 0.03 b 22.36 ± 0.10 c

Room temperature 0 days 63.35 ± 0.16 a 14.31 ± 0.02 a

4 months 81.30 ± 0.20 b 17.50 ± 0.03 b

11 months 82.31 ± 0.50 b 22.70 ± 0.20 c

Linoleic

100 ◦C 0 days 30.92 ± 0.25 a 77.40 ± 0.02 a

3 days 26.16 ± 0.10 b 73.77 ± 1.40 a

5 days 25.37 ± 0.72 b 72.63 ± 2.22 a

10 days 25.46 ± 0.10 b 65.01 ± 2.61 b

Room temperature 0 days 30.92 ± 0.25 a 77.40 ± 0.02 a

4 months 7.72 ± 0.04 b 71.80 ± 0.10 b

11 months 7.31 ± 0.03 c 62.20 ± 0.20 c

Mean ± SD, n = 3. Different superscripts for each fatty acid within the same column and storage treatment
indicate statistically significant different values (p < 0.05).

3.2. Oxidative Indices: PV and AV

PV and AV values suggested that purchased samples were initially oxidized. Re-
garding PV, a similar behavior was observed for roasted and fried samples, presenting
a high initial PV value (47 ± 1 and 41 ± 1 meq O2 kg−1 sunflower seed oil, respectively,
Table 3), which may be explained by their high linoleic fatty acid content, being highly
susceptible to oxidation during processing conditions. These results are in accordance with
those reported in other studies for different vegetable oils, including almond and olive
oils [41,42]. Under accelerated conditions (100 ◦C), PV analysis was conducted only at day
0, as no change in color during the titration of samples, corresponding to the formation of
peroxides, was observed for three, five, and 10 days of oxidative treatment. Thus, it can be
assumed that sunflower seeds were highly oxidized at this point of the study, due to their
initial thermal processing. In this sense, the decomposition of hydroperoxides to secondary
compounds was so fast that their presence would not be expected in samples at three, five,
and 10 days of accelerated oxidative treatment. Similar results were reported for almonds
during roasting [23], showing that hydroperoxide formation exhibits an initial formation
followed by a degradation rates.
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Table 3. Changes in PV (meq O2 kg−1 seed oil) and AV (absorbance units at 350 nm g−1 seed oil)
values for roasted and fried sunflower seed oils as a function of oxidation time at 100 ◦C and storage
at room temperature.

Storage Treatment Time Roasted Fried

PV AV PV AV

100 ◦C 0 days 47 ± 1 7 ± 1 a 41 ± 1 8 ± 1 a

3 days nd 46 ± 4 b nd 60 ± 7 c

5 days nd 40 ± 8 b nd 41 ± 3 b

10 days nd 44 ± 4 b nd 53 ± 4 c

Room temperature 0 days 47 ± 1 a 7 ± 1 a 41± 1 a 8 ± 1 a

4 months 77 ± 1 c 11 ± 2 b 148 ± 3 b 14 ± 3 b

11 months 70 ± 2 b 17 ± 1 c 141 ± 3 b 17 ± 1 b

Mean ± SD (n = 3). nd: non detected color changes during tritation of samples. Different superscripts for each
fatty acid within the same column and storage treatment indicate statistically significant different values (p < 0.05).

Regarding changes in AV (Table 3), similar values were observed for fried and roasted
samples at day 0, detecting a rapid initial increase between day 0 and day 3 from 7 ± 1
to 46 ± 4 for roasted samples and from 8 ± 1 to 60 ± 7 for the fried samples, respectively.
After that, no statistical differences (p > 0.05) were observed for roasted samples between
five and 10 days; whereas AV of fried samples slightly decreased to 41 ± 3 at five days and,
finally, AV increased to 53 ± 4 at the end of the thermal treatment (10 days). In general,
AV tended to increase at 100 ◦C showing the formation of secondary oxidation products in
accordance with the obtained PV values. Similar results were obtained in previous works
with other nuts such as Spanish and American almond oils [27].

In order to effectively monitor the lipid oxidation process, the simultaneous detection
of primary and secondary lipid oxidation products is necessary. Different results were
observed for PV and AV values under accelerated oxidation treatment at 100 ◦C compared
to those obtained during storage at room temperature. PV values at room temperature
were determined at four and 11 months, expecting less oxidation of samples at room
temperature compared to that at 100 ◦C. Regarding roasted samples, an increase (p < 0.05)
in PV up to four months (77 ± 1 meq O2 kg−1 seed oil) and, finally, a decrease (p < 0.05) to
70 ± 2 meq O2 kg−1 seed oil after 11 months were obtained. As underlined by Poiana [43],
the measurement of primary oxidation products is difficult, because they show a transitory
nature. Then, PV increases only when the rate of peroxides formation exceeds that of its
destruction. Thus, it is expected that samples were highly oxidized after 11 months of
treatment, with a reduction in primary oxidation products, whereas the AV values obtained
were higher after 11 months compared to four months due to the formation of secondary
oxidations products. Regarding fried samples, an average increase (p < 0.05) from zero days
to four months was found followed by a steady state up to 11 months, the PV values being
higher for fried samples compared to the roasted ones. This behavior can be related to the
high content of linoleic acid present in the fried samples after processing. For AV values,
a similar behavior was observed for all the studied samples, indicating a simultaneous
formation of secondary oxidation compounds and hydroperoxides.

