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SUMMARY: The present study investigates the oxidation kinetics of hazelnut oil ozonated in different treat-
ment periods (1, 5, 60 and 180 min). The kinetic rate constant (k) was taken as the inverse of oxidation onset
time (7,) observing a linear relationship from the plot of In7, to isothermal temperatures (373, 383, 393, and
403 K) carried out at differential scanning calorimetry. Kinetic parameters, activation energy (£,), activation
enthalpy (AH') and entropy (AS") were calculated based on the Arrhenius equation and activated complex the-
ory. k values showed an exponential rise with the increase of ozone treatment time. The increase in k correlated
well with the increase in the peroxide and free fatty acid values of all samples. E, and AH of the ozone treated
oils showed a reducing trend and reflected an increased oxidation sensitivity after ozone treatment. Consistently,
an increase in AS indicated a faster oxidation reaction with an increase in ozone exposure time. However, no sig-
nificant difference was observed in k, E,, AH*, AS* (p < 0.05) as a function of storage period, after the hazelnut
oil was treated with ozone for 1 min.
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RESUMEN: Cinética de oxidacion del aceite de avellana tratado con ozono. El presente estudio investiga la ciné-
tica de oxidacion del aceite de avellana ozonizado durante diferentes periodos (1, 5, 60 y 180 min). La constante
de velocidad cinética (k) se tom6 como la inversa del tiempo de inicio de la oxidacion (To) observando una
relacion lineal cuando se representa el InTo con las temperaturas isotérmicas (373, 383, 393 y 403 K) llevadas
a cabo en calorimetria de barrido diferencial. Los parametros cinéticos, energia de activacion (Ea), entalpia de
activacion (AH') y entropia (AS") se calcularon sobre la base de la ecuacion de Arrhenius y de la teoria compleja
activada. Los valores de k mostraron un aumento exponencial con el aumento del tiempo de tratamiento de
ozono. El aumento de k se correlaciond bien con el aumento de perdxidos y de los acidos grasos libres de
todas las muestras. Ea y AH* de los aceites tratados con ozono mostraron una tendencia reductora que refleja
una mayor sensibilidad a la oxidacion de los aceites después del tratamiento con ozono. Consistentemente,
un aumento de AS? indicé una reaccion de oxidacion mas rapida con un aumento del tiempo de exposicién al
ozono. Sin embargo, no se observé diferencia significativa en k, Ea, AH?, AS* (p <0.05) en funcion del periodo
de almacenamiento, después de que el aceite de avellana fue tratado con ozono durante 1 min.
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1. INTRODUCTION

The requirement for novel preservation tech-
nologies in food processing arises from consumer
preferences for minimally processed foods, which
are free of chemicals, microbial spoilage and food-
borne pathogens. Pulsed electric field (Sanz-Puig
et al., 2016), ultrasound (Charoux et al., 2017), high
intensity pulsed light (Miller et al., 2012), irradia-
tion (Song et al., 2006), and high hydrostatic pres-
sure (Ross et al., 2003) are technological processes
with high investment costs for controlling the micro-
bial load. In addition to them, sanitizers, bleach-
ing agents, and chemical preservatives are used in
industrial processing (Marriott, 1994). However, an
unsafe use of chemicals increases the risk of envi-
ronmental hazards. An alternative method in the
processing of foods is the use of ozone as an anti-
microbial agent (Guzel-Seydim ez al., 2004). Ozone
treatment reduces the population of a wide range
of microorganisms even at low concentrations due
to its potential oxidizing capacity. It received the
GRAS (generally recognized as safe) status for use
as disinfectant and sanitizer in 1997 (USDA, 1997).
There are many applications for ozone in the food
industry such as food surface hygiene, sanitation of
food plant equipment, reuse of waste water (Yang
and Chen, 1979). In the processing and storage of
nuts, ozone would be recommended as a potent
disinfectant, effective against a wide spectrum of
microorganisms present on the surface (Oner and
Demirci, 2016). Ozone would reduce the microbial
population and the likelihood of mycotoxin pro-
duction in nuts which causes economical loss during
storage and exportation. However, food materials
have complex structures which may include lipid
components and ozone oxidation of these compo-
nents during treatment is likely to occur and this
manifests itself as a change in the physical and
chemical properties of food. Recent studies inves-
tigated the antibacterial and fungicidal effects
of ozonated vegetable oils (Skalska et al., 2009,
Moureu et al, 2016) and their physical proper-
ties and functional groups (Sadowska et al., 2008,
Sega et al., 2010). Unsaturated triglycerides, which
are rich in nuts, are sensitive and susceptible to
ozone oxidation which causes quality change. The
hazelnut is one of the major products in Turkey,
and enjoys a high economic value. It may provide
a good medium for the production of mycotoxins
during transportation and manufacturing after its
hard shell is removed. Therefore, the use of ozone
in the processing of hazelnuts is an effective method
for preventing microbial growth. Although the
efficiency of ozone depends largely on the method
used, ozone concentration, medium, exposure time,
diffusivity of ozone to food, temperature, and lipid
content can be considered as a sensitive component
which is susceptible to oxidation during the ozone

