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SUMMARY: Four different corn oil samples including stripped (SCO, Control), refined (RCO), stripped corn
oil enriched with rosemary extract (SCO+ROS) and ascorbyl palmitate (SCO+AP) were exposed to micro-
wave (MWH) and conventional heating (CVH). For both heating methods, peroxide value (PV) and conju-
gated dienes increased at up to 230 °C, at which temperature hexanal (HEX) and conjugated trienes started to
increase instead. Kinetic analysis revealed that PV and HEX formation were first ordered and the reaction rate
among the samples was as follows: Control > SCO+ROS > RCO > SCO+AP for PV and SCO+ROS > RCO >
SCO+AP > Control for HEX. The unsaturated fatty acid contents of CVH and MWH treated samples showed
9.5 and 12.9% reduction in SCO, while they were 2.9 and 7.7% in RCO, 3.6 and 6.1% in SCO+ROS, and finally
4.0 and 4.8% in SCO+AP. It was concluded that MWH led to a more severe deterioration and that the antioxi-
dant activity of ROS was superior to that of AP for both heating methods.
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RESUMEN: Efectos del calentamiento mediante horno microondas y convencional sobre la estabilidad oxida-
tiva del aceite de maiz enriquecido con diferentes antioxidantes. Cuatro muestras diferentes de aceites de maiz
que incluyen aceites de maiz crudo (SCO, Control), refinados (RCO) y crudo enriquecido con extracto de
romero (SCO + ROS) y palmitato de ascorbilo (SCO + AP) se expusieron a microondas (MWH) y calenta-
miento convencional (CVH). Para ambos métodos de calentamiento, el indice de peroxido (PV) y los dienos
conjugados aumentaron hasta 230 °C, a partir de donde hexanal (HEX) y trienos conjugados comenzaron a
aumentar. El analisis cinético revelo que la formacion de PV y HEX es de primer orden y la velocidad de reac-
cion entre las muestras fue la siguiente: Control > SCO+ROS>RCO> SCO+AP para PV y SCO+ROS>RCO>
SCO+AP>Control para HEX. El contenido de acidos grasos insaturados de las muestras tratadas con CVH
y MWH mostré una reduccidn de 9,5 y 12,9% en SCO, mientras que fueron de 2,9 y 7,7% en RCO, 3,6 y 6,1%
en SCO+ROS, y finalmente 4,0 y 4,8% en SCO+AP, respectivamente. Se concluye que el MWH condujo a un
deterioro mas severo y la actividad antioxidante de ROS fue superior en comparacion con la de AP para ambos
métodos de calentamiento.

PALABRAS CLAVE: Aceite de maiz; Cinética, Hexanal;, Microonda; Oxidacion palmitato de ascorbilo
ORCID ID: Bastiirk A https://orcid.org/0000-0001-7701-9306

Citation/Coémo citar este articulo: Bagtiirk A. 2019. Effects of microwave and conventional heating on the oxidative sta-
bility of corn oil enriched with different antioxidants. Grasas y Aceites 70 (4), €326. https://doi.org/10.3989/gya.1044182

Copyright: ©2019 CSIC. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License.


https://doi.org/10.3989/gya.1044182�
mailto:ayhanbasturk@gmail.com
https://orcid.org/0000-0001-7701-9306�
https://doi.org/10.3989/gya.1044182�

2« A. Bastiirk

1. INTRODUCTION

Microwave heating has been used for many years
in the food industry. It has been a useful tool for
improving the success of several unit operations,
including extraction and filtration (Tan et al., 2001).
In such operations, microwave heating has been
advantageous over conventional heating due to
reduced process time and improved food quality. On
the other hand, the oxidative stability of some fats
and oils has been reported to be negatively affected
by microwave heating (Tan et al., 2001). Albi et al.,
(1997) reported a greater loss in oxidative quality
in various oils and fats. Yoshida et al., (1992b) also
reported that the microwave heating of vegetable
oils and fatty foods led to a loss in some vitamins,
the isomerization of fatty acids and thermo oxida-
tive degradation. All these show that microwave
heating has some detrimental effects on the quality
and composition of oils and fatty foods.

Autoxidation is the main reaction in the degrada-
tion of food lipids, and heating plays an important
role in both industrial and home processing. It also
entails economic, nutritional, taste and flavor safety
and preservation aspects for oily foodstuff. Oils with
high contents in unsaturated, mainly polyunsatu-
rated fatty acids are more susceptible to oxidation
(Shahidi and Wanasundara, 1996).

Lipid oxidation first results in hydroperoxide
formation, which then degrades into hydrocarbons,
aldehydes, and ketones in the later stages of oxida-
tion. The latter compounds tend to be volatile and
are responsible for the rancid flavor formed during
oxidation in fatty foods. Therefore, lipid oxidation is
examined in two stages, the first of which is primary
and the second of which is secondary oxidation.
Degradation indices assess these primary and sec-
ondary oxidation products and are used as measures
of lipid quality and oxidative stability (Frankel,
2010).

Primary oxidation of oils and fats is generally
evaluated by parameters including peroxide value
(PV), conjugated dienes (K232) and trienes (K270)
as indicators of initial oxidation. The anisidine
value (AV) and thiobarbituric acid reactive sub-
stances (TBARS) are usually the parameters used as
markers of secondary oxidation. Recently, hexanal
(HEX) has been a popular index to show the phase
of oxidation. HEX is known to be produced by the
oxidation of linoleic acid (Shahidi, 1998).

Antioxidants are known to be effective in inhibit-
ing lipid oxidation and generally classified as natural
and synthetic antioxidants depending on the source
or the method used for their production. Natural
antioxidants are preferred over synthetic antioxi-
dants, as they are perceived to be safer by consum-
ers. In fact, the use of some of synthetic antioxidants
is limited in foods due to their potential toxicity and
carcinogenicity (Chung et al., 2012). One of the most

commonly known natural antioxidants with radical
scavenging activity is tocopherols (TOC) (Shahidi
and Zhong, 2005). Another widely used natural
antioxidant is ascorbic acid. However, its solubility
is very limited in oils due to its hydrophilic nature.
Thus, ascorbyl palmitate, which is a lipophilic ester
of ascorbic acid, is used in edible oils as antioxidant
(Benedini et al, 2011). In addition, herbal extracts
are considered as natural antioxidant sources due
to their potential for stabilizing edible oils. Among
them, rosemary (Rosmarinus officinalis L.) extract
(ROS) is known for its high antioxidant activity
(Chen et al., 2014). In the relevant literature, there
are many studies concerning the high antioxidant
activity of ROS. However, there is limited informa-
tion related to the oxidative stability of microwave
and conventional-heated corn oil in the presence of
different antioxidants.