In the present work, all samples were protected from light. Then, it was considered
that the main route of sample degradation was the autoxidation. Despite the degradation
mechanism, temperature and oxygen concentration are the main external variables that
determine the rates of formation of lipid peroxy radicals and hydroperoxides. According
to a previous work [44], under normal degradation treatment with moderate temperature,
such as room temperature, the solubilization of oxygen is high. As a result, the oxidation
process is initiated, and lipid alkyl radicals are the most common species present and
hydroperoxides are the major products formed. However, when temperatures are high,
as in the accelerated treatment at 100 ◦C, the degradation is more complex, because two
reactions are involved simultaneously: oxidative and thermal reactions. In this case, the
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solubilization of oxygen decreases, which allows the increase of alkyl radicals concentration
and higher decomposition of hydroperoxides that allows the formation of new compounds.

3.3. Thermal Analysis

The effect of oxidative conditions on the thermal stability of fried and roasted sun-
flower samples was studied by DSC and TGA. The DSC curves obtained for roasted and
fried samples at zero days and 11 months of storage at room temperature (Figure 1) showed
an exothermic crystallization over a temperature range, which was related to the poly-
merization of different constituents of the samples. Additionally, samples showed an
endothermic melting thermal transition, which corresponds to the thermal decomposition
of the fatty acids. Fried samples did not show any exothermic transition at day 0, but a melt-
ing transition consisting of complex overlapped peaks. The DSC cooling curve observed
for fried sunflower seed samples was similar to the cooling thermal profile of sunflower
vegetable oil, as reported in a previous study [45]. These results are in accordance with
those obtained from the fatty acid composition by GC-MS in the present study, which
supported that the frying process changes the composition of the samples due to frying
oil penetration into the product, resulting in different structural and thermal properties
for fried sunflower seed samples. Four DSC parameters were determined: crystallization
temperature: Tc (◦C); melting temperature: Tm (◦C); crystallization enthalpy: ∆Hc (J g−1);
and melting enthalpy: ∆Hm (J g−1) (Table 4). In general, as oxidation time increased, the
peaks corresponding to crystallization and melting transitions totally disappeared for all
the studied samples.
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Table 4. DSC and TGA parameters (mean value (n= 3) ± SD) obtained for sunflower seeds during the oxidative stability
study at 100 ◦C and storage time at room temperature. Different superscripts for each sample within the same column and
treatment indicate statistically significant different values (p < 0.05). nd: non detected.

Sample Storage
Treatment

Oxidation
Time Tc (◦C) ∆Hc

(J g−1) Tm (◦C) ∆Hm
(J g−1) Tmax (◦C) Weight

Loss (%) *

Roasted
sunflower seed

100 ◦C 0 days −47 ± 8 17 ± 1 −10 ± 2 27 ± 2 414 ± 1 a 60 ± 3 a

3 days nd nd nd nd 407 ± 1 b 52 ± 3 b

5 days nd nd nd nd 404 ± 1 c 50 ± 4 b

10 days nd nd nd nd 403 ± 1 c 50 ± 3 b

Room
temperature 0 days −47 ± 8 a 17 ± 1 a −10 ± 2 a 27 ± 2 a 414 ± 1 a 60 ± 3 a

4 months −59 ± 1 b 9 ± 1 b −12 ± 1 a 23 ± 1 b 412 ± 1 a 56 ± 1 a

11 months nd nd nd nd 413 ± 1 a 52 ± 3 a

Fried
sunflower seed

100 ◦C 0 days nd nd −28 ± 1 34 ± 4 416 ± 1 a 53 ± 3 a

3 days nd nd nd nd 404 ± 2 b 53 ± 1 a

5 days nd nd nd nd 407 ± 1 b 53 ± 4 a

10 days nd nd nd nd 407 ± 1 b 53 ± 3 a

Room
temperature 0 days −47 ± 8 17 ± 1 −10 ± 2 a 27 ± 2 b 414 ± 1 a 60 ± 3 a

4 months nd nd −30 ± 1 b 33 ± 1 a 413 ± 2 a 52 ± 1 a

11 months nd nd −30 ± 2 b 19 ± 2 c 414 ± 1 a 55 ± 2 a

* Corresponding to the main degradation step.

Similar thermal degradation profiles for all samples at day 0 of the oxidative treatment
were obtained by TGA. Figure 2 shows the TGA curves obtained for roasted (Figure 2a)
and fried (Figure 2b) sunflower seeds at day 0 of the oxidative treatment, where a profile of
sample weight loss with temperature occurring at four different stages was obtained. An
initial step was observed between 30–140 ◦C as a result of the loss of volatile compounds
and water evaporation [46,47]. The two following overlapped thermal decomposition steps
(170–360 ◦C) were attributed to the thermooxidative degradation of the complex sample
matrix. Finally, the main degradation step, with maximum weight loss around 400 ◦C,
represents the rupture of covalent bonding and changes in the chemical structure [45].