exposure of hazelnuts. Hazelnut oil is rich in mono-
unsaturated (MUFA) and polyunsaturated (PUFA)
(approximately, 83% MUFA and 9% PUFA) fatty
acids (Alasalvar et al., 2003), even though it has
been reported to have high oxidative stability due
to its high a-tocopherol content (Parcerisa et al.,
2000). Therefore, determining the effect of ozone
treatment on a lipid component might be useful to
predict changes in hazelnut upon ozonation. The
mechanism in which gaseous ozone reacts with
unsaturated triglycerides is known as Criegee reac-
tions (Criegee, 1975) (Figure 1). Ozonolysis achieves
oxidative scission of C=C double bonds. An unsta-
ble primary ozonide initially forms and then decom-
poses to a zwitterionic compound which returns to
a cyclic trioxolane in an anhydrous environment or
a series of aldehydes or ketones with water. Criegee
intermediates are highly reactive and can undergo
O atom elimination, ester and acid formation, and
hydroperoxide formation (Sega et al., 2010).

The oxidation of ozone treated vegetable oils can
be expressed by a mathematical expression. Since
the oxidative reactions of vegetable oils are unique
in their behavior, an appropriate model must be
derived individually for each product rather than
a general mathematical model developed to simu-
late the lipid oxidation data (Tan et al., 2001). The
kinetic model approach is a common method for the
deterioration by environmental and compositional
factors (Van Boekel, 1996). The determination of
kinetic parameters of lipid oxidation in vegetable oil
quality would be needed to predict quality changes,
and would allow the optimization of storage condi-
tions. One of the main environmental factors that
affects quality loss is temperature, which causes
the thermal oxidative decomposition of oils and
fats. Recently, Differential Scanning Calorimetry
(DSC) has been a commonly used technique for the
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FIGURE 1. Proposed mechanisms of ozonolysis and
compounds formed by the ozonolysis of unsaturated fatty acids
(Criegee, 1975).
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determination of the oxidative stability of different
types of oils (Tan and Che Man, 1999), because it is
precise and sensible. It rapidly produces results and
requires less sample without the use of toxic chemi-
cals. The oxidative stability can be detected by DSC
at isothermal modes with purified oxygen as purge
gas. In general, the time before a dramatic increase
in the rate of oxidation is a measure of oxidative sta-
bility and is referred to as induction period (Micic
et al., 2015). The induction period is expressed as
the period of time necessary for the secondary oxi-
dation products to be formed in the chain reactions
of autooxidation. The exothermic reaction of oil
and oxygen is observed as a dramatic increase in the
heat along with the appearance of a sharp exother-
mic curve in DSC. The DSC method can provide
valuable data to calculate kinetic parameters for
lipid oxidation such as oxidation rate constant at
various temperatures and activation energy, which
in turn expresses the oxidative stability by a derived
mathematical relationship.

The use of ozone gas in the processing and stor-
age of grains and nuts to prevent possible micro-
bial contamination is considered as an alternative
method (Prakash, 2013). The objective of the pres-
ent work was to investigate the oxidation stabil-
ity of hazelnut oil after being treated with ozone,
assuming that hazelnut oil is prone to oxidation
primarily in the whole hazelnut kernel. Thermal
oxidation kinetics were evaluated. Kinetic param-
eters including activation energy (£,), the rate con-
stant (k), actlvatlon enthalpy (AH") and activation
entropy (AS’) were determined. A mathematical
model was developed to express the oxidation reac-
tion rate as a function of temperature for ozonated
hazelnut oil.

2. MATERIAL AND METHODS
2.1. Materials

Crude hazelnut oil was purchased from a local
manufacturer (FISKOBIRLIK Company, produc-
tion year 2013). Acetic acid (100%) and chloroform
(99.5%) were purchased from Merck Company.
Potassium iodide, sodium thiosulfate, starch, and
sodium hydroxide were bought from Riedel de Haen
and ethanol (99.8%) and diethyl ether (99.5%) were
obtained from Sigma-Aldrich. All chemicals used
were of analytical grade.