The kinetics of lipid oxidation were previously
studied in detail by Labuza (1971) and Karel (1992).
According to Labuza (1971), oxidation was gener-
ally half-order in vegetable oils and in the case of
antioxidant addition, this may be converted into
first-order and sometimes zero-order in complex
food systems. There are several studies on the kinet-
ics of lipid oxidation with the use of various antioxi-
dants. Most of these studies report on the kinetics of
lipid oxidation based on PV and K232, while in the
present study, oxidation kinetics were studied based
on PV and HEX, the first of which is for primary
and the latter for secondary oxidation products. In
addition, the oxidation kinetics were mostly based
on a specific triglyceride or fatty acid in these stud-
ies. There is a limited number of kinetic studies on
the oxidation of real lipid systems such as vegetable
oil, as they are or in the presence of antioxidants. In
the present study, the oxidation kinetics of corn oil
were studied, for the first time, based on both pri-
mary and secondary oxidation products in the pres-
ence of different antioxidants, as microwave heating
is heavily used for foods formulated with vegetable
oils like corn oil.

Here, in this study, the effects of microwave heat-
ing (MWH) and conventional heating (CVH) on the
oxidative stability of corn oil were investigated in
the presence of added antioxidants, AP and ROS,
in comparison with SCO and RCO with its natural
TOC content. In addition, the oxidation kinetics of
corn oil were comparatively studied based on PV
and HEX during microwave heating to examine the
effects of antioxidants on oxidation kinetics.

2. MATERIALS AND METHODS
2.1. Materials
RCO (Orkide, Tekirdag, Turkey) was

obtained in a 5 L container from a local gro-
cery store in Van, Turkey and stored in ambient
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conditions until samples were prepared. Once
sampled, all the samples were stored at 4 °C
until analyses were performed, which were
completed within 3 months. A mixture of
37 fatty acid methyl esters (FAME; C4-C24)
and a 2 cm SPME fiber coated with 50/30 um
divinylbenzene/carboxen/polydimethylsiloxane
were purchased from Supelco Co (Bellefonte, PA,
USA). Leaves of Rosmarinus officinalis L. were
obtained from Deva Co. (Manisa, Turkey). AP,
hexane, isopropyl alcohol, isooctane, 2-methyl-
3-heptanone and aluminium oxide were obtained
from Sigma-Aldrich Co (St. Louis, MO, USA). All
solvents and reagents from various suppliers were
of the highest purity needed for each application.

2.2. Corn oil stripping

Stripping was performed according to Yoshida
et al., (1992a) with slight modifications. First, natu-
ral antioxidants, namely the tocopherols in RCO,
were removed according to the method suggested by
Bastiirk et al., (2018). Then, the natural tocopherol
content was analyzed before and after the treatment
as confirmed by high performance liquid chroma-
tography (HPLC).

2.3. Preparation of oil samples

Only fresh rosemary leaves were used in the etha-
nol extraction. These leaves were washed under run-
ning tap water. Excessive water from the rosemary
leaves was removed using a paper towel. The leaves
were then frozen at -18 °C for 24 h and underwent
a lyophilization process (LabconcoFreezone 4.5,
Kansas City, MO, USA). The freeze-dried leaves
were crushed using a porcelain mortar and pestle,
and then stored in dark colored bottles in ambi-
ent conditions until the time of extraction. 20 g of
dried rosemary leaves were used for solvent extrac-
tion using a Soxhelet apparatus and a mixture of
ethanol:water (80:20) as solvent. Solvent extraction
was carried out for 6 h and the resultant extract-
solvent mixture was processed by a rotary evapo-
rator (Heidolph, Schwabach, Germany) at 65 rpm
and 40 °C to collect the solvent. The extract (ROS)
obtained was freeze-dried and kept in dark colored
bottles in ambient conditions until use.

Four of the samples studied were SCO (Control,
separated from its natural antioxidants), RCO (as
it is, with its natural antioxidant content, 890 ppm
TOC), SCO+AP (stripped corn oil with added
AP at 200 ppm) and SCO+ROS (stripped corn oil
with added ROS at 800 ppm). For preparation of
SCO+AP, 0.2 g of AP were first dissolved in 10 mL
of acetone and this mixture was directly added to
1 kg of SCO to obtain 200 ppm AP containing
SCO+AP sample. Similarly, for the preparation
of SCO+ROS, 0.8 g of ROS were first dissolved

in 20 mL of ethanol and this mixture was directly
added to 1 kg of SCO to obtain 800 ppm ROS con-
taining SCO+ROS sample.

2.4. Microwave and conventional heating

A microwave oven (Bosch, Model FD909,
Stuttgart, Germany) and an electric oven (Argelik,
9440 H Elektroturbo, Istanbul, Turkey) were used
in this study. 20 g of each sample were prepared in
50 mL pyrex tubes. For each time point, two tubes
of each sample were heat-treated, one for chemi-
cal analyses (FAME, PV, K232 and K270) and
the other for the HEX analysis. All analyses were
performed in 3 replicates. For MWH treatment,
samples were simultaneously heated in the center
of the rotating plate. The samples were microwaved
separately for 2, 4, 6, 8, 10, 12, 16, 20, 24 and 30
min, and the temperature of the samples was imme-
diately measured by a thermocouple (Testo 175 T3
datalogger, Termokupl, Istanbul, Turkey) right
after heating once the set time was completed. For
CVH treatment, each sample was heated for a par-
ticular time to raise the samples to identical tem-
peratures obtained in MWH for the corresponding
sample.

During MWH treatment, the temperatures of
the samples were recorded for each time point and
these samples were coded from I to XI. Making a
fair comparison among these two different heating
treatments was only possible if the combination of
time and temperature points in each heating treat-
ment were comparable. For this purpose, the tem-
perature reached for each sampling time in MWH
was taken into account and paired with its relevant
counterpart in the CVH treatment.

All 4 samples were heated in a CVH oven to the
level of temperatures reached in MWH for their
counterpart samples. As an example, the 2™ sam-
ple of CVH was heated until the sample tempera-
ture reached to 93 °C, which was the temperature
of the sample treated with MWH for 2 minutes.
Similarly, the last sample was heated until its tem-
perature reached 284 °C (XI), which was the high-
est temperature reached in MWH. Thus, 11 samples
were heated in CVH as counterpart of each sample
treated in MWH for different periods of time. Then,
the samples were cooled and kept at -18 °C until the
analyses. 2 independent series of experiments were
carried out and the analyses were performed in trip-
licate unless otherwise stated.

