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THEORETICAL APPROACH OF DFT B3LYP/6-31G
(d, p) ON EVALUATING THE PERFORMANCE OF
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ACIDS IN INHIBITING THE OXIDATION OF
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ABSTRACT
The effects of adding palmitic acid (PA) and linoleic acid (LA) on the performance of tert-Butylhydroquinone

(TBHQ), in inhibiting the autoxidation of palm olein was studied. These fatty acids were employed to test

their effectiveness on antioxidant performance, experimentally and theoretically. In experimental studies,

palm olein added with fatty acids at four different concentrations in the presence or in the absence of TBHQ
were heated in the oven at 60°C for 15 days and collected after 0, 1, 3, 6, 10 and 15 days for peroxide
values analysis. In the theoretical study, a quantum mechanical at the theoretical level of DFT B3LYP/

6-31G (d,p) was used in optimising the molecular structures of single species and complexes, and then

tested for physical parameters (dipole moment, stabilisation energy, and bond indexes). It was found in the

presence of TBHQ), synergistic behaviour was found between fatty acid and antioxidants. The addition of

PA, which is the same as the main component of palm olein, significantly decreased oxidation and peroxide

formation, thus gave less effect to the degradation of triacylglycerides. Based on the theoretical calculations,

the interaction energy is shown as the major contributor to the performance of the antioxidant.
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INTRODUCTION

Lipid autoxidation is an autocatalytic reaction that
leads to the development of rancidity. This process,
which is the major cause of quality losses in the
food industry, could take place during preparation,
processing, and storage of food products. Lipid
autoxidation and inadequate storage contribute
significantly to the deterioration and reduction of
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the shelf-life of vegetable oil, causing changes to
appearance, taste, as well as odour, colour, texture,
and loss of vitamins (Yang et al., 2016; Milanez and
Pontes, 2014; Gallego et al., 2013; Zeb and Murkovic,
2013). Several studies reported that, besides these
changes degrade the functional and nutritional
compounds of food, they also generate potential
toxic compounds through the action of free radicals
and reactive oxygen species that are harmful to
human health and are implicated in degenerative
diseases such as cancer, cardiovascular diseases
and early ageing (Difonzo et al., 2018; Womeni et al.,
2016). Hence, the susceptibility of food towards lipid
oxidation affects the quality of food products and
consumer acceptability and limits their applications.
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Autoxidation, which is the most common
oxidation phenomenon, occurs through a reaction
between the oxygen and fatty acids via an
autocatalytic process consisting of a free radical
chain mechanism. This type of chain includes
initiation, propagation, and termination processes,
which could be cycled once started (Taghvaei et al.,
2014). Autoxidation radical chain reactions are the
primary cause of oil degradation that leads to the
formation of hydroperoxides, which continuously
undergo decomposition to form an array of
secondary oxidation products such as aldehydes,
ketones, and carboxylic acids (Mohanan et al., 2018).
The degradation process of vegetable oils not only
involves oxidation but also cis-trans isomerisation
and free fatty acid (FFA) production.

According to Sainsbury et al. (2016) and Paradiso
et al. (2010), vegetable oil oxidation is affected by
many factors such as the presence of antioxidants
(inhibitors) or pro-oxidants (catalysts), temperature,
light, oxygen, metals, and enzymes (regarding
processing and storage conditions), as well as
unsaturated fatty acids composition and their
distribution in triacylglyceride (TAG) molecules.

Palm olein, relatively an inexpensive vegetable
oil, is widely consumed as a major lipid source in
developing countries. Malaysia and Indonesia
are the leading countries which export palm oil
around 86% of global production (Damanik and
Murkovic, 2018). Palm olein is the preferred oil for
cooking and frying because it has good oxidative
stability. Refined, bleached, and deodourised (RBD)
palm olein contains high amounts of palmitic acid
(PA) (~ 43%), oleic acid (~ 41%), and linoleic acid
(LA) (~10%) (Pillai et al., 2016). Palm olein has a
balanced fatty acid composition in which the level
of saturated fatty acid is almost equal to that of the
unsaturated fatty acid (Table 1). One of the unique
characteristics of palm olein is its high content of
carotenoids and vitamin E. Natural tocopherol,
especially a-tocopherol, is a superior radical chain-
breaking antioxidant as compared to the synthetic
ones. The presence of this natural vitamin E in palm
olein ensures a longer shelf-life for the palm-based
food products (Damanik and Murkovic, 2018).