2.2. Ozonation of hazelnut oil

Ozone gas was generated by an ozone genera-
tor (Ozone Marine, OMS Model, Izmir, Turkey)
operating according to the corona-discharge
method at a constant flow rate of lkg/min. The
oxygen required for ozone generation was provided
from the air. In each ozone treatment, a 100 mL
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of hazelnut oil sample placed into a gas wash-
ing bottle. The bottle was kept in a water bath at
20 °C until the equilibrium was established. Ozone
treatment of the sample was carried out at 20 °C.
Ozone gas was directed into the bottle through
flexible tubing and bubbled through the oil sample.
Hazelnut oil samples were ozonated for different
periods of time (1, 5, 60, and 180 min). For each
treatment period several 100 mL samples, 1500
mL hazelnut oil in total were ozonated. Ozonated
samples were mixed together, kept in a dark room
for 20 hours at 20 °C and then filled into 100 mL
hermetically sealed bottles with 2 mL head space.
The bottles were stored in a dark room at 20 °C
for 150 days. Samples were analyzed at different
time intervals (3, 7, 10, 20, 30, 40, 55, 70, 85, 100,
125, and 150 days) throughout the storage period
to determine the oxidation rate as short and long
term storage. One bottle was used for the analyses
conducted at a specific storage period.

2.3. Chemical analyses

The peroxide value (PV) and free fatty acid value
(FFA) of the oil samples were determined using
the American Oil Chemists’ Society official meth-
ods (Cd 8-53 and Ca50-40, respectively) (Firestone,
1993). The data given are the average of triplicate
results.

2.4. Differential scanning calorimeter

The oxidation stability of ozone treated hazelnut
oil was determined by DSC (Perkin-Elmer DSC 6
equipped with a Pyris software Perkin-Elmer Inc.,
Wellesley USA). The equipment was calibrated with
pure indium and the baseline was obtained with
an aluminium pan. An oil sample of ca. 5.0+0.5
mg was weighed into an open aluminium pan. The
sample pan was placed in the sample chamber. An
empty open aluminium pan was used as reference.
Oxygen gas (99.8% purity) was passed through the
chamber at a rate of 50 ml/min. DSC was run at dif-
ferent isothermal temperatures (100, 110, 120, and
130 °C). The onset time (7,) of the oxidation reac-
tion (so-called oxidative induction time) was deter-
mined from the resulting curve as the intersection of
the extrapolated baseline and the tangent line (lead-
ing edge) of the exotherm. All DSC experiments
were performed in triplicate and the average value
of T, was used in calculations (Figure 2).

2.5. Kinetic analysis of data

The lipid oxidation in DSC was conducted with
a large excess of oxygen generated by a constant
flow rate which allows the formation of oxidation
products regardless of the oxygen concentration
(Pardauil et al., 2011). This allows the assumption
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FiGure 2. Differential scanning calorimetric oxidation curve

of ozone treated hazel nut oil at 373, 383, 393, 403 K, with an

oxygen (99.5% purity) flow rate of 50mL/min. Y-axis indicates
the exothermic heat flow.

of a first order oxidation reaction of oil in DSC at
isothermal mode in many works (Pardauil et al.,
2011; Tan et al., 2001; Tan and Che Man, 1999;
Micic et al., 2015). The value of heat evolved at
time t is proportional to the amount of reacted sub-
strate (Thurgood et al., 2007). The same extent of
conversion reached is observed as oxidation induc-
tion period at different temperatures. Therefore the
induction time which reflects the effect of temper-
ature is proportional to the rate constant. Kinetic
parameters including activation energy gEa) the rate
constant (k), activation enthalpy (AH") activation
entropy (AS”) were calculated by methods modified
from (Tan et al., 2001). The relationship between iso-
thermal temperatures and the kinetic rate constant
of lipid oxidation was illustrated by the Arrhenius
equation:

In(k) = In 4-E,/RT  /3/

where k is the rate constant and determined as
reciprocal T, A (h) is the pre- exponentlal factor
or frequency factor, E, (kJ mol” ) is the activation
energy, R (8.314510 J K" mol” ") is the molar gas
constant and 7" (K) is the absolute temperature. A
linear least squares regression of In (k) vs. 1/T exhib-
its activation energy and frequency factor from the
slope and intercept, respectively. The regression
of In (k) vs. I/T in the equation derived from acti-
vated complex theory gives enthalpy of activation
(AH* (kJ mol™)) and entropy of activation (AS*(J
K 'mol™)) from the slope and interface, respectively,

In(k/T) = (Inky/h +(AS'/R)) — (AH/R)(1/T) 14/

where kB is the Boltzmann constant (1.380658 x

102 K™ ) and £ is Planck’s constant (6.6260755 x

107* J s). * indicates the activated complex formed
in a bimolecular reaction.