2.5. Analytical procedures

Oxidation measurements. Peroxide value (PV),
conjugated diene (K232), and conjugated triene
(K270) were determined according to the pro-
cedures of the AOCS Official Method Cd 8-53
and Ch 5-91, respectively (AOCS, 1989), using a
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UV-VIS spectrophotometer (Agilent 8453, Agilent
Technologies, Santa Clara CA, USA) for K232 and
K270 readings.

Hexanal analysis. The hexanal (HEX) content was
determined by Solid Phase Micro Extraction (SMPE)
according to the method proposed by Javidipour and
Qian (2008) with slight modifications. A 2 cm SPME
fiber was used for the extraction of HEX. The SPME
fiber was conditioned in a gas chromatograph injec-
tion port at 270 °C for 1 h before use. 10 g of each
sample were divided into 2 of 5 g portions for the
duplication of SPME analysis for each treatment.
After sample preparation, 5 min of equilibration at
40 °C with constant stirring were applied before the
SPME fiber was exposed for 30 min to the headspace
of the vial for HEX extraction. After the extraction,
desorption was performed in the injection port of an
Agilent 6890 series GC (Agilent Technologies, Palo
Alto, CA). The injector temperature was 250 °C and
the splitless injection mode was used for 5 min. The
samples were analyzed on a HP-Innowax column
(30 m, 0.25 mm i.d., 0.25 um film thickness, J&W
Scientific, Folsom, Ca, USA). Helium was used as
carrier gas at a constant flow rate of 2 mL/min. The
oven temperature was 35 °C for 5 min, and increased
to 75 °C at a rate of 8 °C/min, then increased to 220
°C at a rate of 40 °C/min and held at this final tem-
perature for 5 min while the FID detector temper-
ature was 270 °C. The concentration of HEX was
calculated based on the calibration curve that was
constructed by linear regression of the concentration
ratio (concentration of compound/concentration of
internal standard) and peak area ratio (area of com-
pound/area of internal standard).

Determination of tocopherol content. 1 g of each oil
in 9 g of hexane was injected into a normal phase
high-performance liquid chromatography (HPLC)
to analyze tocols (AOCS, 2003) using a Shimadzu
SCL-10A HPLC system (Kyoto, Japan). The col-
umn used for separation was a Lichrosorb Si60-5
(250%4.6 mm ID, particle size S-5um; Hichrom,
Reading, UK). The separation and quantification
of tocopherols were based on the Official Method
Ce 8-89 (AOCS, 2003).

Determination of fatty acid composition. The fatty
acid composition of the oil samples was determined
according to the procedure given in AOAC, (1990).
The analysis of fatty acid methyl esters (FAMESs)
was done on an Agilent 6890 series GC (Agilent
Technologies, Palo Alto, CA) equipped with a
FID. 30 m fused silica capillary column (id=0.25
mm) coated with 0.25 mm of CP wax 52 CB
(Chromopack), chain length with respect to stan-
dard FAMEs (47885-U, Supelco). The FAMEs of
the samples were quantified according to Supelco,
(Bellefonte, PA) which was used as separation

column. Helium was used as the carrier gas at a flow
rate of 1.5 mL/min and a split ratio of 1:10. The
working temperatures of the injector, column and
detector were 250, 120 and 260 °C, respectively. The
samples were injected into the column inlet using an
Agilent 7683 B series automatic injector. FAMEs
were identified by comparison of retention time and
equivalent to their percentage area (AOAC, 1990).

2.6. Statistical analysis

Statistical analyses were performed using SPSS
software (version 20.0 for Windows, SPSS Inc.,
Chicago, Illinois). The experimental data were
expressed as mean * standard deviation of 3 repeti-
tions and were analyzed using one-way ANOVA at
a significance level of p < 0.05. Differences among
the means were compared using Tukey’s HSD post-
hoc test.

2.7. Data analysis

A kinetic analysis was performed only for MWH-
treated samples, as the heating times were evident.
Oxidation is well known as being a series of com-
plex reactions (Crapiste et al., 1999). The synergis-
tic and antagonistic effects of several internal and
external parameters lead to oxidation being a highly
complex process, and therefore, no simple kinetic
model alone can be applied to explain this process
(Adhvaryu et al., 2000). In this study, the analyses
of kinetic data were done according to the kinetic
model suggested by Crapiste et al., (1999).

In this model, the orders of the reactions were
not restricted and the kinetic expression of the
autoxidation was written as Eq. (1):

dPV | dt =k, PV® —k,PVF (1)

where, PV is the peroxide value, t is time, k;, and
k, are the autocatalytic and decomposition rate con-
stants, respectively, and o and P are the orders of
the oxidation and decomposition reactions, respec-
tively. In addition, the increasing rate of hexanal
(Hex), which represents the contents of secondary
oxidation products, was used to solve Eq. 1, assum-
ing that the decomposition rate of PV is equal to the
production rate of Hex (Eq. 2):

dHex|dt = k, PV? )

The differential method was used to solve Eq. 2
and the numerical method was used to determine
dHex/dt values from raw data. The increase rate of
Hex was determined using Hex values measured
during storage. Eq. 2 was linearized and subse-
quently Eq. 3 was obtained:

In(dHex/dt) = In(k, ) +BIn(PV) 3)
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In(dHexl/dt) versus In(PV) was plotted for each
sample, and slope and intercept of the line were
determined as B and In(k,), respectively. Thereafter,
Eq. 1 was rewritten as Eq. 4;

dPV/dt + ks PVF = lgPV* 4)
and then linearized and Eq. 5 was obtained:
In(dPV | dt + k,PVP) = In(k)) + o In(PV)  (5)

(In(dPVIdt+k,PV?) versus In(PV) was plotted for
each sample, and the slope and intercept of the line
were determined as o and In(k;), respectively.

3. RESULTS AND DISCUSSION

The refined corn oil as obtained from the market-
place was tested for its original antioxidant content
by HPLC before the stripping process. It was found
that the natural tocopherol (TOC) content of RCO
was 890 ppm in total (280 ppm o-tocopherol, 236
ppm B-tocopherol, 353 ppm ?y-tocopherol and 21
ppm &-tocopherol). It was also confirmed that SCO
had no TOC left after the stripping process based on
HPLC analysis.