TABLE 1. FATTY ACID COMPOSITION OF PALM OLEIN

Name Structure Composition (wt %)
Lauric 12:0 0.1-1.0
Myristic 14:0 0.9-1.5
Palmitic 16:0 41.8-46.8
Palmitoleic 16:1 0.1-0.3
Stearic 18:0 4.2-5.1

Oleic 18:1 37.3-40.8
Linoleic 18:2 9.1-11.0
Linolenic 18:3 0-0.6
Arachidic 20:0 0-0.7
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A number of works have been reported on
the effects of antioxidants and FFA separately,
specifically on the oxidative stability of edible
oils during processing and storage. However,
most of the previous research studies involved
only experimental works, and the analyses of oils
degradation were carried out either conventionally
by peroxide value and acid number (Yu et al., 2015),
or by analytical means such as Fourier transform
infrared (FTIR) spectrometry (Yu et al., 2015; Xu
et al., 2016; Tena et al., 2017; Cozzolino, 2015), gas
chromatography (Hayward et al., 2014) or mass
spectrometry (Bataglion et al., 2014; Cabral et al.,
2013), where the available information is insufficient
in determining the main physical parameters
in affecting the oil oxidation and stability. The
literature also reveals that up to the present
date, there are limited reports regarding the
experimental or theoretical studies that have been
carried out on the performance of antioxidants
in inhibiting the autoxidation of palm oil in the
presence of different compositions of fatty acid.
Recently, the current researchers have reported
the synergistic effects of some fatty acids on
the performance of synthetic antioxidant in
inhibiting the oxidation of TAG of corn oil, where
they found that the addition of polyunsaturated
fatty acids theoretically will decrease the corn oil
degradations (Ali et al., 2017).

Therefore, the aim of this research was to
study, both theoretically and experimentally, the
performance of tert-Butylhydroquinone (TBHQ)
antioxidant towards the oxidative stability of palm
olein, which is known to have more saturated
fatty acids in the TAG constituent, whether in
the presence or absence of additional fatty acids.
These experimental results were compared with
the theoretical calculations using the quantum
mechanical software package of Gaussian09. In
particular, the theoretical level of B3LYP/6-31G
(d,p) was used for the optimisation and evaluation
of physical properties such as stabilisation energy,
dipole moment, bond index, and any other
physical properties that might be responsible
for the interaction between peroxide radical and
antioxidants in the presence or absence of fatty
acids. To our knowledge, this study was the first
reported finding on the theoretical calculations of
physical properties for the determination of palm
olein stability, which can be both valuable to the
other researchers and palm oil industry.

MATERIALS AND METHODS
Theoretical Studies

The molecular structure drawings were done
with GaussView 5.0 (Dennington et al, 2009)
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molecular visualisation program package. A
modification of density functional theory (DFT) at
hybrid functional B3LYP with 6-31G (d,p) basis
sets was employed for the study of physical
interaction between methyl oleate radical
(MO C,00°) with antioxidants, MO C,00* with
fatty acids, and MO C,O0* with antioxidants and
fatty acids during the oxidation processes (Ali et
al.,2017). The MO C,00" was used as a molecular
model to represent palm olein. All calculations
were carried out by using Gaussian09 (Frisch et
al., 2009). Optimised geometries were obtained
by gradient minimisation using the DFT method
without any symmetry constraint.

Experimental Studies

Chemicals. RBD palm olein was purchased from the
local grocery store. TBHQ and fatty acids: PA and
LA were supplied by Merck and used without any
further purification. Merck also supplied chemicals
and other solvents used for analyses such as glacial
acetic acid, chloroform, potassium iodide, and
sodium thiosulphate.

Preparation of samples. Palm olein was mixed
with fatty acids at four different combinations:
0.25%, 0.5%, 1.0%, and 3.0% w/w in the presence or
absence of 0.5% TBHQ. The samples of palm olein
alone and mixtures (antioxidants and fatty acids)
were continuously heated in the oven at 60°C for
15 days under an oxygen atmosphere. Samples of
oil for analyses were taken after the samples were
heated at 60°C. The samples of oil were collected at
Day 0, 1, 3, 6, 10, and 15 for routine analyses. All
of the samples collected were analysed for peroxide
value.