2.6. Statistical analysis

Kinetic parameters were analyzed using one-way
ANOVA for the comparison of means and signifi-
cant differences were determined at 95% confidence
interval by Duncan’s multiple range test. The linear
regression analyses for fitting the kinetic data were
applied by using SPSS statistical package (2013),
(IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp.) Two-way ANOVA was
applied to PV and FFA data (Table 1) to see whether
an interaction was present between ozone treatment
period and storage time. The interaction between
ozonation period and isothermal temperature was
analyzed by applying two-way ANOVA to k data
(Table 2). The confidence interval was 95%.

3. RESULTS AND DISCUSSION
3.1. Peroxide (PV) and free fatty acid value (FFA)

Peroxide and acid values for the untreated and
ozone treated hazelnut oils are shown in Table 1.
The first row in the table represents the variation in
PV and FFA of the control oil and ozone treated
oil samples immediately after ozonation. The oth-
ers indicate the PV and FFA of oil samples mea-
sured after being stored for predetermined periods.
All PV and FFA values in Table 1 were statistically
analyzed and they showed significant differences
(» < 0.05). An exponential increase in the PV of oil
samples with the increase in ozone treatment time
was observed. While the PV of untreated oil was
measured as 12.1 meq/kg oil, PV were 15.91, 33.72,
120.63, and 207.25 meq/kg oil for 1, 5, 60, and
180 min ozone treated samples, respectively. The
increase in PV with respect to the untreated sample
is 17 times after 180 min ozone treatment. The PV of
oil is used as a measurement of the extent to which
oxidative rancidity reactions have occurred during
ozone treatment. As the treatment time is extended,
more ozone molecules contact the oil sample, whose
volume is kept constant in each ozone treatment,
causing an extensive oxidation. The PV of ozone
treated oil samples correlates well with data in pre-
vious studies on different vegetable fats and oils
in relation to the ozone treatment time (Sadowska
et al., 2008). The reaction of ozone with vegetable
oils occurs almost exclusively with the carbon-car-
bon double bonds in unsaturated fatty acids. This
reaction produces several oxygenated compounds
such as hydroperoxides, ozonides, aldehydes, perox-
ides, diperoxides and polyperoxides (Bailey, 1982).
Hence, the chemical and structural properties of the
oils can change. Researchers stated a higher PV in
ozone treated soybean oil as compared to olive oil
which could be explained by the presence of a high
proportion of unsaturated fatty acid chains in soy-
bean oil than olive oil (Sadowska et al., 2008).
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TABLE 2 The reaction rate constant (k) of untreated and ozone treated hazelnut oils' at different isothermal temperatures

Reaction rate constant at different isothermal temperatures, k (x10° min™)

373K 383K 393K 403 K
HO 1.80£0.05a,a 3.70£0.2b,a 7.80%0.3c,a 16.90%2.1d,a
OHOL1 2.07£0.7a,b 4.12£0.9b,b 8.28+1.2¢,b 16.94+1.5d.b
OHOS5 7.0210.8a,c 14.11+2.3b.c 28.20%0.8c.c 56.49+2.7d,c
OHO60 12.80%1.1a,d 25.68%£3.2b,d 51.65£0.9¢,d 103,62%4.2d,d
OHOI180 17.52+0.6a,e 35.10£2.1b,e 68.77+0.8c.e 137.36£3.9d.e

'Each value in the table represents the mean * standard deviation of triplicate analyses. Abbreviations: HO, hazelnut oil; OHOI,
OHOS, OHO60, and OHO180 ozone treated hazelnut oil for 1, 5, 60, and 180 minutes, respectively. Means with different letters in each
column and row are significantly (p < 0.05) different. The first letter indicates significantly different means within each row; the second

letter indicates significantly different means within each column.

Ozone treated and untreated samples were stored
in a dark place at 20 °C for up to 150 days. This
period was assumed to be long enough to observe
the oxidative changes (Seydim and Ertekin, 2006).
It was observed that the PV of ozone treated oil
samples raised with the increase in storage period.
The increase in PV in 150 days was observed to
be 3.13 times in untreated oil. The raise in PV in
ozonated oil samples were found as 4.92, 3.27, 1.60,
and 1.52 times for 1, 5, 60 and 180 min ozone treat-
ments, throughout the same storage period, respec-
tively. The increase in PV was observed to slow
down in 60 and 180 min ozone treatments, since the
oxidation of oil was expected to be accomplished
during ozone treatment. The reaction rate decreases
because of the double bond disappearance with
extended treatment time (Zanardi et al., 2008). It
was observed statistically that there was no inter-
action between ozone treatment period and storage
time (p < 0.05).

