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Oxidative stability is one of the most important quality parameters of vegetable oils. This study aims to determine
oxidative stability of five different vegetable oils by means of infrared spectroscopy combined with DFT calcu-
lations and to compare experimental and theoretical results. The oxidation induction times of hazelnut, corn,
canola, safflower and sunflower oils were determined by the Rancimat method and fatty acid profile of the oils
was analyzed by gas chromatography. Moreover, the middle infrared spectra of the samples was obtained by
using Fourier transform infrared spectroscopy. The oxidative stability of the vegetable oils was analyzed by
considering two mechanisms regarding to oxidation process in the theoretical parts of the study. The chemical
hardness of fatty acids, a key characteristic of Conceptual Density Functional Theory, was calculated and dis-
cussed. It was evaluated that there was a remarkable correlation between oxidative stability and chemical
hardness of fatty acids. The harder fatty acids had stronger oxidative stability. A new, accurate, cost-effective,

and ecologically friendly technique was developed for determination of oxidative stability of vegetable oils.

1. Introduction

Oxidative stability (OS) is an important parameter for estimating the
quality of edible oils. OS of vegetable oils also confirms the capability of
their resistance to oxidative reactions throughout processing and storage
periods [1]. Lipid oxidation is a major reaction for degradation of
vegetable oils during processing and storage [2]. The lipid oxidation
reactions mostly result in some alterations of different quality parame-
ters including; degradation of essential fatty acids, production of toxic
compounds, changes in color, flavour, aroma, and loss of nutrients.
These alterations have remarkable effects on the shelf life and con-
sumption of vegetable oils. Moreover, the end products of lipid oxida-
tion reactions are highly reactive and could have undesirable effects on
human health such as cancer, atherosclerosis, heart diseases and allergic
responses [3].

The OS of vegetable oils is closely related to the their triacylglycerol
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content and fatty acid compositions, as well as some other minor anti-
oxidant components and several external factors. The existence of un-
saturated fatty acids in vegetable oils is the major intrinsic factor for
oxidative reactions. The unsaturated fatty acids which have double
bonds in their structure which react with oxygen through by free radical
chain mechanism. The vegetable oils have contain higher amounts of
monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids and
are very prone to oxidative reactions due to the number double bonds
present in the fatty acid structure [4]. Sunflower, safflower and corn oils
are very rich in terms of PUFAs, particularly linoleic and linolenic acids
[5]. However, the fatty acid profiles of canola, hazelnut and olive oils
are mostly dominated by oleic acid which has a single double bond in
their structure [6].Thus, it is highly essential to elucidate the fatty acid
composition of vegetable oils in order to better understand their affinity
to oxidative reactions.

There are many analytical and spectrophotometric methods to
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investigate the OS of edible oils [2]. The peroxide value (PV) is a
parameter used for specifying the content of oxygen as peroxide, espe-
cially hydroperoxides in a oil sample. The PV of lipids is generally
determined by a titrimetrical method. The conjugated diene value is
often used to measure primary oxidation products and characterized by
a spectrophotometrical technique. Malondialdehyde is one of the final
products of peroxidation of PUFAs and detected by a spectrophotometric
analysis. The p-anisidine value is recognized as a reagent of oxidation
products such as aldehydes and ketones and determined by a spectro-
photometric analysis as well [7]. However, more reliable, facile, and
accurate methods were required to analyze the OS of edible oils.
Therefore, the Rancimat method was developed to assess the OS index
[8]. The Rancimat method is based on the conductometric determina-
tion of volatile degradation products generated by the thermally-
induced oxidation of the oils. The induction time which is a numerical
value is calculated as the end point of time before the rapid deterioration
of lipids. Moreover, previous studies revealed that infrared spectro-
scopic (IR) techniques could also be used in the analyses of edible fats
and oils. Since the IR spectra is intrinsically complex and has difficulty in
direct interpretation, the IR spectra should be combined with different
analytical and statistical techniques to investigate the properties of food
lipids [9-11].

Although there are several chemical reactivity theories proposed in
the current literature to explain reactivity, acidic and basic behavior, the
most common one is Density Functional Theory (DFT). The electron
density is the main parameter utilized by DFT to describe the reactivity
of chemical systems. Conceptual DFT (CDFT) is a branch of DFT which
deals with chemical reactivity. Global and local reactivities of chemical
systems can be easily examined by CDFT using quantum chemical
reactivity descriptors and electronic structure principles based on these
descriptors [12,13].