Peroxide value. Peroxide value is a measure of the
concentration of peroxides and hydroperoxides
formed in the initial state, and the results are
expressed as meq kg™ oil (Farhoosh et al., 2016). The
peroxide value was estimated iodometrically using
sodium thiosulphate according to the AOCS Official
Method Cd 8-53 acetic acid — chloroform method
(AOCS, 1993).

RESULTS AND DISCUSSION

Peroxide value is an index for peroxide and
hydroperoxides measurement produced in the
initial stages of lipid oxidation. As stated by
Farhoosh et al. (2016), peroxide value is one of
the most widely used methods for oils oxidative
rancidity evaluation. In this research, the oxidation
of palm olein was determined by measuring the
peroxide value at 60°C for 15 days. One day at 60°C
is equivalent to one month’s storage at ambient
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temperature (Warner et al., 1989). Figure 1 shows the
reaction for peroxide value determination.

In accordance with the results, it was found that
the peroxide value increased with the storage time of
palm olein. Figure 2 for all palm olein samples show
that there was a slow increment during the first 10
days and a sudden increase after that. The palm
olein samples reached the highest peroxide value of
22.0 meq kg after 15 days of exposure. However,
the addition of TBHQ 0.5% reduced the peroxide
value to 18 meq kg'. The antioxidant retarded the
deterioration process due to oxidation.

The peroxide value of palm olein containing
TBHQ 0.5% (symbol: m) was lower than palm olein
alone (symbol: #) (Figures 2 and 3). The addition of
0.5% w/w TBHQ effectively acted as an antioxidant
in inhibiting oxidation (Pimpa et al., 2009), where the
peroxide value decreased as compared to palm olein
alone. The peroxide value increased proportionally
with the day of exposure.

The addition of free fatty acids, PA and LA at
different concentrations, 0.25%, 0.5%, 1.0%, and 3.0%
w/w into combination of palm olein and TBHQ
0.5% significantly changed the oxidation stability
of palm olein (Figures 2 and 3; symbols: A , +, @ and
x, respectively). The initial values of peroxide for
palm olein and combination with fatty acids are the
same at 4.0 meq kg'. The influence of fatty acids
during storage on oxidative stability of palm olein
is shown in Figures 2 and 3. Results showed that the
peroxide value increased linearly with the days of
exposure. The addition of less than 1.0% w/w PA
decreased the peroxide value of palm olein due to
the reduction of hydroperoxide formation (Figure 2).
It means that lower amount of saturated fatty acid
(i.e. PA is able to inhibit the oxidation process and
increase the storage life of palm olein) (Paradiso et
al., 2010).

In contrast, the addition of more than 1.0% w/w
PA enhanced the oxidation of palm olein. Previously,
Colakoglu (2007) found that the addition of 1% of
saturated acid to oil caused an increase in peroxide
formation. The result obtained showed that the
peroxide value increased proportionally with the
day of exposure. The results of this study showed
that the presence of up to 1.0% w/w PA reduced the
formation of the peroxides. As shown in Figure 2, the

RH + O, —> ROOH
KI- + CH,COOH — CH,COOK* + HI
ROOH + 2HI — ROH + HO + |,
b, + 2NaS§,0, —> Na S0, + 2Nal

Figure 1. Reaction for peroxide value determination.
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Figure 2. Peroxide value of palm olein with added tert-Butylhydrolquinone (TBHQ) 0.5% and palmitic acid (PA).
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Figure 3. Peroxide value of palm olein with added tert-Butylhydrolquinone (TBHQ) 0.5% and linoleic acid (LA).

combination of TBHQ with PA shows the synergistic
effect in reducing the peroxide group formation.
The order of the performance of antioxidants in
inhibiting the oxidation of palm olein is as follows:
PO + TBHQ 0.5% + PA 0.25% > PO + TBHQ 0.5% +
PA 0.5% >PO +TBHQ 0.5% + PA 1.0% > PO + TBHQ
0.5% > PO alone > PO + TBHQ 0.5% + PA 3.0%.

