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Abstract Vegetable oils of different types and qualities
are widely used in homemade cooking and food industry.
Most of the safety concerns were related to possible oxi-
dation processes produced at the relatively high tempera-
tures used when frying. Thus, the thermal stability to
oxidation is an important parameter for edible oils. Oils
from the Arbequina, Picual, Hojiblanca and Cornicabra
olive varieties, corn, soybean and sunflower are studied in
this work by means of pressure differential scanning calo-
rimetry (PDSC). The general aim of this work is to evaluate
the thermooxidative stability of these vegetable oils by the
ASTM onset oxidation temperature (OOT) method. In
addition, the ability of some parameters to identify different
oils and some relations between the chemical composition
and the OOT results are investigated.

Keywords Oxidation stability - Vegetable oil - PDSC -
OoO0T
Introduction

Vegetable oils of different types and qualities are widely
used in homemade cooking and food industry. Apart from
their different organoleptic properties, different perfor-
mance is provided by the different types of oil. There is also
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an ongoing debate on the health properties of the food
processed with different kinds of oil. Corn, olive, soybean
and sunflower oils are products widely used in the cooking
as seasoning or frying agent. Moreover, it can produce
significant changes in the healthfulness and salubriousness
of food when the same oil is used repeatedly to fry. Most of
the safety concerns were related to possible oxidation pro-
cesses produced at the relatively high temperatures used
when frying [1]. The factors that favour the alterations of the
oil during the frying process are: high temperatures, reaction
with the oxygen, higher oil/air contact surface, presence of
water detached by the food, long time of process, presence
of metallic pollutants, radiations (UV radiation), pollution
by chemical species from the food. Lipid oxidation is not
only responsible for unpleasant flavours in foods but can
also produce harmful reactive oxygen species (ROS) that
may lead to carcinogenesis, mutagenesis and ageing in
humans. Corn oil and sunflower oil have a high content of
linoleic acid (poliinsaturated), meanwhile oleic acid
(monoisaturated) is the predominant fatty acid in olive oil.
The levels of saturated fatty acids (palmitic acid and estearic
acid) in sunflower oil are lower than the others. Besides,
vegetable oils composition have phospholipids, acilglyce-
rides and non-glycerides compounds as vitamin E (toc-
opherols and tocotrienols), vitamins A and D, carotenoids,
sterols, methyl sterols and squalene. Vegetable oils nor-
mally contain large amounts of tocopherol especially the
alpha, beta and gamma isomers. Some of these components,
e.g. tocopherols (particularlyc-tocopherol), phospholipids
(at less than 100 mg/kg), carotenoids (at low levels), squa-
lene, and certain sterols, were reported to be beneficial to oil
stability during frying [2]. Although different chemical
compositions were reported for the same types of oil, in
general, the reports agree in what are the major and minor
components of each type of oil. The composition may also
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vary depending on the extraction and refinement procedures
[3]. Table 1 shows the chemical composition retrieved from
the USDA National Nutrient Database for Standard Refer-
ence-22 [4]. Although, in this case, no distinction was made
respect to the olive varieties, it can be taken as an indication
in order to compare olive with other edible oils. Classifi-
cation of monovarietal olive oils based on their chemical
composition was accomplished [5]. It was also found that
factors such as the climate, the soil, the extraction technol-
ogy and the stage of ripeness probably influence the chem-
ical composition of olive oils [6].

Synthetic antioxidants are widely used to avoid the
oxidation. These may include butylated hydroxyanisole
(BHA), tertiary butyl hydroquinone (TBHQ), 2,4,5-trihy-
droxybutyrophenone (THBP), di-tertbutyl-4-hydroxymet-
hylphenol IONOX-100), propyl gallate (PG), octyl gallate

(OG), nordihydroguaiaretic acid (NDGA) and 4-hexylres-
orcinol (4HR) [7].

The thermal and thermooxidative properties of the oils
are related to the fatty acid composition and the antioxi-
dants content that avoids the oxidative reactions and pos-
sible interaction between the major and minor chemical
components. Among oxidative alterations, the formation of
reactive free radicals that rapidly reacted with the atmo-
spheric oxygen to produce primary and secondary oxida-
tion products was frequently observed in vegetable oils [8].