According to the best of our knowledge of, no studies regarding the
determination of OS of vegetable oils by means of middle infared
spectroscopy combined with DFT calculations have been published. The
hypothesis of this research is that IR spectroscopy, coupled to DFT cal-
culations is able to analyze oxidative stability of vegetable oils. In pre-
sent work, we aimed to analyze classic oxidation indices of five different
vegetable oils including hazelnut, safflower, sunflower, canola, corn oils
by rancimat method and fatty acid profile as well as to compare
experimental results with the DFT calculations combined middle
infrared spectral data in order to develop a new and simple method for
determination of OS.

2. Materials and methods
2.1. Materials

Five different refined vegetable oils including hazelnut oil (Fisko-
birlik, Turkey), sunflower oil (Orkide, Turkey), safflower oil (Orkide,
Turkey), canola oil (Aysan, Turkey) and corn oil (Ulker, Turkey) were
purchased from a local market. The oil samples were stored at + 4 °C
before analyses. All other chemicals and solvents are of analytical or
chromatographic grade and were obtained from Sigma (Sigma-Aldrich,
Germany).

2.2. Determination of oxidative stability

The oxidation induction times of oil samples were determined by the
Rancimat method and measured with the Rancimat apparatus[14] (873
Biodiesel, Metrohm, Switzerland). The Rancimat instrument has a
temperature range of 50-220 °C and a temperature stability of less than
0.1 °C. For the measurement, 3 g of vegetable oil was placed inside the
glass reaction vessel. Deionized water was chosen as the carrier medium.
The reaction temperature was set to a constant of 120 °C for both col-
umns of the Rancimat apparatus, with a constant air flow of 20 L/h. The
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measurements were replicated and the induction time estimated by
second derivative method of conductivity versus time.

2.3. Determination of fatty acid content

The fatty acid composition of the oil samples was determined by
converting them into their corresponding fatty acid methyl esters
(FAME). Chromatographic analyses were performed with a gas chro-
matography (GC) instrument (Shimadzu GC QP2010 Ultra, Japan)
equipped with an auto-sampler, a split/splittless (1:50) injector and an
FID detector. An Rt 2560 capillary column (100 m x 0.25 mm ID x 0.2
pm) was used in the analyses. Conditions for GC analysis are described in
a previous study [15]. A 37-component mixture of FAME (Sigma-
Aldrich, Germany) was used as the standard. The analyses were carried
out twice.

2.4. Infrared spectroscopy analyses

The infrared spectra (IR) of oil samples were acquired by a Fourier
Transform Infrared Spectrometer (Bruker Tensor II, Bruker Inc., Bill-
erica, MA, USA). The spectra were collected over the range of 4000-400
em ™}, at 4 cm™! resolution, by using a single reflection ZnSe ATR cell
and 32 scans for both samples and background [16].

2.5. Details of Conceptual DFT based computations

Conceptual DFT developed by Parr and coworkers [17] effecting
from the informations presented in the context of DFT presents some
useful mathematical relations to compute the popular quantum chemi-
cal descriptors like chemical potential (p), electronegativity (%), hard-
ness (1) and softness (6). These relations mentioned are given as [18,19]:

oE
ou O E
=[x, = ] @
u(r) u(r)
c=1/n 3)

Note that the terms “hardness” and “softness” relate to any chemical
compound, not specially to fatty acids.

In these mathematical relations, E, N and v(r) represent the total
electronic energy, total number of the electrons and constant external
potential, respectively. It is clear after this explanation that chemical
potential and chemical hardness are given as first and second derivative
of total electronic energy with respect to the number of electrons,
respectively. With the help of finite differences approach, one can pre-
sent the relation with ionization energy (I) and electron affinity (A) of
the a forementioned descriptors as [20,21]:

I+A
ﬂ:—X:—(T) 4

n=I-A (5)
Here I and A are defined as:

I=E(N—-1)—ENN) (6)

A=EN)—E(N+1) 7

According to the equation introduced by Parr, Szentpaly and Liu
[22], first electrophilicity index (w;) is calculated as:

= x*/2n =i’/ ®)

Second electrophilicity index (w2), which its reliability was sup-
ported by especially Szentpaly and Kaya [23] is calculated as:
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One of the used alternative methods for the prediction of ionization
energy and electron affinity of molecules is Koopmans Theorem [24]. In
this paper, we used Koopmans Theorem presenting the relation with the
energy of HOMO and LUMO orbitals of ionization energy and electron
affiniry as:

I = — Epono (10)

A= —Ermo (1)

In the theoretical part of the paper, the B3LYP/6-31 + G(d,p) level of
density functional theory was applied [25-27]. This approach previ-
ously demonstrated high accuracy in describing of vibrational spectra of
fatty acids [28].Grimme’s D3 dispersion corrections were also intro-
duced [29]. Geometry optimizing was performed with the advanced
GeomeTRIC method [30] implemented in TeraChem software which
provides using the power of graphical processor units for quantum
chemistry [31-33]. The effect of media was taken into account with
conductor-like solvent model COSMO [34]. We set the dielectric con-
stant ¢ = 3.1 for all cases, since this value is typical for all the oils under
consideration [35]. Vibrational modes and their infrared activities were
determined at the same level of theory as optimal geometries.

3. Results and discussion
3.1. The fatty acid composition of the vegetable oils

The predominant fatty acids of vegetable oils were oleic, gondoic,
linoleic, linolenic, stearic and palmitic acids (Table 1). While hazelnut
oil has the most oleic acid content (75.74%), safflower oil has the
highest amount of linoleic acid (75.16%). The higher percentages of
linoleic acid in both sunflower (56.29%) and corn (54.73%) oils were
also observed (Table 1). The most abundant unsaturated fatty acid of
canola oil was oleic acid. All vegetable oil samples had relatively lower
levels of saturated fatty acids including palmitic and stearic acids
(Table 1). Generally, all the oil types are very rich in terms of oleic and
linoleic acid which was expected and also observed in the previous
studies [36-40].

3.2. Oxidative stability (OS) of the vegetable oils

The oxidation induction times of oil samples were determined by
Rancimat measurements and used as an index for the OS of vegetable
oils. The oxidation induction times of the vegetable oils are provided in
Table 1. The oxidation induction times of oil samples ranged from 2.13
to 5.07 h. Synthetic antioxidants are often employed in the food industry
for preventing oxidative reactions, which could potentially improve the
OS of the vegetable oils. Corn and sunflower oil samples had higher OS
values compared to other oil types. Since these oil samples had a
considerable percentage of palmitic acid, their OS values were relatively
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high (Table 1). The presence of of natural antioxidants as tocopherol and
f-carotene may also have an effect on the improvement in the OS of corn
and sunflower oils [40-41].Safflower oil is the least stable one against
oxidation. The lower oxidation induction time of safflower oil could be
attributed to its higher polyunsaturated acid and low tocopherol con-
tents [38]. The higher tocopherol concentrations of vegetable oils, the
better the OS. According to the literature, canola oil may have tocoph-
erol contents up to in the range of 366 and 354 mg/kg and tocopherols in
hazelnut oil range from 640 to 572 mg/kg [42,43]. Therefore, the OS
values of canola and hazelnut oils may be related to their tocopherol
contents. Moreover, canola and hazelnut oils, with higher oleic acid
content (Table 1), could be assumed to be a relatively stable oil
compared to other oil samples [15,42].

3.3. IR spectra of the vegetable oils

The vegetable oils were also characterized using FTIR spectroscopy.
The absorbance region of IR spectra is between 3500 and 500 cm ™ and
shown in Fig. 1. In general, similar spectral patterns with prominent
absorbance bands were observed for all oil types. While the absorption
around 3000-3500 cm ™! assigned to alkene (cis = C-H) stretching vi-
brations, the peaks at about 3000 cm™! corresponding to asymmetric
stretching of methylene (-CHy) groups in all analyzed oil types (Fig. 1).
The C-H stretching vibration bands for methyl (-CHs) group were found
around 2900 cm ™. In general, more focus should be given on the
fingerprint area of the IR spectra. The fingerprint area demonstrated the
C-O-C vibration in esters, the C-H bending and stretching vibrations, and
the second overtones of C = O and —-OH in fatty acid structures. All oil
types showed the highest absorbances around 1700 cm ™! assigned to C
= O stretching vibrations and confirmed the presence of fatty acids
particularly (Fig. 1). The presence of cis and trans fatty acids was
associated with out-of-plane bending vibrations and stretching of -C-O-
and —-CH, between 1000 and 1500 cm ! [44,45].