In order to monitor the thermal stability of sunflower seed samples under different
oxidative treatments, two TGA parameters were determined: weight loss (%) and maxi-
mum degradation temperature, Tmax (◦C) (Table 4). As expected, roasted samples showed
a higher initial weight loss of 60% compared to the fried ones (53%) due to their initial
thermal processing. In principle, roasting always involves the dehydration with moisture
removal during processing and microstructure changes with a porosity increase, which
leads to the migration of storage oil from cell to cell within the food matrix. Thus, the
loss of moisture and microstructure porosity could be related to the loss of overall nut
weight [48]. In fried samples, no significant differences (p > 0.05) were observed in weight
loss (%) during the oxidative stability study at 100 ◦C, which could be attributed to the
deep frying process. In this sense, the moisture loss from the food is partially replaced
by oil absorbed from the frying medium by the food [49]. Regarding Tmax, similar values
were obtained at day 0 for roasted and fried samples. However, after 10 days of oxidative
treatment at 100 ◦C, significant differences in thermal stability were observed. In this
sense, roasted samples were less stable as Tmax decreased from 414 ± 1 to 403 ± 1 ◦C,
followed by the fried ones with a Tmax decrease from 416 ± 1 to 407 ± 1 ◦C. Some authors
suggested that transferred oil during the deep frying process may carry minor components,
such as bioactive compounds, from the oil used as frying medium that would expectedly
enhance the oxidative stability of the prepared food [49]. In particular, the sunflower seed
oil used as the frying medium in this study has been reported to show noticeable amounts
of tocopherols [50,51]. On the other hand, no significant differences (p > 0.05) in Tmax and
weight loss (%) values were obtained for samples during treatments.
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3.4. Effect of Oxidative Conditions on Volatiles Profile Composition
3.4.1. Volatiles Profile Determination at the Beginning of the Oxidative Treatment

Roasted and fried sunflower seeds showed significant differences regarding main volatile
compounds detected at the beginning of the oxidative treatment. A total of 25 volatile
common compounds were identified for roasted and fried sunflower seed samples at day
0 (Table 5). However, roasted sunflower seeds showed seven additional compounds that
are characteristic of the roasting process (Figure 3a), such as 2-pentylfuran, 2,3-dimethyl-
pyrazine, methyl-pyrazine, 2-octanone, 2-ethyl-6-methylpyrazine, trimethyl-pyrazine, and
trans,cis-2,4-decadienal. Regarding fried samples, they showed five additional compounds
being characteristic of the deep frying process (Figure 3b): butanal, 3-methyl-butanal,
heptanal, 1-hexanol, and trans,trans-2,4-decadienal. In general, the volatile profile of
the analyzed sunflower samples showed a large variety of terpenic compounds that are
characteristic constituents of the volatile fraction of the sunflower seed oil [31].
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Table 5. Volatile compounds (µg·Kg−1) identified in roasted and fried sunflower seeds under accelerated oxidative treatment at 100 ◦C (mean ± SD, n = 3).

Oxidative Treatment (Days)

0 3 5 10

Volatile Compound tR (min) Qf Roasted Fried Roasted Fried Roasted Fried Roasted Fried

2-methyl-propanal 2.179 91 nd nd 466.5 ± 58.7 a nd 133.7 ± 8.5 b 787.9 ± 46.1 nd nd
Butanal 2.857 91 nd 36.5 ± 2.9 a nd nd 432.1 ± 32.0 a 457.4 ± 82.2 b 304.7 ± 22.9 b 211.5 ± 62.6 c

2-Butanone 3.179 91 nd nd 608.9 ± 65.5 a nd 450.7 ± 38.2 b nd 158.9 ± 20.4 c nd
2-methyl-butanal 3.326 91 524.5 ± 64.7 a 164.5 ± 2.9 a 617.2 ± 39.5 a 3395.9 ± 748.9 b 330.1 ± 44.4 b 1117.4 ± 66.1 c nd 85.5 ± 9.6 d

3-methyl-butanal 3.319 95 nd 157.3 ± 11.1 a nd 1203.6 ± 201.6 b 85.6 ± 7.2 256.0 ± 13.6 c nd nd
1-chloro-pentane 3.847 91 nd nd nd 1664.4 ± 225.1 a nd 549.0 ± 77.4 b nd 114.3 ± 4.4 c

Pentanal 4.654 91 1112.4 ± 132.2 a 491.1 ± 35.4 a 3650.8 ± 205.5 b 2920.7 ± 416.8 b 5021.1 ± 537.7 c 6366.5 ± 416.9 c 2846.5 ± 193.4 d 2280.6 ± 571.3 b

alpha-pinene 5.498 96 868.6 ± 18.8 a 383.6 ± 50.9 a 656.35 ± 50.3 b nd 334.3 ± 45.0 c 902.2 ± 141.3 b 152.8 ± 22.2 d 258.5 ± 60.4 a

Toluene 6.229 90 117.9 ± 25.9 a 91.1 ± 4.5 a 123.8 ± 24.2 b nd 143.6 ± 19.2 b 203.0 ± 21.8 b nd nd
Camphene 6.710 97 77.8 ± 13.2 a 20.3 ± 0.8 a 80.2 ± 5.8 a nd 83.1 ± 9.8 a 90.3 ± 10.8 b nd nd

Methyl-disulfide 7.189 96 nd nd nd 291.0 ± 40.0 a 192.4 ± 9.2 218.1 ± 49.8 a nd nd
Hexanal 7.490 95 5750.0 ± 25.0 a 5383.1 ± 180.9 a 4123.0 ± 216.2 b 3766.7 ± 281.0 b 4866.7 ± 325.3 b 5600.0 ± 114.6 a 5616.7 ± 350.2 a 5658.3 ± 87.8 a

beta-Pinene 7.793 92 170.1 ± 26.6 137.2 ± 20.9 nd nd nd nd nd nd
Sabinene 8.268 95 162.0 ± 35.7 57.7 ± 5.9 nd nd nd nd nd nd