The thermal and thermooxidative properties can be
evaluated by thermal analysis techniques such as thermo-
gravimetry (TG) [9, 10] and differential scanning calo-
rimetry (DSC) [11-13]. TG and time derivative TG (DTG)
curves can be used to estimate the quality of edible oils by
determining the kinetic parameters (activation energy of

Table 1 Chemical composition of sunflower, soybean, corn and olive oil, retrieved from the USDA National Nutrient Database for Standard

Reference-22 [4]

Common name Sunflower mid-oleic Soybean Corn
Total fat/g 100 100 100
Saturated fat/g 9.0 15.6 12.9
14:0 Myristic acid 57 0 24
16:0 Palmitic acid 4219 10455 10580
17:0 Margaric acid 37 34 67
18:0 Stearic acid 3564 4436 1848
20:0 Arachidic acid 297 361 431
22:0 Behenic acid 836 366 0
Monounsaturated fat/g 57.3 22.8 27.6
16:1 undifferentiated Palmitoleic acid 95 0 114
16:1 ¢ 95 N.A. 114
17:1 N.A. 0 N.A.
18 undifferentiated Oleic acid 57024 22550 27335
18:1 ¢ 57024 22550 27335
20:1 Gadoleic acid 211 233 129
Polyunsaturated fat/g 29.0 57.7 54.7
18:2 undifferentiated Linoleic acid 28925 50960 53510
18:2 n-6 cc 28703 50422 53510
18:2 1 N.A. 533 N.A.
18:2 1 219 N.A. 286
18:03 Linolenic acid 37 6789 1161
18:3 n-3 ccc 37 6789 1161
Total trans fatty acids/g 0.2 0.5 0.3
Total trans-polyenoic fatty acids/g 0.2 0.5 0.3
Total omega-3 fatty acids 37 6789 1161
Total omega-6 fatty acids 28925 50422 53510
Tocopherols 41.08 94.64 14.30

Contents are indicated in mg, except when /g is indicated. Each fatty acid isomer is referred by its numerical designation. The first number of this
designation indicates how many carbon atoms are in the fatty acid molecule, and the number after the colon indicates the number of double
bonds. Omega-3 and omega-6 isomers include “n-3” and “n-6" markings, and the letters ¢ and ¢ are used to indicate whether the double bonds
are in cis or trans configurations. 18:2i accounts for cis, trans and trans, cis isomers of 18:2
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the thermal decomposition), influence of the antioxidants
and the oxidative induction period. DSC is applied to
estimate the energy of the exothermic and endothermic
reactions involved in the oxidative thermal decomposition,
and to study the crystallization processes, specific heat and
glass transition temperatures. Previous TG-DSC studies
showed that extra virgin olive oils showed a complex
multistep decomposition pattern with the first step that
exhibited a quite different profile among samples [9].

In the last year two DSC methods have aroused high
interest: high pressure oxidation induction time (OIT) [14]
and high pressure oxidation onset time (OOT) [15]. OIT
method (ASTM E1858) [16] calculates the time of slow
oxidation, called induction time, which precedes the rapid
oxidation process. The use of pressure differential scanning
calorimetry (PDSC) has the additional advantage of
reducing evaporation from the sample and it gets results in
less time than conventional DSC. The OOT method
(ASTM E2009) [17] measures the degree of oxidative
stability of the substance at a given heating rate, usually
constant, and environment. These experiments can also be
made under ambient or high pressures such as in the OIT
case. The higher the OIT or OOT values the higher the
oxidation stability. The aim of this work is to study, by the
OOT method, the thermooxidation of four common vege-
table oils used in cooking. The results could be taken as an
indication of the thermooxidative stability in actual frying
conditions. Moreover, the heat flow curves obtained by the
OOT method or some of the parameters associated to these
curves could be used to identify different vegetable oils.