3.1. Fatty acid composition

The fatty acid profile plays a key role in the
deterioration of oils and is greatly affected during
the deterioration process. Therefore, the fatty acid
compositions of the MWH and CVH samples were
determined at the beginning, in the middle and at
the end of both heat treatments (Table 1). The most
abundant fatty acid in corn oil was C18:2 (53.61%)
followed by C18:1 (31.43%), C16:0 (10.63%), C18:0
(2.34%) and C18:3 (0.25%). According to the
results obtained, MWH and CVH treatments sig-
nificantly reduced the C18:2 content in the samples
as expected. The MWH treatment led to a higher
decrease in the CI18:2 content in the descend-
ing order of Control (SCO), RCO, SCO+AP and
SCO+ROS. In the selected heating periods coded
as 1 (22 °C), IV (184 °C) and XI (284 °C); the total
contents of SFA and PUFA significantly changed
(p < 0.05). While SFA content increased at IV and
XI time points, the PUFA content decreased and
the MUFA content showed no significant change.
Similar results were reported by Shahidi and
Wanasundara, (1996). These rational changes were
in higher amounts in the MWH-treated samples.
When the samples were compared, the most note-
worthy changes were seen in the Control, RCO,
SCO+AP and SCO+ROS samples, respectively, in
descending order. It was observed that the PUFA
content decreased while SFA increased at elevated
temperatures. The PUFA content in the samples was
significantly reduced after both CVH and MWH

treatments. However, the MWH treatment resulted
in a higher level of reduction in PUFA content when
compared to CVH-treated samples. Caponio et al.,
(2003) noted that unsaturated fractions were signifi-
cantly decreased by conventional electric oven and
microwave heating in virgin olive oil, peanut and
sunflower oils. Hassanein et al., (2003) reported a
decrease in oleic and linoleic acid contents in some
vegetable oils during microwave heating. Tan et al.,
(2001) indicated that the ratio of unsaturated fatty
acids (UFA), such as linoleic acid, decreased during
microwave heating while the sum of SFA increased
in corn and soybean oils. The ratios between linoleic
and some SFA are used as indicators of oil deterio-
ration caused by oxidation (Tan et al, 2001). The
total UFA content in CVH and MWH samples
showed 9.5 and 12.9% reductions in the Control,
while they were 2.9 and 7.7% in RCO, 3.6 and 6.1%
in SCO+ROS and finally 4 and 4.8% in SCO+AP,
respectively. The highest level of reduction in PUFA
was observed in the Control followed by RCO,
SCO+ROS and SCO+AP. Therefore, it was con-
cluded that AP was more effective in protecting
PUFA compared to ROS and natural TOC.

3.2. Peroxide value

The hydroperoxide content, as a primary oxida-
tion product, is usually shown by the PV. The PV of
CVH and MWH samples are shown in Table 2. In
both heating treatments, the PV of the samples sig-
nificantly increased (p < 0.05). The MWH samples
showed higher PVs than their CVH counterparts
(p < 0.05). As expected, the highest level of PV was
reached in the Control at VII and VI time points
for both CVH and MWH treatments (24.02 and
27.96 meq O,/kg, respectively). In the CVH sam-
ples, there were no significant differences among the
samples of RCO, SCO+ROS and SCO+AP at time
point III; while these samples were significantly dif-
ferent from the Control in terms of PV (p < 0.05).
On the other hand, in the MWH samples, there were
no significant differences at the same time interval.
In general, the PV of the samples increased up to
a certain level in both heat treatments and later on
decreased after a peak value. In both the CVH and
MWH treatments, the Control, RCO, SCO+ROS
and SCO+AP reached their highest PV levels at VII
and VI, VIII and VIII, IX and IX, and IX and VIII
time points, respectively. After these time points, PV
levels started to decrease and instead, HEX started
to increase (Figure 1). Except for SCO+ROS sam-
ples, the correlation between the changes in PV and
HEX was strong. As extensively reported by other
researchers, hydroperoxides are converted into sec-
ondary oxidation products by oxidation as they are
not stable (Javidipour et al., 2017; Tan et al., 2001).
MWH-treated Control and SCO+AP samples
reached peak values for PV earlier when compared
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TaBLE 1. Changes in fatty acid composition (%) during conventional and microwave heating
Fatty Conventional Microwave
acids

Sample (%) 1 v XI 1 v XI

SCO Cl16 10.63 £ 0.93***  10.09 + 1.40***  12.82+ 1.39***  10.18 £0.52*** 10.86 + 1.88***  11.72 + 1.6***

(Control) (g 234+020M¢ 3314023 373+£0.08" 2474037 3284038 413 40,37
CI8:1  31.43 £ 1.80"% 30.89 +1.39"A%  20.77 +£0.74"*%  31.27 £2.494% 30.61 £ 2.16"*  29.89 + 2.47*A¢
CI8:2  53.61 £2.66™ 5279 £2.62°* 4721 £1.39®* 5376+ 1.99"* 50.59 +2.59"**  44.15 £ 2.91*“
C18:3 0.25+0.01"*  0.21+0.03"**  0.19 £ 0.08"* 0.28 £0.07***  0.22£0.03"*“  0.14 £ 0.06™*
Other 1.74 £0.25" 2651028  6.28 +0.75"" 2,04+ 071" 444 +1.95% 991 +0.31°%
ISFA 1471 £0.68**  16.05+ 1.09***  22.83+0.77°*" 1479 £ 0.62***" 18.58 £ 1.07°**  25.76 + 0.54**
YMUFA 3143+ 1.80" 30.89 + 1.39"**  29.77 £ 0.74"*%  31.27 +2.49"" 30.61 £2.16"**  29.80 + 2.47**
YPUFA  53.86 = 1.30°*" 53.00 + .78  47.40 + 1.02*®*  53.84 £0.52°** 50.81 + 0.58°**  44.29 +2.32**
YUFA 8529 £3.10°*" 83.89 +3.175% 77.17+ 175  85.11 £1.97°*" 81.42 % 1.58** 7418 + 4.79***

RCO Cl6 10.87 £ 1.33*** 993+ 1.61°*  13.80 £ 1.82°®*  10.20 £2.31*% 11.42+ 1.44***  10.10 + 0.45"*
Cl18 2302021 2424033 283 +(.18 227 £ 0.2 230 £0.23 321 (.42
CI8:1  31.13£0.65* 30.12+£2.47**"  31.89 + 1.68***  29.10 +2.94** 30.57 £ 2.69™**  30.22 + 2.09**"
CI8:2 5420 %243 5407 £2.23°* 4901 £3.18®*  54.03 £2.32°"* 51.60 +2.14™*"  46.46 + 2.33**"
Cl18:3 0.30 £ 0.06"** 031 £0.04"** 221 020" 0.29 £ 0.06"**  0.32+£0.04"*  0.27 £ 0.03*"
Other 1.20 +£0.23* 3154045  0.21 +0.06*" 411 £0.65%  379+0.17°% 974 + 1.24%%
YSFA 14.37 £ 0.40"**  15.50 + 0.49**  16.84 £ 0.27°**  16.58 £ 0.76"** 17.51 £ 0.89***  23.05 + 1.43%
YMUFA 3113 +0.65 30.12 £2.47***  31.89 + 1.68**  29.10 +2.94"*  30.57 + 2.69"**  30.22 + 2.09"**
YPUFA  54.50 249" 5438 £227°* 5122 +3.38 54324238 51924218 46.73 +2.36"*
YUFA  85.63+£2.51°" 8450 £2.67°" 83.11 +3.02°%*  83.42+2.78"*" 8249 +2.59"**  76.95 + 2.64"**