2-n-butyl-furan 8.957 90 nd nd nd nd 630.6 ± 152.2 a 758.9 ± 107.5 a 213.3 ± 57.0 b 248.0 ± 30.9 b

2-Heptanone 11.129 92 432.2 ± 53.1 a 57.6 ± 5.9 a 2631.9 ± 602.1 b 3244.4 ± 754.4 b 4349.5 ± 921.2 c 5009.5 ± 907.0 c 2921.7 ± 487.2 b 1925.4 ± 99.6 d

Heptanal 11.206 97 nd 111.6 ± 9.3 a nd 3965.8 ± 299.9 b 1974.0 ± 332.7 3502.5 ± 470.5 b nd nd
Trans-2-hexenal 11.634 97 231.7 ± 22.5 a 90.3 ± 1.7 a 5657.3 ± 421.1 b nd 484.1 ± 84.1 c 2053.7 ± 289.9 b 400.0 ± 41.5 c 616.8 ± 19.6 c

2-Pentylfuran 13.048 94 153.6 ± 19.9 a nd 464.2 ± 63.4 b 25381.0 ± 812.6 a 10365.5 ± 456.4 c 23995.3 ± 30.3 b 7574.4 ± 522.6 d 12638.0 ± 511.3
1-Pentanol 14.107 90 835.8 ± 121.8 a 423.4 ± 13.1 a 604.5 ± 65.1 b 5985.3 ± 761.4 b 6361.8 ± 1055.0 c 6988.7 ± 152.9 c 2243.2 ± 251.3 d 1268.8 ± 367.8 d

Methyl-pyrazine 14.598 91 383.0 ± 47.4 a nd 9728.2 ± 932.3 b 2152.4 ± 151.6 a 1032.1 ± 103.6 c 1603.7 ± 152.9 b 727.0 ± 99.7 d 308.9 ± 37.2 c

2-Octanone 15.385 91 27.2 ± 7.6 a nd 1021.6 ± 154.8 b 691.8 ± 152.7 a 1226.1 ± 162.6 b nd 476.7 ± 45.0 c 342.2 ± 57.8 b

Octanal 15.547 94 123.4 ± 38.3 a 33.5 ± 2.8 a 897.6 ± 44.0 b 3017.6 ± 970.7 b 1222.8 ± 121.6 c 1749.3 ± 98.6 c 506.0 ± 63.3 d 422.6 ± 57.6 d

2,5-Dimethylpyrazine 16.895 91 1486.5 ± 56.1 a 87.1 ± 6.6 a 623.9 ± 53.9 b 1654.6 ± 317.4 b 1819.1 ± 88.7 c 1274.6 ± 44.9 b 670.4 ± 57.5 b nd
trans-2-Heptenal 17.045 93 1155.3 ± 285.9 a 554.7 ± 8.1 a 1975.0 ± 155.1 b 498.0 ± 70.2 b 4106.6 ± 609.3 c 955.9 ± 122.0 c 2322.1 ± 215.0 b 3308.8 ± 192.1 d

1-Hexanol 17.499 91 nd 207.5 ± 2.7 nd nd nd nd nd nd
2,3-dimethyl-pyrazine 17.914 90 93.1 ± 11.3 a nd 100.3 ± 15.7 a 221.1 ± 88.9 124.5 ± 22.4 a nd nd nd

Dimethyl-trisulfide 19.283 92 nd nd nd 388.0 ± 60.1 nd nd nd nd
2-ethyl-6-methylpyrazine 19.572 91 178.8 ± 26.9 a nd 2890.0 ± 917.5 b 1379.1 ± 195.5 a 505.3 ± 86.5 c 971.9 ± 69.7 b 420.1 ± 82.8 c 224.6 ± 48.3 c

2-Ethyl-5-methylpyrazine 19.806 93 492.3 ± 70.7 a 31.4 ± 3.7 a 532.9 ± 90.5 a 1231.6 ± 238.8 b 1057.6 ± 193.5 b 1006.8 ± 71.9 b 473.5 ± 88.1 a nd
Nonanal 20.018 91 212.9 ± 86.5 a 93.4 ± 8.8 a 1079.4 ± 79.8 b 7549.2 ± 570.1 b 1296.8 ± 163.5 b 1792.8 ± 119.1 c 609.6 ± 67.0 c 709.0 ± 88.9 d

Trimethyl-pyrazine 20.323 91 521.3 ± 54.1 a nd 566.4 ± 65.5 a nd 889.5 ± 49.0 b nd nd nd
3-Octen-2-one 20.592 91 828.1 ± 181.4 a 130.2 ± 1.6 a 970.0 ± 29.2 a 1756.5 ± 76.3 b 2828.8 ± 648.6 b 2727.1 ± 300.5 c 496.3 ± 54.1 c 359.6 ± 31.1 d

3-ethyl-2-methyl-1,3-
hexadiene 20.858 91 123.7 ± 33.9 a 55.3 ± 2.0 a 885.2 ± 89.3 b 2642.0 ± 262.5 b 2667.7 ± 503.6 c 4082.4 ± 466.3 c nd nd

2-Octenal 21.505 96 1579.5 ± 234.4 688.2 ± 10.8 a nd nd nd 4328.0 ± 485.5 b nd 1261.3 ± 197.0 c

3-ethyl-2,5-dimethyl-
pyrazine 22.057 95 755.6 ± 57.9 a 33.2 ± 1.8 a 2573.8 ± 295.7 b nd 1389.5 ± 76.7 c 884.8 ± 87.4 b 686.2 ± 170.0 a 172.3 ± 6.3 c
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Table 5. Cont.