As well as PV, FFA of oils is very important in
terms of quality measurements in the food indus-
try. FFA is a measurement of the oil’s chemical
degradation; as the oil degrades more fatty acids
are freed from the glycerides, increasing the level
of free acidity and thereby increasing rancidity. In
the present study, the FFA of oil samples was mea-
sured as a function of ozone treatment period and
also, as a function of storage time (Table 1). As seen
in the table, while the FFA value of the untreated
oil sample was measured as 0.0145% oleic acid,
the FFA of ozone treated oils were 0.0155, 0.0157,
0.0174 and 0.0201 % oleic acid for 1, 5, 60, and
180 min ozone treatment, respectively. The FFA of
the oil samples was observed to increase as much
as 1.06, 1.08, 1.20, and 1.38 times in ozone treated
samples for 1, 5, 60, and 180 min ozone treatment,
respectively. An increase in the FFA value corre-
lates well with the increase in PV in the ozone treat-
ment process. In a previous study (Skalska et al.,
2009), it was noticed that the acidity value of sun-
flower oil increased with an increase in ozone dos-
age. Also, it was reported that the fatty acid was

oxidized rapidly and the acid value and peroxide
value increased when peanuts were treated with
high concentrations of ozone for a long time (Chen
et al., 2014). A rise in the FFA of the oil samples
was observed when they were measured through-
out the storage period. The FFA of untreated oil
increased 1.24 times in 150 days, whereas the FFA
of the ozonated oil samples increased 1.36, 1.41,
1.69, and 2.32 times for 1, 5, 60, and 180 min ozone
treatments, respectively. As expected, the highest
FFA value was seen in the oil sample ozonated for
180 min and stored for 150 days (Table 1), resulting
from a high amount of ozone exposure. Recently,
it has been reported that partial hydrolysis that
takes place during the ozonation process gives rise
to unbound fatty acids which give fats an acidic
feature (Skalska er al., 2009). In addition, all oils
and fats, depending on minor components such as
moisture and other impurities together with storage
temperature, air (oxygen) concentration, and light
can exhibit oxidation during storage (Syed, 2016)
which is likely to release free fatty acids (Fu et al.,
2016). In a recent study, it has been revealed that
monounsaturated the fatty acid contents of soy-
bean, canola, and corn oils were slightly increased
during storage exhibiting a common trend which
was an increase in the relative content of monoun-
saturated fatty acids and a decrease in that of poly-
unsaturated fatty acids (Syed, 2016). Considering
that, fat molecules which were already exposed to
oxidation with ozone, might be more sensitive to
oxidation during storage as a result of structural
changes. This may cause an inevitable increase in
FFA values after the storage period. Four classical
ozonolysis products of oleic acid were determined
as azelaic acid, 9-oxononanoic acid, nonanoic
acid and nonanal together with other more vola-
tile products (Zahardis et al., 2006). It has been
stated that degradation products may not only be
the short chain fatty acids, peroxidic species can
be degraded into carboxylic acids (Zanardi et al.,
2008). Therefore, the formation of carboxylic acids
may reflect an increase in FFA value.
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3.2. DSC Kkinetics

The oxidative stability of ozone treated hazelnut
oil was evaluated using kinetic parameters, the rate
constant (k), the activation energy (£,), activation
enthalpy (AH"), activation entropy (AS"). The ozo-
nation process was carried out at 20 °C, because the
solubility of oxygen decreases by almost 25% for
each 10 °C rise in temperature (Tan et al., 2001).
Oleic acid is the main unsaturated component in
hazelnut oil. The ozonation time for the complete
consumption of carbon-carbon bonds has been
reported to be 2.26 h for oleic acid, and up to 20
h for oils (Sadowska et al., 2008). For the ozone
oxidation to be accomplished, the samples were
kept in a dark environment for 20 hours at 20 °C
before the analyses were conducted. The stability
of ozone oxidized hazelnut oil to thermal oxida-
tive decomposition was carried out at high isother-
mal temperatures in DSC. The oxygen was kept in
large excess providing that the concentration of it
was very high compared to the amount of oil. The
substrate concentration remains nearly constant for
the reaction allowing the assumption that the reac-
tion is a first order reaction which is an essential
assumption for the calculation of kinetic param-
eters (Micic et al., 2015). The DSC method allows
the detection of energy necessary for the transfer of
oxygen molecules to an unsaturated fatty acid which
was observed as an exothemic change. The oxida-
tive stability of the oils was estimated on the basis
of the oxidation induction time (7;) (Tan and Che
Man, 1999) detected from the resulting thermogram
at different isothermal temperatures (373, 383, 393,
and 403K). Figure 2 shows the curves of oxidation
at which the induction period was observed as the
intersection of the extrapolated baseline and the
tangent line to the leading edge. The thermal oxi-
dation rate constant (k) of untreated and ozone
treated hazelnut oil samples was determined as the
reciprocal of induction time, considering that 7} is
proportional to the effect of temperature on the rate
of thermal lipid oxidation as the concentration is
assumed to be constant.