SCO+ROS Cl16 10.64 £0.83"*  8.68+0.62°*"  10.57 £2.11™*  10.76 = 1.54***  9.90 + 1.84***  10.30 * 1.50™“
Cl18 236021 2.01+0.04"" 295+ 0.59* 241 2031 244 +0.04  2.52+0.21™¢
CI8:1 3147 £228% 20926 +225""  30.78 £2.32**  31.69 +2.23""* 3142 +239™" 3081 * 1.94™“
CI8:2  54.00 245 5387 +3.05" 5143 +£236™*  53.70 £2.19""  52.62 £ 243" 4942 + 3.83*A¢
C18:3 0.31 £0.04"  0.13£0.04"*  0.13 £0.03** 0.29 £ 0.06"**  0.19£0.13"**  0.18 £ 0.07**“
Other 1.22 £0.24** 599 + (.48 4.08 +0.31°° 115+ 027" 337+0.52""  6.77 £ 0.55"
YSFA 1422 +£0.49™"  16.68 £0.58"  17.60 £ 1.20""  14.32+0.52*** 15.71 £0.33"**  19.59 * 0.69°
IMUFA 3147 £2.28"% 2926 +225  30.78 £2.32*%  31.69 +£2.23"" 3142 %239  30.81 + 1.94**
YPUFA 5431 £2.49°% 5400 +3.09**  51.56 +2.39*** 5399 +£225°% 5281 +2.56°**  49.60 + 3.90***
YUFA 8578 £1.33°% 8326+ (.78 82.34+3.83**" 8568 +1.98°*" 84.23+0.71°* §0.41 +2.73**

SCO+AP Cl6 10.95 £ 1.70**  10.80 + 1.33**  11.28 + 1.78***  10.83 £0.59***  9.90 + 1.60***  10.24 + 1.73***
C18 2.53+£0.16"*  2.83 0.2 3.13 £0.51* 249 £0.23 270 £ 048" 326+ 0.25*
C18:1 30.98 + 1.56** 2971 £ 1.15"**  30.52+3.73**  31.07 £3.31"** 31.28 + 1.85"*  30.15 + 3.2%¢
CI8:2  53.50 £2.59"* 5340 £2.43°*  50.70 £2.79***  51.90 +3.75"* 50.99 + 1.65"**  48.82 + 1.43*“
C18:3 0.28 £0.04"%  0.23 £0.07*%  0.13 £ 0.04** 0.30 £0.03*A%  0.27 £0.08"% (.22 + 0.04*A¢
Other 1.76 £ 0.33*  3.03 £0.33°%" 4,18 +0.64"*P 341 £035"% 4864023  7.31+0.51"F
YSFA 1524 £ 1.23"*  16.66 + 1.53***  18.59 £2.29°**  16.73 £ 0.82**F  17.46 +2.08™* 20.81 + 1.98"*“
YMUFA  30.98 + 1.56** 2971 + 1.15***  30.52 +3.73**  31.07 +3.31*** 31.28 + 1.85"*  30.15  3.20™*
YPUFA  53.78 £2.63"*  53.63 £2.50™*  50.83+2.83*% 5220+ 3.78"*" 5126+ 1.73™* 49.04 + 1.47°*
YUFA  84.76 £2.70" 83.34 +238**  81.35+3.05"%  83.27+3.26™" 82.54+ 1.98"* 79.19 + 2.34"*

Each value in the table represents the mean *+

standard deviation of triplicate (n=3) analyses.

SFA: Saturated fatty acids, MUFA:
Monounsaturated fatty acids, PUFA: Polyunsaturated fatty acids, UFA: Unsaturated fatty acids FA: Fatty acid, Control (SCO): Antioxidant
free (stripped) corn oil, RCO: Corn oil with its natural TOC content (890 ppm); SCO+ROS: Stripped corn oil with 800 ppm rosemary extract;
SCO+AP: Stripped corn oil with 200 ppm ascorbyl palmitate. Different lower case Latin letters within the same row show significant differences
among different heating periods within each heating method. Different upper case Latin letters within the same row show significant differences
among the same heating periods of 2 different heating methods. Different Greek letters within the same column show significant differences in
the same fatty acid of different samples. Differences were significant at the level of 0.05 as compared by the Tukey test.
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TABLE 2. Peroxide value (meqO,/kg) of samples during conventional and microwave heating

Period/Temperature SCO (Control) RCO SCO+ROS SCO+AP
Conventional
I (22°C) 4.11+0.41* 499 +0.32* 4.14 £0.72* 423 +0.68™
11 (93°C) 7.33 £0.59™" 5.47 +0.23"48 4.42 +0.66™* 4.62 + 0.42"*
111 (148°C) 9.37 £0.75"* 6.27 £ 0.42"4 5.33 £0.59"" 6.27 +0.77%*
IV (184°C) 13.59 + 1.54%® 8.44 + 0.55"* 6.51 £ 0.68"* 8.01 £0.93"*
V (206°C) 16.57 £ 0.95%¢ 10.72 £ 0.21°*® 7.15 £ 0.46" 9.23 + 0.35°48
VI (219°C) 21.71 £ 2.02%"° 12.49 + 1.65%* 7.32 4 0.29"* 11.87 £ 0.16"*

VII (233°C)
VIII (248°C)

24.02 £ 0.14"¢
19.30 + 1.10%®

17.06 + 0.80™
19.12 £ 0.67™®

IX (262°C) 12.93 £ 0.70°4A® 17.39 £ 1.28™¢

X (271°C) 10.92 + 0.88™* 13.60 + 0.73**
XI (284°C) 8.05 + 0.46™* 9.98 £ 0.4448

Microwave

I (initial) 411 0.60* 429027

IT (2 min) 8.56 £ 1.01"® 5.68 £ 0.19"
I11 (4 min) 11.61 £ 0.74°* 8.81 +0.70%*
IV (6 min) 17.15+ 1.72%4 10.99 + 0.06"®

V (8 min) 22.76 + 1.81° 14.65 + 1.27%"

VI (10 min) 27.96 + 2.328¢ 18.66 + 0.97°®

VII (12 min)
VIII (16 min)