3.4. DFT calculations

We calculated the infrared spectrum for each fatty acid. The same
scale factor of 0.95 was applied to all frequencies. Each frequency was
broadened into a Gaussian curve with ¢ = 10 cm™!. To obtain the
spectrum of oils, we constructed a linear combination of the acids
spectra with weights taken from Table 1. The result of comparing the
measured and calculated infrared spectra is shown in Fig. 2. The right
peak just below 3000 cm ™! corresponds to vibrations of the G—H bonds.
The peak about 1750 cm ™ * corresponds to fluctuations of the C=0
double bonds in the carboxyl groups. The low-energy part of the spec-
trum is mainly due to rotation of atoms without significant changes in
bonds lengths.

3.4.1. Oxidation mechanisms
There are many mechanisms of oxidation of fatty acids. The
B-oxidation of fatty acids takes place in the mitochondria [46], while

Table 1
Fatty acid percentages and OS of vegetable oils.
Samples Oleic acid % Gondoic acid % Linoleic acid % Linolenic acid % Palmitic acid % Stearic acid% 0OS (h)
(C18:1) (C20:1) (C18:2) (C18:3) (C16:0) (C18:0)
Hazelnut oil 75.74 £ 0.05 0.16 £+ 0.01 13.04 + 0.03 0.09 £ 0.02 5.51 £+ 0.02 2.39 £0.01 4.21 +
0.03
Sunflower 29.73 £ 0.04 0.29 £ 0.01 56.29 + 0.04 0.14 £ 0.01 6.55 £ 0.03 3.59 £ 0.01 5.03 +
oil 0.02
Safflower oil 14.06 + 0.03 0.20 £+ 0.02 75.16 + 0.04 0.38 £+ 0.02 6.16 = 0.03 2.51 £0.01 213 +
0.02
Corn oil 30.99 + 0.04 0.96 + 0.02 54.73 + 0.03 0.41 £+ 0.02 11.23 £+ 0.04 2.06 £+ 0.02 5.07 £
0.05
Canola oil 57.82 £ 0.06 7.71 £ 0.04 24.22 + 0.02 1.13 +£0.03 4.94 £ 0.02 1.50 + 0.01 4.48 +

0.01
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Fig. 1. The middle infrared spectra of vegetable oils.

their rancidity often follows the mechanism of auto-oxidation or pho-
tosensitized oxidation. In our simplified consideration, we regarded
three model ways of interaction between fatty acids and oxygen mole-
cule describe by the following reactions:

FA + 0.50, — FA-OH; 12)
FA + 0.50, - FA = O + H,. (13)

Here FA-OH and FA = O are oxidized products, in which f carbon
atom is functionalized with hydroxyl group or oxygen atom, respec-
tively. For unsaturated acids, we also considered the third mechanism,
in which two carbon atoms formed the double bond are oxidized:

FA 4+ 0, > O=FA =0 + H,. 14)

Here O = FA = O is the oxidized acid in which two carbon atoms
formed double bond are functionalized with oxygen atoms. Corre-
sponding three oxidized products of the oleic acid are shown in Fig. 3.

For reactions (12)-(14), the energy effects were calculated as the
energy differences between products and reactants (Table 2). The
negative energy effects indicate that all oxidation reactions are
exothermic. It could be understand from Table 2 that the reaction (14)
involving a double C=C bond is the most energetically feasible for all
unsaturated acids as well as reaction (14) is much more energetically
feasible compared to reaction (13).

We also calculated frontier orbitals energies and dipole moments of
fatty acids and their oxidized products an the results are given in
Table 3. Oxidation reactions let to slight changes in HOMO orbitals and
some decreases in LUMO orbitals energies. Therefore, oxidized fatty
acids (especially highly oxidized O = FA = O) possess lower HOMO-
LUMO gaps.