Oxidative Treatment (Days)

0 3 5 10

Volatile Compound tR (min) Qf Roasted Fried Roasted Fried Roasted Fried Roasted Fried

1-Octen-3-ol 22.551 90 1745.4 ± 50.9 a 582.6 ± 1.8 a 1159.0 ± 109.4 b 14826.7 ± 91 b 14411.6 ± 513.1 a,b 22102.6 ± 83.4 c 4870.2 ± 901.2 c 5681.9 ± 378.1 d

Furfural 23.161 94 402.7 ± 36.1 a 106.1 ± 9.9 a 13670.9 ± 906.9 b 6002.6 ± 435 b 3336.1 ± 585.2 c 5524.3 ± 390.8 b 2963.6 ± 251.6 c 1940.0 ± 144.0 c

1-(2-furanyl)-ethanone 24.754 91 nd nd nd 1432.3 ± 357.8 a nd 343.1 ± 82.6 b nd nd
Trans-3-nonen-2-one 24.894 91 nd nd 2387.5 ± 338.5 a 1128.5 ± 144.8 a 1703.4 ± 363.7 a 2278.6 ± 401.3 b 661.1 ± 82.2 b 790.3 ± 87.9 c

Benzaldehyde 25.375 96 249.6 ± 70.8 a 63.9 ± 3.0 a 1206.8 ± 139.5 b 3596.6 ± 658.5 b 1520.3 ± 149.3 c 2338.7 ± 176.1 b 920.0 ± 36.7 d 530.3 ± 101.7 c

6-Undecanone 25.531 94 nd nd nd nd nd 316.7 ± 52.8 a nd 215.9 ± 53.7 b

Trans-2-Nonenal 25.838 90 nd nd 1325.2 ± 37.7 a nd 779.1 ± 21.9 b nd 506.5 ± 60.0 c 599.9 ± 43.9
1-Octanol 26.780 92 nd nd 480.4 ± 44.3 nd nd 905.7 ± 143.7 nd nd

5-methyl-2-furfural 27.360 94 nd nd 519.2 ± 40.7 3707.5 ± 620.9 a nd 1206.6 ± 269.9 b nd 514.1 ± 99.9 c

Calarene 27.649 96 103.7 ± 26.1 18.1 ± 1.2 nd nd nd nd nd nd
1-(2-pyridinyl)-ethanone 28.259 96 nd nd nd 546.6 ± 60.9 a 238.8 ± 57.4 423.0 ± 75.3 a nd nd

Furfuryl alcohol 30.251 95 nd nd 462.1 ± 43.0 a 7528.1 ± 832.1 a 1007.8 ± 258.9 b 2806.0 ± 165.8 b 870.6 ± 73.0 c 775.0 ± 98.2 c

Myrtenol 33.660 96 80.0 ± 16.3 33.2 ± 2.5 nd nd nd nd nd nd
Trans,cis-2,4-decadienal 34.126 96 166.9 ± 29.4 nd nd nd nd nd nd nd

Trans,trans-2,4-decadienal 34.128 96 nd 84.0 ± 3.7 a 819.6 ± 106.1 a 530.9 ± 58.9 b 2388.3 ± 311.8 b 1458.8 ± 138.3 c 1750.4 ± 183.4 c 3254.6 ± 621.1 d

1-(1H-pyrrol-2-yl)-ethanone 37.819 94 nd nd nd 1423.8 ± 226.6 a 1148.4 ± 136.4 a 2044.3 ± 109.8 b 225.6 ± 44.6 b 126.9 ± 23.7 c

1H-pyrrole-2-
carboxaldehyde 38.983 95 nd nd nd 888.0 ± 122.5 a 750.6 ± 67.3 a 2041.6 ± 37.5 b 684.1 ± 53.1 a 275.8 ± 74.9 c

tR = Retention time (min). nd = Non-detected or detected with similarity < 90% with Wiley library. Qf: quality factor = % matching of the experimental mass spectra against those found in the Wiley database
(Wiley7, Nist 05, J. Wiley & Sons Ltd., West Sussex, England). Different superscripts for each volatile compound within the same row and sunflower seed sample indicate statistically significant different values
(p < 0.05).
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Figure 3. Full-scan chromatograms obtained for roasted (a) and fried (b) sunflower seed samples at day 0 of oxidative treatment.