The addition of TBHQ 0.5% and PA shows
the synergistic effect where the peroxide value
of the palm olein decreased. The combination of
TBHQ 0.5% and PA 0.25% improved the oxidative
stability of palm olein from 20 meq kg to 6 meq
kg'; combination of TBHQ 0.5% and PA 0.5%
reduced from 20 meq kg? to 8 meq kg'. The same
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phenomenon occurred to TBHQ 0.5% and PA 1.0%
where it reduced from 26 meq kg to 16 meq kg™
while peroxide value of combination TBHQ 0.5%
and PA 3.0% decreased from 26 meq kg to 24 meq
kg™

Previous studies on the theoretical evaluation
of corn oil oxidation (Ali et al., 2017) found that
the combination of fatty acid, antioxidant, and
hydroperoxyl radical (methyl linoleate C,0O")
formed a stable complex and the interaction energy
showed the major contribution. In the present study,
MO C,00" which is one of the TAG chains was used
as a molecular model to represent the palm olein,
since there are limitations in using the whole TAG
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structure of vegetable oil for the complex molecular
drawing (Che Othman, 2015). An initial study by the
current researchers showed that the MO C,00° was
the reactive chain and susceptible to the interaction
with the antioxidant and additional free fatty acid.
Nevertheless, the present study found that the
molecular model used was effective in representing
palm olein and in agreement with the experimental
findings by peroxide values. After the optimisation,
the dipole moment showed that TBHQ was compatible
with MO [uTBHQ = 2.2789 D; uMO = 2.5974 D]. It
indicates that TBHQ is effective in inhibiting the
autoxidation of palm olein.

As reported by Shahidi and Ambigaipalan
(2015), antioxidants such as TBHQ provide more
active sites for the development of a complex
between the free radical of the sample and the
antioxidants. This was proven by the findings of the
current study where TBHQ will provide two sites of
O-H functionality for the antioxidant reaction with
the oil; however, only O-H (1) will interact in the
reaction (Figure 4).

Moreover, it was found that the bond index of
O-H for the TBHQ was significantly lower (0.7388)
than the bond index of O-H hydroperoxide for
MO C,O0H (oil) (0.7580) as shown in Table 2. This
theoretical calculation showed that TBHQ easily
donated the H radical to hydroperoxyl/radicals

TABLE 2. PHYSICAL PROPERTIES OF METHYL OLEATE/
HYDROPEROXYL RADICALS AND ANTIOXIDANT

Dipole Bond index Bond
Species moment U A) distance,
(to. A)
Methyl oleate C;OOH 1.6880 0.7580 0.97367
Methyl oleate C;OO* 2.2789 - -
TBHQ 2.5974 0.7388 0.96570

Note: TBHQ - tert-Butylhydroquinone.

COOr likewise the methyl oleate. From the bond
index analyses, it also showed that antioxidant had
similar performance with the FFA to donate their H
radical. This result was in line with the experimental
results published elsewhere (Ali et al., 2017).

Meanwhile, Figure 3 shows the effect of more
unsaturated free fatty acids (LA) on the performance
of TBHQ 0.5% w/w on the peroxide value of palm
olein. The addition of TBHQ 0.5% w/w and LA at the
concentration of up to 0.5% w/w, gave synergistic
effect and helped reduce the peroxide value of
palm olein. Surprisingly, the usage of LA in palm
olein at the concentration of more than 0.5% w/w
displayed an antagonistic effect (Figure 3, symbol:
+). The presence of high levels of polyunsaturated
fatty acids in the vegetable oil severely reduces the
benefit of any added antioxidants (Ali et al., 2017).

The oxidation of palm olein is directly
proportional to the quantity of LA added. This
indicates that LA acts as a pro-oxidant, where the
addition of 3.0% LA shoots to the highest peroxide
value of 38.0 meq kg'. However, the addition of
TBHQ 0.5% reduced the peroxide value of palm olein
as shown in Figure 3. This show that TBHQ 0.5% and
LA acted synergistically in reducing the oxidation.
The order of the performance of antioxidants in
inhibiting the oxidation of palm olein is as follows:
PO + TBHQ 0.5% + LA 0.25% (PV=10 meq kg") > PO
+ TBHQ 0.5% + LA 0.5% (PV=14 meq kg') > PO +
TBHQ 0.5% + LA 1.0% = PO + TBHQ 0.5% (PV=18
meq kg') > PO alone = PO + TBHQ 0.5% + LA 3.0%
(PV=22 meq kg").