Some parameters of Conceptual Density Functional Theory such as
hardness, polarizability and electrophilicity provide useful hints in
terms of the chemical reactivity of molecular system [47]. Especially,
chemical hardness is good measure of the stability [48-50]. According
to Hard and Soft Acid-Base Principle [51], hard acids bind powerfully to
hard bases and soft acids bind powerfully to soft bases. It should be state
that soft chemical systems exhibit high polarization while hard

chemicals exhibit high resistance against the polarization. Maximum
Hardness Principle [52] explain the relation between hardness and
stability and it states that maximum hardness value corresponds to the
most stable state of a chemical system. According to Minimum Polar-
izability Principle [53] introduced in the light of the inverse relation
between hardness and polarizability, stable states correspond to the
minimum value of the polarizability. One of the most important elec-
tronic structure rules is Minimum Electrophilicity Principle imparted to
the literature by [54]. This rule argues that the electrophilicity index is
minimized at stable states like polarizability. In a recent paper written
by [23], second electrophilicity index given by Eq. (9) provides more
compatible results compared to first electrophilicity index with Mini-
mum Electrophilicity Principle. For that reason, it is more accurate to
discuss the stability of the chemical systems in terms of the minimization
of the second electrophilicity index. In Table 3, Frontier orbitals HOMO
and LUMO (eV), energy gap (eV) and dipole moments (Debye), elec-
tronegativity, first electrophilicity index and second electrophilicity
index of fatty acids (FA) and their oxidized products FA = O, FA-OH and
O = FA = O are presented as detailed. Palmitic acid and stearic acid,
both saturated fatty acids, were found to be the most resistant to
oxidation in the calculations (Table 3). The findings were also corre-
spond to the Maximum Hardness Principle, which has been described in
previous studies [55]. On the other hand, unsaturated fatty acids
including oleic, linoleic, and linolenic acids have lower chemical hard-
ness values and are more prone to oxidation (Table 3). In this phase, we
can compare the performances of various electrophilicity indexes in
terms of electrophilicity minimization in stable states and conformers. It
was observed that second electrophilicity index is minimized for the
most stable fatty acid, namely palmitic acid (Table 3). Moreover, first
electrophilicity index for same fatty acid had no minimum value among
all the examined fatty acids. This finding also supports the usefulness of
second electrophilicity index in chemical reactivity analysis. Further-
more, the variation in chemical hardness between palmitic acid (C16:0)
and stearic acid (C18:0) could be attributed to differences in carbon
chain length.

The computationally obtained data proposed that the most hard fatty
acids are palmitic acid and stearic acid. Indeed, as these fatty acids are
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Fig. 2. Experimental (black lines) and calculated (red lines) infrared spectra of hazelnut oil (a), sunflower oil (b), safflower oil (c), corn oil (d) and canola oil (e). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Oxidized products FA = O (a), FA-OH (b) and O = FA = O (c) of oleic
acid. Brown, red and write balls represent carbon, oxygen and hydrogen atoms,
respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

saturated, their presence and concentrations improve the oxidative
stability of vegetable oils. In the experimental part of the research, it was
examined that the higher palmitic acid percentages of corn oil resulted
in higher OS. According to the computational results, mono and poly-
unsaturated fatty acids have lesser chemical hardness, making vegetable

Table 2
Reaction energy effects (kcal/mol) calculated for the reactions (1)-(3).

Microchemical Journal 194 (2023) 109232

oil more sensitive to oxidative processes. Moreover, the vegetable oils
containing higher mono and polyunsaturated fatty acids ratios (espe-
cially safflower oil) had relatively lower OS as well (Table 1). The
computational data and experimental results in our current work are in
good agreement. As a result, combining DFT calculations with middle
infrared spectra is an acceptable option for analyzing the oxidative
stability of vegetable oils without the need for sample preparation, long-
term instrumental analyses, solvent, or time waste.