Table 2 shows the change in the k values of
untreated and ozone treated hazelnut oils at iso-
thermal temperatures applied in DSC. Those k val-
ues of oil samples were analyzed statistically with
respect to isothermal temperature and with respect
to ozone treatment time separately, and found to
be significantly different (p < 0.05). Also, there
was statistically no interaction between isothermal
temperature and ozonation period (p < 0.05). A
dramatic increase in rate constant was observed as
the isothermal temperature was increased for each
ozonated sample. k values also showed an exponen-
tial rise with the increase in ozone treatment time.
At 373 K, k value increased almost 10 times with
ozone treatment of 180 minutes. Commonly, edible
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oils with high degrees of unsaturation are more sus-
ceptible to ozone oxidation. The content of oleic
acid (C18:1) in hazelnut oil has been found to range
between 73.48% to 81.57% (Balta et al., 2006).

It has been detected that the unsaturated fatty
acid composition of the oils decreases with ozone
treatment (Thurgood et al., 2007). This has been
confirmed by the measurement of iodine value in
our study and it was found that the iodine value
of the untreated oil and 1,5,60 and 180 min ozone
treated oil were 95.47, 72.08, 65.09, 22.30 and 18.27
(g/100g oil), respectively. However, a discrepancy
was observed between the iodine value and the oxi-
dation reaction rate constant obtained by thermal
analysis. Although the iodine value of the untreated
hazelnut oil was high, it showed almost 10 times
slower oxidation rate as compared to 180 min ozone
treated hazelnut oil (Table 2). This may be explained
by the presence of a high free fatty acid content
which was exposed due to partial hydrolysis taking
place during the ozonation process (Skalska et al.,
2009). This was also evidenced by increased FFA in
ozonated samples (Table 1). It has been found (Tan
et al.,2001) that unbound fatty acids are more prone
to oxidation compared to fatty acids bound to the
glycerol backbone.

Although it is known that a higher level of unsat-
uration favors the oxidation process, the presence of
antioxidants plays an important role in the rate of
lipid oxidation. Tocopherols are very efficient anti-
oxidant agents and a-tocopherol is a major antioxi-
dant in nature and donates hydrogen in the hydroxyl
group to the lipid peroxyl radical. a-Tocopherol
prevents the propagation step of lipid oxidation and
slows down the rate of lipid oxidation. Researchers
investigated the tocopherol contents of oil extracted
from different nuts and found that vitamin E was
highest in hazelnut oil (33.1 mg a-tocopherol equiva-
lents/100 g oil) (Kornsteiner et al., 2006). Therefore,
the chemical composition influences the oxidative
stability of a given oil, which, in turn, appears to
be a comprehensive tool in an assessment of the
multi-faceted oil quality. The antioxidative effective-
ness of a-tocopherol depends on the concentration
of tocopherol. a-Tocopherol at low concentrations
acts as an antioxidant, but at high concentrations,
it acts as a pro-oxidant (Jung and Min, 1990) which
is clearly manifested by the increased oxidation rate
during the induction period, but it may or may not
be related to the length of the induction period. This
behavior was suggested to be evaluated as the ratio
of induction period in the presence and absence of
the antioxidant, which is more critical, and the ratio
of the rate of oxidation in the presence and absence
of the antioxidant (Kamal-Eldin and Budilarto,
2015). The proposed mechanisms for the pro-oxi-
dant behavior of tocopherols at high concentration
are chain transfer reactions by the tocopheroxyl
radical to abstract a hydrogen atom from fatty acid
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or hydroperoxide, auto-initiation by the decompo-
sition of hydroperoxide, formation of intermediate
radicals, and reactions of the oxidized products
of tocopherols (Chapman et al., 2009). The loss of
antioxidant efficacy and the reduction in the rate of
oxidation reaction may make the evaluation of lipid
oxidation by the kinetic approach difficult. However,
in the interpretation of the oil oxidation stability
through kinetic parameters few assumptions have
been taken into consideration. The threshold con-
centration of tocopherol for the pro-oxidant behav-
ior is 1 mmole/L (Naumov and Vasil’ev, 2003), which
is more than the tocopherol content in the hazelnut
oil. The reaction rate between a-tocopherol and a
radical is 10000 times greater than that between the
radical and another lipid molecule and heating at
high temperature caused rapid tocopherol degra-
dation (Chapman et al., 2009), which increases the
probability of tocopherol degradation mainly in the
ozonolysis of oil rather than in the thermal oxida-
tion by DSC. Therefore, the results presented exhibit
a good approximation for the prediction of the oxi-
dative stability of the ozone treated hazelnut 011
Table 3 shows the changes in k, E, AH', AS
of ozonated hazelnut oil as a function of storage
time. The kinetic parameters were calculated for
oil samples ozonated for 1 min and stored for up
to 90 days. The samples were analyzed by DSC at
specific time intervals (0, 3, 14, 30, 60, and 90) at dif-
ferent isothermal temperatures (373, 383, 393, and
403K). The statistical analysis of kinetic parameters
did not show a s1gn1f1cant difference (p > 0.05). The
changes in E,, AH*, AS during storage for 90 days
were in the range of experimental error. Contrary to
observations in PV and FFA which were observed
to increase during storage (Table 1), kinetic param-
eters indicated that the storage period did not affect
the temperature sensitivity or rate of oxidation reac-
tion, and hence the quality change or deterioration
of ozone treated oil samples. This may be related
to the composition of oil sample that the oxidation