26.38 + 0.79"¢
15.97 £ 0.52%8

IX (20 min) 11.08 £ 0.46"*
X (24 min) 7.83 £ 0.97"*
XI (30 min) 6.37 £ 0.67"*

22.91 £ 0.93%¢
24.09 + 2.828¢
19.14 £ 1.16%¢
12.26 £ 1.57°"®
6.81 £ 0.57"*

8.57 + (.33

9.87 + 1.34%™
12.03 £ 0.78™
11.60 + 0.45%
11.03 £ 1.05*®

4.29 £ 0.39*
5.18 £ 0.84"
6.89 = 0.36"
7.74 + 0.86"®
8.17 £ 0.64°
9.96 + 0.40%*
11.19 + 0.63*
13.30 + 1.12%*
14.99 + 0.63%
15.58 + 1.21
12.80 + 0.47°"®

14.12 £ 1.51°®
16.20 + 0.50™
17.43 £ 1.45
14.27 £ 1.42°
9.88 + 0.39°A"

4.31+0.38™"
5.08 +0.35™*
7.52 % 3.61"*
9.78 + 0.39"®
11.70 + 0.52¢%48
15.45 £ 0.29°®
18.39 + 1.80"®
21.08 + 0.38%%¢
18.66 + 0.64"¢
13.05 £ 0.13®
10.02 £ 1.04"®

Each value in the table represents the mean * standard deviation of triplicate (n=3) analyses. Control (SCO): Antioxidant free
(stripped) corn oil, RCO: Corn oil with its natural TOC content (890 ppm); SCO+ROS: Stripped corn oil with 800 ppm rosemary
extract; SCO+AP: Stripped corn oil with 200 ppm ascorbyl palmitate. Different lower case letters within the same column show
significant differences among different heating periods of the same sample within each heating method. Different upper case letters
within the same row show significant differences among the samples within each heating method. Differences were significant at the

level of 0.05 as compared by the Tukey test.

to their CVH-treated counterparts. This shows that
the MWH-treated samples were deteriorated ear-
lier. Based on the observations of PV, CVH samples
can be considered more stable. When resistance to
hydroperoxide formation was evaluated, the samples
can be ordered as SCO+ROS > SCO+AP > RCO >
Control in terms of stability. High temperature pro-
cesses like microwave and deep frying are previously
reported to be responsible for the gradual reduction
in tocopherol content (Vieira and Regitano-D’arce,
1998). In fact, some studies showed that microwave
heating for 8 to 10 min reduces levels of tocoph-
erols in linseed, olive and palm oils, and the lon-
ger heating time, the higher the peroxide values
(Vieira and Regitano-D’arce, 1998). Javidipour
et al.,, (2017) noted that 9 min of microwave heat-
ing resulted in 41.24, 37.0, 17.18, and 14.54% loss
in total TOC content in olive, hazelnut, sunflower
and soy bean oils, respectively. In this study, ROS
samples showed the lowest level of PV increase

while it was the highest in the Control for both
heating treatments. Previous studies reported that
ROS was more effective in the prevention of oxida-
tion with higher antioxidant activity in comparison
with TOC isomers (Chen et al., 2014). Chu and Hsu
(1999) investigated various compounds including
AP, ROS and TOC for their antioxidant effects on
peanut oil. As reported in this study, ROS revealed
the greatest effect, followed by AP and TOC. In pre-
vious studies, longer MWH treatment was reported
to be responsible for a significant reduction in TOC
content as well as dramatic increments in oxida-
tion products (Javidipour et al., 2017; Vieira and
Regitano-D’arce, 1998).

3.3. Hexanal content
HEX is a secondary metabolite formed during

the oxidation of linoleic acid, which is the major
fatty acid in corn oil. HEX is commonly used as an
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FIGURE 1. Changes in peroxide value (meqO,/kg) and hexanal (mg/kg) content of corn oil samples heated by conventional and
microwave ovens in the presence of different antioxidants.
Control: Antioxidant free (stripped) corn oil, RCO: Corn oil with its natural TOC content (890 ppm); SCO+ROS: Stripped corn oil
with 800 ppm rosemary extract; SCO+AP: Stripped corn oil with 200 ppm ascorbyl palmitate.

indicator of oxidative deterioration (Frankel, 2010;
Shahidi, 1998). The HEX contents of the samples
in both CVH and MWH are given in Table 3 for
different periods of heating. Considering the HEX
values, differences between the Control and RCO
was not significant up to time point VII of MWH,
but later on significant differences were observed
(p < 0.05). The HEX values for SCO+AP did not
show any significant changed up to time point IX
for both heating treatments but then, the difference
was significant (Table 3). SCO+ROS was the one
with the lowest level of HEX increment. Significant
increments in HEX values were observed in MWH
samples after time point V for the Control, time
point VIII for both RCO and SCO+AP, and time
point IX for SCO+ROS (p < 0.05) (Figure 1).
Generally speaking, the HEX values for the samples

were Control > RCO > SCO+AP > SCO+ROS, in
the descending order. When heating methods were
compared, MWH was seen to lead to higher level
of HEX values. In both heating methods, it was
observed that HEX values started to increase when
PV level started to decrease (Figure 1). This is most
probably because of the conversion of hydroperox-
ides into secondary oxidation products. According
to Javidipour et al., (2017), the simultaneous evalu-
ation of PV and HEX levels showed that a consid-
erable amount of peroxides was converted to HEX
during microwave heating. Kiralan and Kiralan
(2015) noted that the HEX content in hazelnut oil
increased from an initial value of 5.58 to 7.08 area
units after 8 min exposure to microwave heating.
Javidipour et al., (2017) indicated that HEX was the
only oxidation product that continuously increased
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TABLE 3. Hexanal content (mg/kg) of samples during conventional and microwave heating
Period/Temperature SCO (Control) RCO SCO+ROS SCO+AP
Conventional