4. Conclusion

In this work, oxidation induction times and fatty acid percentages of
five different vegetable oils were determined. The chemical hardness of
fatty acids was calculated by DFT calculations with middle infrared
spectral data. The oxidative stability and oxidation process of fatty acids
were firstly explained in the light of electronic structure principles such
as Maximum Hardness and Minimum Electrophilicity Principles. One
more time, it was proved that second electrophilicity index is more
useful compare to first electrophilicity index in terms of electrophilicity
minimization in stable states. Both computational and experimental
results confirmed that the presence of saturated fatty acids particularly
palmitic acid improve oxidative stability of vegetable oils. Mono- and
polyunsatured fatty acids have lower chemical hardness which make

Oleic acid (C18:1) Gondoic acid (C20:1)

Linoleic acid (C18:2)

Linolenic acid (C18:3) Palmitic acid (C16:0) Stearic acid (C18:0)

Reaction (12) —42.2 —41.7 —42.2
Reaction (13) —99.6 —110.6 —104.0
Reaction (14) —158.7 —159.8 —155.7

—42.3 —42.3 —42.2
—109.3 -109.4 —109.2
—156.6 - -

Table 3

Frontier orbitals HOMO and LUMO (eV), energy gap (eV) and dipole moments (Debye) of fatty acids (FA) and their oxidized products FA = O, FA-OH and O = FA = O.

Oleic acid (C18:1) Gondoic acid (C20:1)

Linoleic acid (C18:2)

Linolenic acid (C18:3) Palmitic acid (C16:0) Stearic acid (C18:0)

FA HOMO —6.49 —6.46 —6.41
LUMO —1.06 —0.11 —0.11
Gap 5.43 6.35 6.30
DM 5.59 5.90 5.37
x 3.775 3.285 3.260
n 5.430 6.350 6.300
c 0.184 0.157 0.159
® 1.312 0.850 0.843
02 1.267 0.112 0.112
FA=0 HOMO —6.51 —6.51 —6.36
LUMO —0.85 -1.40 -1.01
Gap 5.66 5.12 5.35
DM 8.69 7.27 6.56
x 3.680 3.955 3.685
n 5.660 5.110 5.350
c 0.177 0.196 0.187
® 1.196 1.531 1.269
o2 0.978 1.784 1.201
FA-OH HOMO —6.48 —6.47 —6.37
LUMO —0.39 —0.38 —0.40
Gap 6.09 6.09 5.97
DM 5.78 5.84 5.55
x 3.435 3.425 3.385
n 6.090 6.090 5.970
G 0.164 0.164 0.168
® 0.969 0.963 0.960
W2 0.415 0.404 0.427
O=FA=0 HOMO —6.78 —6.76 —6.59
LUMO —2.52 —2.50 —2.56
Gap 4.25 4.26 4.03
DM 5.48 5.40 5.23
x 4.650 4.630 4.575
n 4.260 4.260 4.030
c 0.235 0.235 0.248
1 2.538 2.516 2.597
2 4.011 3.967 4.186

—6.42 —7.72 —7.68
—0.12 —0.10 —0.11
6.30 7.62 7.57
5.71 5.44 5.45
3.270 3.910 3.895
6.300 7.620 7.570
0.159 0.131 0.132
0.849 1.003 1.002
0.122 0.101 0.112
—6.48 —7.64 —7.63
-1.41 —1.40 —1.40
5.08 6.24 6.23
6.95 7.22 7.15
3.945 4.520 4.515
5.070 6.240 6.230
0.197 0.160 0.161
1.535 1.637 1.636
1.802 1.714 1.715
—6.42 -7.53 ~7.54
—0.41 —0.40 —0.39
6.01 7.13 7.15
5.74 5.49 5.50
3.415 3.965 3.965
6.010 7.130 7.150
0.166 0.140 0.140
0.970 1.102 1.099
0.438 0.422 0.411
—6.57 - -
—2.34 - -
4.23 - -
5.39 - -
4.455
4.230
0.236
2.346
3.634
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vegetable oils more susceptible to oxidative reactions. It was also
demonstrated that safflower oil, which has a higher percentage of un-
saturated fatty acid ratios, has the lowest oxidative stability. As a result,
bringing together DFT computations with middle infrared spectral data
to evaluate the oxidative stability of vegetable oils is a potential
approach. The determination of oxidative stability of vegetable oils
using DFT computations with middle infrared spectra is a novel, rapid,
cost-effective, and ecologically friendly technique. The changes in OS
and fatty acid profile of vegetable oils stored under different conditions
could be examined by infrared spectroscopy and DFT calculations as a
further study.
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