As it was expected, several aldehydes, which are derivatives from the lipid oxidation,
were found. Hexanal, heptanal, and nonanal, derived from the oxidation of linoleic
acid [33], were detected in the analyzed samples. This fact can be explained due to the high
linoleic fatty acid content of sunflower seeds and also due to their high surface-to-weight
ratio, showing an increase in their fatty acid decomposition and thermal degradation
when sunflower seeds are processed at high temperatures. Regarding the oxidation of
linoleic acid, trans-2-heptenal is related to the rancid odour of nuts [52]. Additionally,
higher amounts of volatile compounds for roasted sunflower seeds were obtained at day
0, in contrast to the fried ones that can be related to the different initial thermal processes
of both samples. According to the literature, frying is carried out at 160–200 ◦C over a
period of some minutes (2–5 minutes), while during the roasting process, samples are
heated to a temperature of 130–180 ◦C from 10 to 60 min [8,16,53,54]. Roasting carried out
during longer times allows the characteristic roasted flavor due to Maillard reactions and
the Strecker degradation of amino acids [48]. On the other hand, during the deep-frying
process, water vapor is released from the food being fried, allowing a rapid heat transfer
and dehydration of food in a time period ranging from seconds to several minutes. Thus, a
significant lipid exchange between seeds and the frying oil is expected, which affects the
volatile profile [17].
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3.4.2. Volatile Profile of Sunflower Seed Samples with Oxidation Time at 100 ◦C

During the oxidative treatment, some characteristic initial volatiles disappeared,
whereas new ones were subsequently obtained. Regarding roasted samples, only 20 of the
32 volatile compounds identified on day 0 (pentanal, alpha-pinene, hexanal, 2-heptanone,
trans-2-hexenal, 2-pentylfuran, 1-pentanol, methyl-pyrazine, 2-octanone, octanal, 2,5-
dimethylpyrazine, trans-2-heptenal, 2-ethyl-6-methylpyrazine, 2-ethyl-5-methylpyrazine,
nonanal, 3-octen-2-one, 3-ethyl-2,5-dimethyl-pyrazine, 1-octen-3-ol, furfural, and benzalde-
hyde) were observed until the end of the oxidative treatment (day 10). Regarding fried
samples, only 13 of the 30 volatile compounds identified on day 0 (2-methyl-butanal, pen-
tanal, hexanal, 2-heptanone, 1-pentanol, octanal, trans-2-heptenal, nonanal, 3-octen-2-one,
1-octen-3-ol, furfural, benzaldehyde, and trans, trans-2,4-decadienal) were observed until
the end of the oxidative treatment (day 10).

According to the information provided on the commercial packaging material, sun-
flower seed oil was used for frying the studied samples; thus, volatile products derived
from linoleic acid, which is the main fatty acid present in sunflower seed oil, were ob-
served in large amounts for fried sunflower seeds during the oxidative treatment at 100 ◦C:
nonanal, heptanal, and trans-2-heptenal. Additionally, it is interesting to note the behavior
observed from the third day until the end of the oxidative treatment, where two additional
volatile compounds derived from linoleic acid oxidation were found, 1-octen-3-ol and
2-pentylfurfural, which were present in higher quantities in fried samples compared to the
roasted ones. The presence of trans, trans-2,4-decadienal in roasted and fried samples is
also indicative of sunflower seeds oxidation [31]. On the other hand, the concentration of
1-pentanol increased as a linoleic acid oxidation product up to day 5, when there was a
final decrease until the end of the oxidative treatment at a rate proportional to the amount
of oxygen present in the headspace vial [31].

3.4.3. Hexanal Determination by HS-SPME-GC-MS

Hexanal is a linoleic acid breakdown product that is recognized as a good marker
of rancidity, being directly related to the development of oxidative off-flavors [55]. As it
can be seen in Table 5, the initial content of hexanal (day 0) was slightly higher in roasted
seed samples compared to the fried ones, this behavior being in accordance with previous
studies reported in almond samples [31]. The decrease in the content of this aldehyde
from zero to three days of thermal treatment may be due to the reaction between oxygen
and unsaturated fatty acids of the sample and the depletion of headspace oxygen in the
closed vial [26]. As the oxidative treatment progresses, an increase in hexanal content
was observed between three and 10 days for roasted and fried sunflower seed samples
as a consequence of samples oxidation. At the end of the accelerated oxidation treatment,
fried samples showed slightly lower (p < 0.05) values of hexanal content compared to
roasted ones. According to some authors, tissue breakdown during the roasting process is
a major factor controlling lipid stability in roasted products such as peanuts, almonds, or
hazelnuts [48]. The loss of compartmentalization and the increase in porosity accelerate
mass transfer, resulting in facilitating the access of oxygen into the food tissues.

3.5. ATR-FTIR Analysis

Figure 4 shows the typical absorption bands of sunflower seed samples under oxida-
tive conditions at 100 ◦C obtained by ATR-FTIR. According to previous works, the FTIR
bands assigned in sunflower seed oils and the changes obtained throughout the oxidation
process showed differences among samples [56]. A similar behavior was observed in the
present study, where three different stages were distinguished in the oxidation process:
the generation of hydroperoxides followed by their degradation and the formation of sec-
ondary oxidation products [31]. In this sense, the main changes appeared in the following
different regions:



Foods 2021, 10, 944 15 of 18Foods 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero ( ), three ( ), five (

), and 10 ( ) days of oxidative treatment at 100 °C. 

 
Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero (

) and 10 ( ) days of oxidative treatment at 100 °C. 

4. Conclusions 
Roasting and deep frying are different thermal processes carried out by the food in-

dustry in order to improve the properties of food, namely, flavor and crispness character-
istics. As a consequence of this specific processing, roasted and fried sunflower seeds are 
susceptible to oxidation and structural changes due to their specific composition. This 
study underlies the suitability of the proposed methods to show the impact of roasting 
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the 
studied parameters could be related to the oxidative damage of the tested samples during 
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence, 
roasted and fried samples were oxidized in a different manner under 100 °C and storage 
at ambient temperature. The processing treatment and oxidative stability of sunflower 

Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero (

Foods 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero ( ), three ( ), five (

), and 10 ( ) days of oxidative treatment at 100 °C. 