The present finding shows that the fatty acid
composition of the oil will affect the behaviour of
FFA whether it is synergistic or antagonistic (pro-
oxidant) for the systems. Previously, the current
researchers reported that the LA addition to the corn
oil that contains around 65%-70% of unsaturated
fatty acids helped in reducing the oxidation of the

TBHQ

Figure 4. Molecular structure on the interaction between methyl oleate with antioxidant (MO C;00"),
tert-Butylhydrolquinone (TBHQ) and palmitic acid (PA).
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corn oil (Ali et al., 2017), meanwhile in this study,
it was found that the addition of PA, instead of
LA, helped in promoting the antioxidation of palm
olein. Figure 5 shows the molecular structure of the
interaction between LA, TBHQ, and palm olein.

Theoretically, the bond dissociation energies
influence the effectiveness of hydrogen atom
transfer reaction from the antioxidant molecules to
the reactive radical intermediates such as hydroxy],
alkoxyl, peroxyl, and hydroperoxyl radicals formed
during the degradation reactions. The antioxidants’
bond dissociation energies would have to be
lower than the peroxyl radical and hydroperoxyl
radicals to efficiently quench all destructive radical
intermediates (Mohanan et al., 2018). The total
electron and interaction energies are tabulated in
Table 3. The complex with TBHQ in the presence of
PA formed a more stable complex with C,OO* and
TBHQ as compared to LA, where the stabilisation
energy with PA was -85.32 k] mol! and complex
with LA was -74.24 kJ mol”. The details of the
analyses showed that the addition of PA improved
the interaction of the tri-species system by -0.63 kJ
mol?! (from -84.69 to -85.32 kJ mol”). In contrast,
the addition of LA to the complex decreased the
stabilisation energy in the system by +3.01 kJ mol?,
which was from -77.25 k] mol™ to -74.24 k] mol.
Based on these theoretical findings, it can be proven
that the addition of PA to TBHQ will reduce the
peroxide value of palm olein as compared to LA,
experimentally.

CONCLUSION

A theoretical approach to measure the oil oxidation
is reported here. In summary, whether the system
of tri-species (C,OO* + antioxidant + FFA) will be
affected or not with the presence of free fatty acids
is dependent upon the total interaction energy of the
tri-species involved in the system. The synergistic

behaviour between both antioxidant and fatty acid
in the system will contribute to the decrease of
peroxide value for the oil, while the antagonistic
behaviour between the species will promote the
oxidation of the oil. Furthermore, the addition of
fatty acids (saturated or polyunsaturated) at certain
concentrations, especially at low concentrations, is
able to improve the performance of antioxidants
through the formation of synergistic tri-species
complexes. It is also worth to note that in the
presence of TBHQ, saturated fatty acids such as PA
show a better synergistic effect as compared to more
unsaturated ones (LA) in reducing the oxidation of
palm olein. It can be concluded that the proposed
method of using optimised molecular model DFT
B3LYP/6-31G (d,p), make this method ideal for the
measurement of factor affecting the oil oxidation.
Results from the optimised theoretical calculation
also showed that the complexity of the oil in terms of
C,00" with TBHQ and PA has a higher interaction
energy than the complex with LA, thus giving merits
to the usage of PA in this system. However, for the
future works in theoretical studies, the optimisation
on the real triacylglycerols TAG composition of the
palm olein (such as POP, POO, POL efc.), instead of
using only one chain of TAG, could be suggested in
order to improve the interaction properties.

TABLE 3. TOTAL ELECTRONIC ENERGY AND

INTERACTION ENERGY
System SCF energy Interaction
(a.u) energy (kJ mol?)
C,00" + TBHQ + PA -2365.448282 -85.3163
C,00* + TBHQ -1585.908801 -44.2752
C,00" +PA -1825.465358 -25.2360
TBHQ + PA - -84.6891
C,00" + TBHQ + LA -2441.604613 -74.2389
C,00* + TBHQ -1585.908949 -44.6641
C,00* + LA -1901.621763 -14.3522
TBHQ + LA - -77.2489

Figure 5. Molecular structure on the interaction between methyl oleate with antioxidant (MO C;00"),
tert-Butylhydrolquinone (TBHQ) and linoleic acid (LA).
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