1(22°C) 0.132 +£0.023** 0.139 £0.018** 0.128 £ 0.010* 0.096 +0.052*
IT (93°C) 0.192 +0.027** 0.186 £0.011** 0.194 + 0.020°* 0.127 £ 0.017*
III (148°C) 0.207 £ 0.021** 0.236 + 0.078** 0.256 + 0.024** 0.132 +0.007**
IV (184°C) 0.253 £0.030** 0.278 £ 0.054** 0.247 £0.011™* 0.285 £ 0.016™
V (206°C) 0.265 £ 0.061** 0.294 £ 0.072** 0.346 + 0.030™* 0.249 £ 0.027**
VI (219°C) 0.281 £ 0.048** 0.302 % 0.045* 0.315 £ 0.054™* 0.218 % 0.023**
VII (233°C) 0.317 £ 0.030** 0.315 £ 0.072* 0.246 + 0.011™* 0.253 £ 0.034*
VIII (248°C) 0.796 £ 0.115" 0.438 £ 0.079™* 0.294 £ 0.030™* 0.264 £ 0.011**
IX (262°C) 0.984 £ 0.247>4P 1.194 £ 0.231>® 0.341 £ 0.021"* 0.386 = 0.027**
X (271°C) 1.238 £ 0.156" 1.736 £ 0.157°" 0.528 * 0.098 1.031 £ 0.352°*®
X1 (284°C) 2.142 + 0.165* 1.975 + 0.642% 0.974 £ 0.110% 1.688 +0.192%
Microwave
I (initial) 0.147 £ 0.014** 0.142 £ 0.008** 0.131 £0.018* 0.124 £+ 0.033**
11 (2 min) 0.183 £ 0.033** 0.168 £ 0.010™ 0.215 £ 0.072** 0.135 £ 0.010™
I11 (4 min) 0.198 £ 0.072** 0.194 £ 0.020* 0.198 £ 0.031** 0.129 £ 0.001**
IV (6 min) 0.242 £ 0.038** 0.276 % 0.024** 0.327 £ 0.079** 0.163 £ 0.017**
V (8 min) 0.258 £ 0.047** 0.287 £ 0.091** 0.283 £ 0.016™ 0.187 £ 0.025*
VI (10 min) 0.649 £ 0.088" 0.312 £ 0.027* 0.238 + 0.023** 0.205 % 0.065**
VII (12 min) 0.935 £ 0.335" 0.384 £ 0.035"*" 0.197 £ 0.021** 0.191 £ 0.021*
VIII (16 min) 1.202 £ 0.194"" 0.743 % 0.068™* 0.316 = 0.010™ 0.311 % 0.065*
IX (20 min) 1.859 £ 0.164% 1.962 % 0.566° 0.298 + 0.081** 0.742 £ 0.175"®
X (24 min) 2.447 £0.103°® 2.058 +0.528" 0.849 * 0.096™* 1.375 £ 0.1478
XI (30 min) 2.768 * 0.264 2.361 £ 0.190*¢ 1.215 £ 0.232 1.813 % 0.099*®

Each value in the table represents the mean * standard deviation of triplicate (n=3) analyses. Control (SCO): Antioxidant free (stripped)
corn oil, RCO: Corn oil with its natural TOC content (890 ppm); SCO+ROS: Stripped corn oil with 800 ppm rosemary extract;
SCO+AP: Stripped corn oil with 200 ppm ascorbyl palmitate. Different lower case letters within the same column show significant
differences among different heating periods of the same sample within each heating method. Different upper case letters within the
same row show significant differences among the samples within each heating method. Differences were significant at the level of 0.05

as compared by the Tukey test.

during microwave heating in hazelnut, olive, soy-
bean and sunflower oils.

3.4. Kinetic analysis

The kinetic analysis was only performed on the
MWH samples, as the heating times were evident.
For the evaluation of oxidation rate, PV and HEX
levels were used for the calculation of kinetic param-
eters. As mentioned earlier, a strong relationship was
observed between peroxide degradation and HEX
formation during microwave heating. HEX values
started to increase simultaneously while PV started
to decrease after 12, 16, 24 and 16 minutes in the
Control, RCO, SCO+ROS and SCO+AP, respec-
tively. The corresponding kinetic data are summa-
rized in Table 4. A strong negative correlation was
observed between PV and HEX values after relevant
heating periods (Figure 1B, 1D, 1F, 1H). The highest

TABLE 4. Reaction rate constants (k, and k,) and reaction
orders (o and B) for formation of peroxides (meqO,/kg) and
hexanal (mg/kg) during microwave heating

Sample k, o k, B

SCO (Control) 1.128 0.5 0.125 1.046
RCO 0.659 1.8 0.561 1.898
SCO+ROS 0.707 1.4 0.608 1.451
SCO+AP 0.540 1.6 0.384 1.751

Control (SCO): Antioxidant free (stripped) corn oil, RCO: Corn
oil with its natural TOC content (890 ppm); SCO+ROS: Stripped
corn oil with 800 ppm rosemary extract; SCO+AP: Stripped
corn oil with 200 ppm ascorbyl palmitate.

rate constant was in the Control for PV, which was
followed by SCO+ROS, RCO and SCO+AP, as seen
in Table 4. This was most probably due to differences
in the level of activities of antioxidants that sig-
nificantly reduced peroxide formation. In general,
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rate constants of primary oxidation products were
higher compared to those of secondary oxidation
products for all the samples. Changes in the concen-
tration of primary and secondary oxidation prod-
ucts (Tables 2 and 3, respectively) and reaction rate
constants regarding these changes (Table 4) showed
that SCO+ROS had higher oxidative stability as fol-
lowed by SCO+AP, RCO and the Control. In terms
of secondary oxidation products, SCO+ROS showed
the highest rate constant while it was the lowest in
the Control. The rate of hydroperoxide decomposi-
tion increases with temperature while hydroperox-
ide concentration reaches its maximum and then
decreases at advanced stages of oxidation (Crapiste
et al., 1999). Reducing hydroperoxide concentra-
tion seems to decrease the rate of oxidation as the
secondary oxidation products were formed by the
decomposition of hydroperoxides. Hydroperoxides,
which are transitory intermediates in oxidized oils,
can break down into 2 free radicals (RO* and OHe)
or 2 free radicals (ROOe, RO¢) and water. This
branching steps leads to proliferation of free radi-
cals, which may participate in the propagation step
(Hamilton ez al., 1997). Therefore, the lower initial
hydroperoxide concentration could directly affect
the reaction rate of secondary oxidation products.
In fact, the concentration of initial hydroperoxides
directly affected the reaction rate of secondary oxi-
dation products excluding the Control. The results
showed that the reaction order of peroxide (o) and
hexanal (B) formation was first ordered (excluding
the Control). The order of a reaction is important
as it indicates the functional relationship between
concentration and rate. How any amount of a com-
pound speeds up or retards a reaction is determined
by the order of reaction. As for PV, it has a reaction
rate of zero, which means that it has a rate which
is not dependent on the concentration of the reac-
tant. On the other hand, the first order reaction,
as for HEX formation, indicates that this reaction
depends on the concentration of a single reacting
compound (Goksunger, 2011). Basturk ez al., (2007)
studied reaction rates and orders on the formation
of primary (peroxide value) and secondary oxida-
tion products (anisidine value) for soy bean oil dur-
ing storage at 45, 60, and 75 °C. They noted that
the reaction rates increased at elevated temperatures
for both primary and secondary oxidation products
as also observed in the reaction order of primary
oxidation products. In fact, the simultaneous gen-
eration of both primary and secondary oxidation
products may be occurring during oxidation.