Experimental

Soybean, corn, sunflower and four mono-varietal olive oils
were studied by PDSC. All of them are Spanish commer-
cial oils. The olive varieties were: picual, arbequina, hoji-
blanca and cornicabra. Mixtures of arbequina and picual
were also prepared to evaluate possible interactions.

The PDSC tests were carried out in a TA Instruments
pressure cell mounted on a Q2000 modulated DSC, with the
following conditions: open aluminium pan, a heating rate of
10 °C min™~' from room temperature to 300 °C, sample mass
in the 3-3.30 mg range, and an oxygen pressure of 3.5 MPa,
with a flow rate of 50 mL/min according to the ASTM E2009
method. The experiments were manually stopped once the
end of the exotherm was reached.

Thermal behaviour

Figure 1 shows an overlay of the different DSC plots
obtained in the OOT experiments covering the range of

171
25
Sunflower
204 ~TT Soybean
Corn
—-—+—-= Arbequina
154 e Hojiblanca
o — - —-— Cornicabra
E ———~— Picual
5 10 A
=
5]
O 54
I
0 e T
-5 T T T T
150 160 170 180 190 200

Temperature/°C

Fig. 1 Overlay of the different DSC plots obtained in the OOT
experiments covering the range of temperatures where the oxidation
exotherms start
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Fig. 2 Box-plot indicating the OOT values and the range of variation
for the different oil samples

temperatures where the oxidation exotherms start. The
variability between replicates of a given sample is not so
big to prevent a good distinction between samples.
According to the OOT values, presented in Fig. 2, the oils
can be ordered with respect to the stability to oxidation, in
decreasing order, as follows: picual, cornicabra, hojiblanca,
arbequina, corn, soybean and sunflower. The OOT values
of arbequina and corn are relatively close. Nevertheless, as
shown in Fig. 1, once the exothermic reaction was initi-
ated, it proceeds much faster in the case of corn, indicating
a higher stability of arbequina. Thus, a criterium that may
complement the OOT values could be the slope of the
exotherm. Table 2 shows the maximum slope of heat flow
versus time (slope max) obtained in each case, the tem-
perature at that point of maximum slope (7 at max slope)
and the slopes of the heat flow curves vs temperature in the
range from 5 to 10 W/g (slope between 5 and 10).
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Table 2 Parameter values obtained from the DSC traces obtained in the OOT tests of different edible oils

Sunflower Soybean Corn Arbequina Hojiblanca Cornicabra Picual
00T/°C 165.81 173.10 175.79 178.65 184.99 188.51 192.28
Slope max/W g*l 5! 3.40 13.13 8.89 1.57 4.22 6.04 11.21
T at max slope/°C 174.69 185.09 189.14 188.23 199.34 202.98 206.06
Slope between 5 and 10/W g~' °C™! 2.79 391 3.56 2.08 2.28 225 2.76
Table 3 Some chemical components of monovarietal olive oils a 140
Arbequina  Hojiblanca  Cornicabra  Picual 120 e T
] ri /
16 (palmitic) 14300 9000 8400 9900 o 100 A / A
o | /1 ; Arbequina
18 (stearic) 2100 3300 2600 3200 z 80 S AR Arb./Picual 30170
. S | il /===~ Arb./Picual 70/30
18 ¢ (oleic) 75300 75200 78700 77800 g o0 fra S el
18:2 cc (linoleic) 8500 9500 7500 5000 :‘%
18:03 (linolenic) 600 700 600 700 T
Contents are indicated in mg. Extracted from [5]
-20 ‘ , , , ,
160 180 200 220 240 260 280 300
. ) Temperature/°C
The reaction rate is related to the slope of the exotherm,
which is higher in the case of sunflower and corn. Table 3 b
shows some chemical components of monovarietal olive 192
oils [5]. The common names for fatty acids are shown in
o .\ 189
the first column. Considering the compositional values
presented in Table 1 and the slope values presented in O 16
Table 2, the linoleic acid content seems to be related to the '5 J=0.135096x + 178.724
lower slope presented by the olive curves with respect to O 183 R*=0.988372
sunflower, soybean and corn. The lower OOT value of
sunflower is due to his higher linoleic acid content. It can 1804
be also observed in Fig. 1 that corn and arbequina traces 177 ¢
present a shape at the beginning of the exotherm, which is ‘ ‘ ‘ ‘ ;
. 0 20 40 60 80 100 120
different from that presented by the other samples. That Picual/%
0