that was detected by DSC, which might better reflect
the extent of unsaturation rather than the formation
of oxidation products.

Table 4 shows the changes in kinetic constants (E,
AH?, AS?) for untreated and ozone treated hazelnut
oils with respect to ozone treatment time (1, 5, 60,
and 180 min). The ﬁtted data has a high correlation
for determination (R’ > 0.96) indicating that tem-
perature dependent oxidation of ozonated hazelnut
oil could be characterized by the activation complex
theory. Statistically, kinetic parameters were sig-
nificantly different (p < 0.05) with respect to ozone
treatment time. E, of ozone treated oils showed
a reducing trend as the ozone exposure period
increased. The E, value represents the minimum
energy requirement to start the oxidation reaction
(Laidler, 1987). This result indicates the increased
oxidation sensitivity of oils after ozone treatment
either due to the partial hydrolysis of triglycerides
or by the destruction of compounds having high
antioxidant activity. In a prior work, it was deter-
mined that the activation energy for the oxidation of
sunflower oil was higher as the amount of artificial
antioxidants were increased (Souza et al., 2004). The
lower activation energy means less energy required
for oxidation products to form. The AH of hazelnut
oil was observed to decrease with increased ozone
exposure. AH’ represents the difference in energy
between ground state and the transition state in a
chemical reaction. The higher activation enthalpy
means the more energy required for the products
to form in an activated state (Atkins and De Paua,
2006). In general, a reaction will take place faster if
the value of AH" and E, are low. AS is the difference
between the entropy of the transition state and the
sum of entropies of the reactants. In bimolecular
reactions, when a complex is formed by association
of two individual molecules, there may be a loss in
transitional and rotational freedom. More often,
there is a decrease in entropy in passmg to an acti-
vated state leading to a negative AS’ (Moore, 1972).

TABLE 3. Changes in kinetic parameters for OHO1 during storage period'
Time OHO1
(day) k (x 10° min ) E, (kJ mol ) AH' &kImol ™) AS’ (JK'mol™)
373 K 383 K 393 K 403 K

0 2.07£0.05 4.15£0.5 8.28+0.07 16.68%0.31 86.72£0.25a 83.51£0.20a -74.4110.91a
3 2.15%0.08 4.31%£0.5 8.64%0.13 17.4210.27 86.9110.33a 83.70£0.37a -73.56%0.55a
14 2.28%0.07 4.57%0.5 9.16£0.09 18.28%0.55 86.58+0.41a 83.36%0.42a -73.98%1.32a
30 3.99+0.1 7.95%0.5 16.0510.24 31.54£0.62 86.25%0.37a 83.0210.35a -72.87£0.75a
60 4.75%0.05 9.48%0.5 18.97£0.23 37.971£0.36 86.52+0.35a 83.30£0.18a -73.13+0.34a
90 4.84%0.09 9.71%0.5 19.4910.12 38.81£0.47 86.68%0.45a 83.4610.23a -73.21+0.15a

'Each value in the table represents the mean * standard deviation of triplicate analyses. Abbreviations: OHOI, ozone treated hazelnut
oil for 1 minute; k, reaction rate constant; E,, activation energy; AH", activation enthalpy; AS*, activation entropy. Means with
different letters are significantly (p < 0.05) different within each column.
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However, an increase in AS” was observed as the
ozone exposure was increased (Table 4) indicating
an increase in disorderliness in the activated com-
plex state. A possible explanation for this is that
the activated complex state for lipid oxidation in
ozone treated hazelnut oil is more probable and the
oxidation reaction rate is faster. These results were
correlated well with change in & values. It could
be concluded that an increase in k and AS” and a
decrease in E, and AH" indicated a faster oxidation
reaction when the ozone exposure time of hazelnut
oil was extended.