3.5. Conjugated Dienes (K232) and Trienes (K270)

Lipids have no innate chromophores for opti-
cal detection while the formation of radicals in
unsaturated fatty acids consisting of 2 or more dou-
ble bonds causes a shift in double bond position,

converting non-conjugated fatty acids to conju-
gated counterparts (Schaich, 2016). Therefore, con-
jugated dienes are relatively stable chemical markers
of oxidation in polyunsaturated fatty acids. A trend
in changes in K232 values is given in Table 5 for
both CVH and MWH samples. There was a sig-
nificant difference among heating treatments in
terms of K232 values (p < 0.05). However, MWH
samples reached higher values of K232 in compari-
son with CVH samples. Generally speaking, K232
values increased up to time points IX and X, and
later on started to decrease (Table 5). Vieira and
Regitano-D’arce, (1998) reported that absorption at
232 nm of canola, corn and soybean oils increased
gradually after 12 min of microwave exposure, and
absorption at 270 nm significantly increased after 4
min of heating. The highest K232 values were seen
in the Control > RCO > SCO+AP > SCO+ROS, in
descending order. The findings from this study are
in good agreement with the data previously reported
by Albi et al., (1997). There was no significant dif-
ference between heating methods although the K270
values for each sample significantly changed during
heating (data not shown). Lukesova et al, (2009)
reported that the PV, K232 and K270 in rapeseed,
corn, soybean and sunflower oils increased due to
microwave heating. They also noted that K232 were
formed at higher levels compared to K270. Vieira
and Regitano-D’arce (1998) and Lukesova et al.,
(2009) noted that K232 was a good index for mea-
suring oil deterioration after microwave heating.

4. CONCLUSIONS

The level of increments in PV, K232 and HEX
were higher in MWH, which indicates a lower oxi-
dative stability in microwave treatment compared to
conventional heating. An overview of the results led
to the conclusion that the resistance of the samples
to oxidative deterioration was in the descending
order of SCO+ROS > SCO+AP > RCO > SCO.
This indicated that ROS and AP were both very
effective in the deferral of oxidative deterioration.
In parallel with PV increment, K232 values were
especially high in MWH samples due to the shifting
of double bonds by conjugation and isomerization.
The formation of K232 in the samples was in the
order of Control > RCO > SCO+AP > SCO+ROS.
Similarly, the HEX increment was higher in the
MWH samples. It was observed that PV decreased
while HEX increased toward the end of both heating
treatments. In addition, the ratio of PUFA decreased
and SFA increased while no significant change was
observed in MUFA during heating. A kinetic analy-
sis of the data showed that the reaction of peroxide
and hexanal formation was first-ordered. The reac-
tion rate was in the order of Control > SCO+ROS >
RCO > SCO+AP for PV; while it was SCO+ROS >
RCO > SCO+AP > Control for HEX.
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TABLE 5. Changes in conjugated dienes (E}”

lem

at 232 cm) during conventional and microwave heating

Period/Temperature SCO (Control) RCO SCO+ROS SCO+AP
Conventional
I (22°C) 3.27 £0.28* 2.54+0.26™ 3.35+0.37" 273+ 0.47*
I (93°C) 3.29 +0.29** 3.45+0.33™ 3.45%0.41"™ 3.42 4031
I (148°C) 3.64 +0.24* 436 £ 0.24™* 3.83£0.57" 3.61 £0.18"*
IV (184°C) 430 £ 0.22* 474 £0.31™* 421+ 0.57" 3.88 £ 0.61"*
V (206°C) 7.06 +0.31°¢ 4.89 +0.36™ 3.23+0.38* 4.05 £ 0.43%cAB
VI (219°C) 8.39 £ 0.37"¢ 5.60 £ 0.38"® 3.62 £ 0.33" 478 + 0.66"®
VII (233°C) 9.20 £ 0.79"* 8.59 + 0.45® 3.52+ 037" 5.44 +0.29°
VIIT (248°C) 8.95 + 0.42"® 8.44 £ 0.53® 5.30 £ 0.52"* 6.43 £ 0.35%*
IX (262°C) 9.35 + 0.67"* 9.30 £ 0.52* 6.97 £0.27° 8.26 + 0.39™"
X (271°C) 10.02 + 1.14 8.51 +0.35% 7.28 + 0.90° 8.07 +0.38°™
XI (284°C) 9.07 £1.28"* 9.45 + 1.80%* 7.36 + 0.68 8.61 +0.30™
Microwave
I (initial) 276 £0.21** 2.84+0.17* 3.18 + 0.49™* 2.86 *0.08*
11 (2 min) 327%0.17* 3.74 £ 0.26™* 3.10 £ 0.16* 3.58 £ 0.44™*
I (4 min) 5.42 +0.42"¢ 4,95+ 0.31™"¢ 318+ 0.51™* 3.57 £ 0.45™4®
IV (6 min) 7.91 + 1.17% 5.98 +0.34"® 3.44 +0.50™* 4.63 £0.45"4"
V (8 min) 10.31 £ 1.17*¢ 7.11 £0.33%® 4.15%0.29a" 5.86 + (.484A"
VI (10 min) 12.14 + 1.38® 8.01 £ 0.17%™ 5.50 + 0.96"* 5.54+0.27°
VII (12 min) 12.71 £ 2.66* 10.27 + 1.52" 6.65 + 0.52¢4 6.90 + 0.39%*
VII (16 min) 11.94 £ 1,11 9.53+ 1.214*% 7.73 £ 0.59¢4* 7.48 + 0.54
IX (20 min) 11.01 + 2,56 10.04 + 0.29™ 8.93 + 0.29%* 9.18 + 0.47%*
X (24 min) 10.77 £ 0.83"* 1052+ 1.17% 8.67 £ 0.59%* 9.40 + 0.60%*
XI (30 min) 10.62 £ 1.55* 9.85 +0.39° 9.98 +1.03* 9.08 + 0.48%*

Each value in the table represents the mean * standard deviation of triplicate (n=3) analyses. Control (SCO): Antioxidant free (stripped)
corn oil, RCO: Corn oil with its natural TOC content (890 ppm); SCO+ROS: Stripped corn oil with 800 ppm rosemary extract;
SCO+AP: Stripped corn oil with 200 ppm ascorbyl palmitate. Different lower case letters within the same column show significant
differences among different heating periods of the same sample within each heating method. Different upper case letters within the
same row show significant differences among the samples within each heating method. Differences were significant at the level of 0.05

as compared by the Tukey test.
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