 
Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero (

) and 10 ( ) days of oxidative treatment at 100 °C. 

4. Conclusions 
Roasting and deep frying are different thermal processes carried out by the food in-

dustry in order to improve the properties of food, namely, flavor and crispness character-
istics. As a consequence of this specific processing, roasted and fried sunflower seeds are 
susceptible to oxidation and structural changes due to their specific composition. This 
study underlies the suitability of the proposed methods to show the impact of roasting 
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the 
studied parameters could be related to the oxidative damage of the tested samples during 
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence, 
roasted and fried samples were oxidized in a different manner under 100 °C and storage 
at ambient temperature. The processing treatment and oxidative stability of sunflower 

),
three (

Foods 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero ( ), three ( ), five (

), and 10 ( ) days of oxidative treatment at 100 °C. 

 
Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero (

) and 10 ( ) days of oxidative treatment at 100 °C. 

4. Conclusions 
Roasting and deep frying are different thermal processes carried out by the food in-

dustry in order to improve the properties of food, namely, flavor and crispness character-
istics. As a consequence of this specific processing, roasted and fried sunflower seeds are 
susceptible to oxidation and structural changes due to their specific composition. This 
study underlies the suitability of the proposed methods to show the impact of roasting 
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the 
studied parameters could be related to the oxidative damage of the tested samples during 
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence, 
roasted and fried samples were oxidized in a different manner under 100 °C and storage 
at ambient temperature. The processing treatment and oxidative stability of sunflower 

), five (

Foods 2021, 10, x FOR PEER REVIEW 10 of 19 
 

 

frying process. In this sense, the moisture loss from the food is partially replaced by oil 
absorbed from the frying medium by the food [49]. Regarding Tmax, similar values were 
obtained at day 0 for roasted and fried samples. However, after 10 days of oxidative treat-
ment at 100 °C, significant differences in thermal stability were observed. In this sense, 
roasted samples were less stable as Tmax decreased from 414 ± 1 to 403 ± 1 °C, followed by 
the fried ones with a Tmax decrease from 416 ± 1 to 407 ± 1 °C. Some authors suggested that 
transferred oil during the deep frying process may carry minor components, such as bio-
active compounds, from the oil used as frying medium that would expectedly enhance 
the oxidative stability of the prepared food [49]. In particular, the sunflower seed oil used 
as the frying medium in this study has been reported to show noticeable amounts of to-
copherols [50,51]. On the other hand, no significant differences (p > 0.05) in Tmax and 
weight loss (%) values were obtained for samples during treatments. 

 
Figure 2. Thermogravimetric ( ) profiles and first derivative curves ( ) at day 0 
obtained for roasted (a) and fried (b) sunflower seed samples. 

3.4. Effect of Oxidative Conditions on Volatiles Profile Composition 
3.4.1. Volatiles Profile Determination at the Beginning of the Oxidative Treatment 

Roasted and fried sunflower seeds showed significant differences regarding main 
volatile compounds detected at the beginning of the oxidative treatment. A total of 25 
volatile common compounds were identified for roasted and fried sunflower seed sam-
ples at day 0 (Table 5). However, roasted sunflower seeds showed seven additional com-
pounds that are characteristic of the roasting process (Figure 3a), such as 2-pentylfuran, 

), and 10 (

Foods 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero ( ), three ( ), five (

), and 10 ( ) days of oxidative treatment at 100 °C. 

 
Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero (

) and 10 ( ) days of oxidative treatment at 100 °C. 

4. Conclusions 
Roasting and deep frying are different thermal processes carried out by the food in-

dustry in order to improve the properties of food, namely, flavor and crispness character-
istics. As a consequence of this specific processing, roasted and fried sunflower seeds are 
susceptible to oxidation and structural changes due to their specific composition. This 
study underlies the suitability of the proposed methods to show the impact of roasting 
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the 
studied parameters could be related to the oxidative damage of the tested samples during 
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence, 
roasted and fried samples were oxidized in a different manner under 100 °C and storage 
at ambient temperature. The processing treatment and oxidative stability of sunflower 

) days of oxidative treatment at 100 ◦C.

(a) Region 3700–3010 cm−1: The band near 3275 cm−1 intensifies as the oxidation
degree of the samples increases. This fact could be related to hydroperoxides [17]. As the
oxidation process advances, the degradation of these primary products and the formation
of secondary oxidation products resulted in the decrease of the intensity of this band.

(b) Region 3010–2990 cm−1: The band at approximately 3003 cm−1 is associated to
the stretching vibration of CH cis-olefinic groups. Double bounds of unsaturated fatty
acids underwent cis to trans isomerization with the oxidation time. Thus, the gradual
disappearance of this band was observed for all samples [16].

(c) Region 2955–2800 cm−1: In general, an increase in the intensities of the absorption
bands at 2924 and 2854 cm−1, which were related to CH2 asymmetric and symmetric
stretching vibrations, respectively, were observed for all samples.

(d) Bands at 1726, 1630, and 1527 cm−1 associated to the presence of CH bending
vibrations in CH2 and CH3 increased their intensities due to the oxidative treatment in
roasted and fried samples.