shape is an indication of an oxidizing process, previous to
the main oxidation, which can be related to the higher
palmitic acid content of arbequina and corn. The higher
stability to oxidation of picual and cornicabra is probably
due to their low contents in linoleic acid. Figure 3a shows
an overlay of the traces obtained from arbequina and picual
samples as well as from two picual-arbequina mixtures.
The oxidation of arbequina starts at lower temperature than
picual, but its slope is lower, indicating a slower reaction,
and no overheating is observed. Picual presents a very
sharp exotherm and a very important overheating, reaching
284 °C. That overheating explains that the long tails
observed in the case of arbequina is not observed for pic-
ual. It is also interesting that the overheating presented by
picual is not observed in any of the arbequina—picual
mixtures, indicating that some stabilizing effect is pro-
duced by arbequina. Figure 3b plots the OOT values
obtained from picual, arbequina and two mixtures of them.
A linear trend is observed so that the OOT increases with
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Fig. 3 Overlay of the typical PDSC traces (a) and the OOT values
(b) obtained from picual, arbequina and two mixtures of them

the picual content. It indicates that no oxidative interaction
is produced between the two types of oil.

Classification

It is important to note that all the statistical tools mentioned
below have been implemented using the R and SPSS sta-
tistical packages. According to the F test (one way
ANOVA) [18], the variable OOT is different for at least
one oil type studied (p-value = 4.28e—015 is less than the
significance level equal to 0.05), therefore the oil class
factor significantly influences the response OOT. The same
has occurred while testing the other variables: p-value
(maximum slope of heat flow versus time) = 3.07e—
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Table 4 Mean values of OOT in the homogeneous subsets for the oil class factor. Obtained by applying the Tukey test (with o = 0.05)
Oil class N Different groups
1 2 3 4 5 6 7
Sunflower 3 165.81
Soy 3 173.10
Corn 3 175.79
Arbequina 3 178.65
Hojiblanca 3 184.99
Cornicabra 3 188.51
Picual 3 192.27
Significance 1.00 1.00 1.00 1.00 1.00 1.00 1.00
N is the number of replicates
Table 5 Confusion matrix using seven different oil classes obtained by the FLD method
Method Estimated Actual
Arbeq. Corn Cornic. Hojibl. Pic. Soy Sunfl.
FLD Arbequina 100 0 0 0 0 0 0
p = 0.9986 Corn 0 99 0 0 0 0 0
Cornicabra 0 0 99 0 0 0 0
Hojiblanca 0 0 1 100 0 0 0
Picual 0 0 0 0 100 0 0
Soy 0 1 0 0 0 100 0
Sunflower 0 0 0 0 0 0 100

007 < 0.05, p-value (temperature at that point of maximum
slope) = 7.10e—013 < 0.05 and p-value (slopes of the
curves in the 5-10 W/g range) = 1.31e—009 < 0.05. In
addition, it has been proven that OOT variable is also
different for each studied oil type, using the Tukey test (see
Table 4) [18]. Table 4 shows the OOT means for each
different group found by Tukey test. Each group statisti-
cally different from the others corresponds to one different
oil class. However, the other variables found no significant
differences between some levels. Therefore, the OOT
variable discriminates between the oil varieties better than
the other ones.