A prediction of the oxidation induction period
at any temperature could be possible by fitting the
experimental data to a mathematical equation. In
the present study, the regression of logarithm of &
and reciprocal of isothermal temperature showed
a linear relationship and regression equations for
untreated hazelnut oil and ozonated oil samples are
given in Table 5. Correlation coefficients indicated a
hi%h degree of linear dependency between k and T
(R >0.999). These equations were used to predict 7,
during storage at 25 °C for hazelnut oil and ozonated
samples and predicted T, values are also included
in Table 5. 7, was found as 659 days for untreated

TABLE 4. Changes in kinetic parameters for untreated and
ozone treated hazelnut oils

Ozonation

time (min) E,(kJmol ™) AH' (kJmol™) AS?(J K'mol™)
HO 91.44+0.21a  88.33+0.34a  -75.03%0.30a
OHO1 87.7240.10b  84.51+0.35b  -74.41%0.27b
OHO5 86.83+0.14c  83.42+0.45¢c  -64.15+0.15¢
OHO60 85.03+0.20d  81.88+0.25d  -63.72+0.33d
OHOI80  84.56+0.15¢  80.34%+0.18¢  -62.34+0.52¢

"Each value in the table represents the mean + standard deviation
of triplicate analyses. Abbreviations: HO, hazelnut oil; OHOI,
OHOS35, OHO60, and OHO180 ozone treated hazelnut oil for L,
5, 60, and 180 minutes, respectively. E,, activation energy; AH",
activation enthalpy; AS”, activation entropy. Means with different
letters are significantly (p < 0.05) different within each column.
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hazelnut oil when oxidation was carried out at ambi-
ent temperature. In the Turkish Standard, the shelf-
life of hazelnut oil has been stated as a maximum of
two 2 years (Turkish Standards, 2003). This corre-
lates well with the predicted 7,,. Predicted 7, values
decreased for ozone treated hazelnut oils (Table 5)
which were 388, 115, 54 and 38 days for 1, 5, 60 and
180 min ozone treated hazelnut oils, respectively.
Predicted induction times for 10 different oils have
been estimated through regression equations found
by fitting the experimental data in accelerated shelf-
life testing in a previous work (Tan et al., 2001) and it
has been stated that the estimated values at low tem-
peratures can be considered as approximate values.
Different reaction pathways that are followed by the
lipid oxidation at high or low temperatures may be
the reason together with the effects of oxygen solu-
bility, metal catalysts and antioxidants (Thurgood
et al., 2007). Moreover, the ambient conditions in
storage would have a limited oxygen concentration
in comparison to the oxidation stability tests con-
ducted with 99.5% pure oxygen. Thus, predicted 7,
may reflect uncertainties which are not included in
the regression equation.

It has been suggested that a high correlation
existed between each of DSC parameters (peak
temperature and enthalpy) and standard chemical
methods including FFA, PV which are used to esti-
mate the deterioration of edible oils (Tan and Che
Man, 1999). In the present study, we noticed a con-
siderable correlation between FFA, PV and k. The
experimental results showed that FFA increased
with the increase in reaction rate constant as the
ozone treatment time was increased. Similarly, PV
showed a dramatic increase with k as the ozone
treatment time was extended. Regression equa-
tions and the respective correlations between FFA
and k (Y= 0.951X+0.098 with R°=0.961) and PV
and k (Y= 0.941X+3.588 with R°=0.952) were ver-
ified by establishing linear regression equations at
an isothermal temperature of 373 K. A high cor-
relation between k& and FFA and PV reveals that
DSC is an appropriate method for determining the

TABLE 5. Regression equations between In k and isothermal temperatures and predicted oxidation induction time (7,) at room
temperature (298 K)'

In k vs. 1/T (temperature)

Ozonation time

Predicted 7, at room temperature (298

(min) Regression equation * Correlation coefficient R’ K) (day)
HO In k& =-11000 (1/7) + 23.150 0.9995 659
OHOI In k =-10431 (1/T) + 21.769 0.9989 388
OHOS5 In k =-10436 (1/T) + 23.004 0.9995 115
OHO60 In k =-10227 (1/T) + 23.052 0.9995 54
OHO180 In k =-10171 (1/T) + 23.221 0.9995 38

1Signiﬁcamce at P < 0.05. Abbreviations: HO, hazelnut oil; OHO1, OHOS5, OHO60, and OHO180 ozone treated hazelnut oil for 1, 5,

60, and 180 minutes, respectively.
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extent of oxidation in oils. It can be used as a reli-
able, rapid method for detecting the extent of lipid
oxidation.

4. CONCLUSION

The present study demonstrated that isothermal
DSC is a useful method for determining the effect
of ozone treatment on a lipid component of hazel-
nut upon ozonation. The method provided valuable
data to calculate kinetic parameters (k, AS?, E, and
AH?) for lipid oxidation. A mathematical model was
developed to express the oxidation reaction rate as
a function of temperature for ozonated hazelnut oil.
It could be concluded that increasing k and AS* and
decreasing E, and AH" resulted in a faster oxidation
reaction when the ozone exposure time of hazelnut
oil was extended.
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