(e) Region 988–955 cm−1: This region was associated to the trans, trans-conjugated
dienic systems absorption (near 988 cm−1), and it could provide information on the gradual
cis to trans isomerization and the oxidative state of the samples throughout the oxidative
treatment. As it can be seen in Figure 5, some differences were observed as oxidation time
increased at 100 ◦C. In this sense, this band was evident at day 0 for both samples, being
more evident at the end of the oxidative treatment (10 days) for fried seeds compared to
roasted sunflower seed samples. These findings are in accordance with previous results
obtained for volatiles, as large amounts of trans, trans 2,4 decadienal, trans, 2-heptenal,
and trans, 2-hexenal were found in fried sunflower seed samples (Table 5).



Foods 2021, 10, 944 16 of 18

Foods 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero ( ), three ( ), five (

), and 10 ( ) days of oxidative treatment at 100 °C. 

 
Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero (

) and 10 ( ) days of oxidative treatment at 100 °C. 

4. Conclusions 
Roasting and deep frying are different thermal processes carried out by the food in-

dustry in order to improve the properties of food, namely, flavor and crispness character-
istics. As a consequence of this specific processing, roasted and fried sunflower seeds are 
susceptible to oxidation and structural changes due to their specific composition. This 
study underlies the suitability of the proposed methods to show the impact of roasting 
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the 
studied parameters could be related to the oxidative damage of the tested samples during 
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence, 
roasted and fried samples were oxidized in a different manner under 100 °C and storage 
at ambient temperature. The processing treatment and oxidative stability of sunflower 

Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero
(

Foods 2021, 10, x FOR PEER REVIEW 10 of 19 
 

 

frying process. In this sense, the moisture loss from the food is partially replaced by oil 
absorbed from the frying medium by the food [49]. Regarding Tmax, similar values were 
obtained at day 0 for roasted and fried samples. However, after 10 days of oxidative treat-
ment at 100 °C, significant differences in thermal stability were observed. In this sense, 
roasted samples were less stable as Tmax decreased from 414 ± 1 to 403 ± 1 °C, followed by 
the fried ones with a Tmax decrease from 416 ± 1 to 407 ± 1 °C. Some authors suggested that 
transferred oil during the deep frying process may carry minor components, such as bio-
active compounds, from the oil used as frying medium that would expectedly enhance 
the oxidative stability of the prepared food [49]. In particular, the sunflower seed oil used 
as the frying medium in this study has been reported to show noticeable amounts of to-
copherols [50,51]. On the other hand, no significant differences (p > 0.05) in Tmax and 
weight loss (%) values were obtained for samples during treatments. 

 
Figure 2. Thermogravimetric ( ) profiles and first derivative curves ( ) at day 0 
obtained for roasted (a) and fried (b) sunflower seed samples. 

3.4. Effect of Oxidative Conditions on Volatiles Profile Composition 
3.4.1. Volatiles Profile Determination at the Beginning of the Oxidative Treatment 

Roasted and fried sunflower seeds showed significant differences regarding main 
volatile compounds detected at the beginning of the oxidative treatment. A total of 25 
volatile common compounds were identified for roasted and fried sunflower seed sam-
ples at day 0 (Table 5). However, roasted sunflower seeds showed seven additional com-
pounds that are characteristic of the roasting process (Figure 3a), such as 2-pentylfuran, 

) and 10 (

Foods 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 4. ATR-FTIR spectra of roasted (a) and fried (b) sunflower seed samples at zero ( ), three ( ), five (

), and 10 ( ) days of oxidative treatment at 100 °C. 

 
Figure 5. ATR-FTIR spectra zoomed region at 1220–920 cm−1 of fried (a) and roasted (b) sunflower seed samples at zero (

) and 10 ( ) days of oxidative treatment at 100 °C. 

4. Conclusions 
Roasting and deep frying are different thermal processes carried out by the food in-

dustry in order to improve the properties of food, namely, flavor and crispness character-
istics. As a consequence of this specific processing, roasted and fried sunflower seeds are 
susceptible to oxidation and structural changes due to their specific composition. This 
study underlies the suitability of the proposed methods to show the impact of roasting 
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the 
studied parameters could be related to the oxidative damage of the tested samples during 
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence, 
roasted and fried samples were oxidized in a different manner under 100 °C and storage 
at ambient temperature. The processing treatment and oxidative stability of sunflower 

) days of oxidative treatment at 100 ◦C.

4. Conclusions

Roasting and deep frying are different thermal processes carried out by the food
industry in order to improve the properties of food, namely, flavor and crispness charac-
teristics. As a consequence of this specific processing, roasted and fried sunflower seeds
are susceptible to oxidation and structural changes due to their specific composition. This
study underlies the suitability of the proposed methods to show the impact of roasting
and frying treatments on the chemical composition of sunflower seeds. Indeed, all the
studied parameters could be related to the oxidative damage of the tested samples during
accelerated oxidation and normal storage conditions. The obtained results showed a dif-
ferent initial composition regarding the fatty acids content of samples. As a consequence,
roasted and fried samples were oxidized in a different manner under 100 ◦C and storage at
ambient temperature. The processing treatment and oxidative stability of sunflower seeds
is important to ensure their nutritional quality and, therefore, their health benefits offered
by the monounsaturated and polyunsaturated fatty acid profiles, which could be related
to a beneficial blood serum lipid profile and a lower incidence of cardiovascular diseases.
Finally, it is important to ensure the proper processing and storage of sunflower seeds to
maintain the organoleptic properties as well as the consumers’ acceptance.
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