The results support the idea that the OOT can be a
feature from which it is possible to classify the different oil
types, as it was done on the basis of chemical composition
data in other works [5, 19]. Thus, a supervised classifica-
tion [20] of the oils is performed, using the OOT and the
other parameter values shown in Table 2. The Fisher linear
discriminant analysis method (FLD) [20, 21] is used for
classifying the different parameter vector corresponding to
each oil type. A parametric bootstrap resampling [22] has
been done to increase the sample size, thus the discrimi-
nating power of OOT and other variables described above

can be tested, using a simulated sample with the same
characteristics than the actual one. The parametric bootstrap
is implemented for generating new values from OOT and
the other variables, assuming that are distributed according
a normal distribution where the mean is the sample mean
and the variance is the sample variance. The variance and
the sample mean for each variety from the actual data are
estimated and after 100 resampling are performed for each
one. The cross-validation method technique is used for the
validation of the empirical model. It works by leaving out
one parameter vector (consist of the variables displayed in
Table 2); then a model is trained with the remaining
parameter vectors and, finally, the developed model is used
for classifying the characteristic vector left out. This is
repeated until all the vectors have been left out once [23,
24]. Then, the percentage of correct classification is cal-
culated. The results are presented in Table 5. The number of
simulated samples correctly classified is shown in the
matrix diagonal. According to these results (probability of
correct classification equal to 0.9986), the OOT and the
other characteristics (maximum slope of heat flow versus
time, temperature at that point of maximum slope and
slopes of the heat flow curves versus temperature in the
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Table 6 Parameter values of the chemical composition-OOT relation
observed for different oils

Parameter  Standard ¢ statistic p value
Estimation error
Intercept 1.25e+02 4.25e4+00 29.301 2.49e—15
Oleic 1.06e—03 7.97e—05 13.305 4.55e—10
Linoleic 1.46e—03 1.63e—04 8931 1.29e—07
Palmitic —1.29e—03 2.15¢e—04 —6.029 1.75e—05
Oleic-linoleic —2.98e—08 4.94e—09 —6.032 1.74e—05

interaction

5-10 W/g range) allow for classification of all the samples.
Thus, the OOT value is a very convenient parameter, not
only to evaluate the thermooxidative stability, but also for
classification purposes.

OOT-chemical composition relation

Since classification of monovarietal olive oils based on
their chemical compositions was reported [5] and, as
demonstrated in this work, the OOT parameter also allows
for classification of olive and other oils, it would make
sense to investigate a possible relation of the chemical
composition with the OOT. The independent chemical
variables selected for this investigation were palmitic,
stearic, oleic, linolenic and linoleic acids. The method
consists of doing a linear regression where the response
variable is the OOT and the independent variables are
assumed continuous (no factors). The resulting model
variables have been chosen according to the criteria of
statistical significance (¢ and F tests) and coefficient of
determination, beginning with the more complicated
models and ending with the simplest [25]. Table 6 shows
the estimated linear regression parameters, their standard
error, the values of ¢ statistic and the resulting p-values.
These results indicate that the OOT values can be estimated
principally from the oleic, linoleic and palmitic acids
contents, and from the interaction between oleic and lino-
leic acids. All the input variables are highly significative
(p-values < 0.05), reaching an adjusted determination
coefficient of R* = 0.956.

Conclusions

The onset oxidation temperature is an adequate parameter for
distinguishing between olive, corn, soybean and sunflower
oils. It also allows to distinguish between different varieties
of olive oils. Accordingly, the samples can be ordered with
respect to the stability to oxidation, in decreasing order, as
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follows: olive picual, olive cornicabra, olive hojiblanca,
olive arbequina, corn, soybean and sunflower. Although the
OOT values of corn and arbequina oils are very close, the
DSC curves show that the oxidizing process is much faster in
the corn case, which is reflected in the slope of the exotherm.

The contents in palmitic, oleic and linoleic acids are
related to the OOT and thermal stability of different veg-
etable oils.

Different OOT values can be obtained by mixing dif-
ferent oils so this parameter, by itself, cannot be used to
distinguish between mixtures and single variety samples.
Even considering the whole OOT traces, some mixtures of
arbequina and picual cannot be distinguished from hoji-
blanca or cornicabra.

The OOT parameter allows for classification of the
sunflower, soybean, corn and the four monovarietal olive
oils considered in this work.

A relation was found between some chemical compo-
nents and the OOT results. Particularly, linolenic, oleic and
palmitic acid greatly influence the thermooxidative stability.
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