DSC Determination of Thermally Oxidized Olive Oil
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ABSTRACT: The feasibility of using DSC as an analytical
method to evaluate the autoxidation of olive oil at 50°C and
thermal oxidation at 93 and 180°C in 10-mL airtight vials was
studied. DSC peak enthalpy and peak crystallization tempera-
tures were compared with headspace oxygen depletion and
headspace volatiles in oxidized oil samples. A single crystal-
lization peak was found in olive oil. The crystallization peak
shifted to lower temperatures, and the enthalpy associated with
this phase transition decreased as the exposure time increased
at 93 and 180°C. DSC peak enthalpy in olive oil at 50, 93, and
180°C showed correlations of 0.84, 0.91, and 0.95, respec-
tively, with headspace oxygen depletion in sample bottles. Cor-
relation of DSC initial peak temperature with headspace oxy-
gen depletion was 0.53, 0.87, and 0.95 at 50, 93, and 180°C,
respectively. Correlations of DSC peak enthalpy and initial peak
temperature with headspace volatiles at 180°C were 0.95 and
0.97, respectively. These results indicate that DSC is a good an-
alytical method to determine the oxidative stability of olive oil
at frying temperature.
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DSC monitors the changes of physical or chemical properties
of a material as a function of temperature by detecting the
heat changes associated with phase transitions such as crys-
tallization and glass transition (1,2). DSC compares the rate
of heat flow of a sample to that of an inert reference material
as both are heated or cooled. DSC thermograms are charac-
terized by endothermic and/or exothermic peaks whose area
is proportional to the enthalpy gained or lost by the material
undergoing phase transition. The phase transitions take place
over a specific temperature range depending on the sample
compositions and physical properties (1).

DSC has been used in lipid chemistry in the characteriza-
tion of melting and crystallization of pure edible oils (3), heat
of fusion and crystallization (4), the fat liquid/solid ratio (5),
polymorphic forms (6,7), and the quantification of oil in fried
potatoes (8) and olives (9). Pioneering works in the use of
thermal analysis (10,11) indicated the feasibility of using
thermogravimetry, pressure differential calorimetry, and dif-
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ferential thermal analysis to determine the oxidative stability
of oil. Tan and Che Man and their coworkers reported the sys-
tematic use of DSC to study the quality of vegetable oils.
These researchers studied the correlation of DSC analysis
with standard chemical methods for fat oxidation such as total
polar compounds (12,13), iodine value (13,14), percentage of
FFA, anisidine value, and PV (13). In all cases, DSC parame-
ters were found to correlate well with the standard chemical
methods. Gloria and Aguilera (8) also reported a good corre-
lation of DSC results with both the amounts of total polar
compounds and the viscosity and color of heated oils. Isother-
mal DSC was used to predict the oxidative stability of veg-
etable oil (16), suggesting that this technique could be a valu-
able tool for routine analysis in the oil industry. DSC also has
been proposed to be a valuable tool for characterization and
identification of vegetable oils.

DSC has significant advantages compared to the classical
chemical methods, including small sample size (<20 mg),
minimal sample preparation, no use of chemical agents or sol-
vents, short experimental times, and simplicity of operation.

Olive oil has been widely consumed in Europe, and the de-
mand for olive oil products has increased among ethnic
groups, gourmets, and consumers of health and diet foods due
to its possible health benefits and disease prevention (17). A
rapid, reproducible, and sensitive analytical technique is
needed to monitor the thermal stability of olive oil during pro-
cessing. DSC studies on the autoxidation and thermally in-
duced oxidation of olive oil at different temperatures have not
been reported in the literature.

The objective of this work was to evaluate DSC as an ana-
lytical method to evaluate the autoxidation at 50°C and ther-
mal oxidation of olive oil model systems at 93 and 180°C.

EXPERIMENTAL PROCEDURES

Materials. Fresh extra virgin olive oil from Tuscany was do-
nated by the University of Ancona, Italy, and kept refriger-
ated in the dark until samples were prepared. A manual solid-
phase microextraction (SPME) fiber holder unit, 65 pm poly-
dimethylsiloxane/divinylbenzene (PDMS/DVB), serum bottles,
the fiber assembly holder, silicone-coated rubber septa, and
aluminum caps were purchased from Supelco (Bellefonte,
PA).

Heat treatment. Olive oil (2 g) was placed in a 10-mL vial
(25 x 40 mm, 20 mm diameter from Supelco, Inc.) and sealed
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airtight with a silicone-coated rubber septum and an alu-
minum cap. The oxidative stability of olive oil by autoxida-
tion was studied at 50°C for 1, 3, 6, 9, 14, and 28 d. The ac-
celerated oxidation stability of olive oil was studied at 93°C
for 2,4, 8, 12, 24,72, 144, and 216 h. The oxidative stability
of olive oil at frying conditions was studied at 180°C for 0.25,
0.5,1,1.5,2,4,8,12,24,72, 144, and 216 h. Samples were
prepared in duplicate.

All samples were allowed to cool to room temperature for
30 min after thermal treatment and then either analyzed im-
mediately or placed in a —20°C freezer until used.

DSC analysis. The 8—15 mg of oil were placed into an
open aluminum pan and analyzed with a DSC 2920 (TA In-
struments, New Castle, DE). Samples were equilibrated at
20°C for 1 min and then scanned at a 2°C/min rate to —60 or
—70°C. At least duplicate analyses were carried out for each
sample. A single and slow scanning rate (2°C/min) was se-
lected to ensure thermal equilibrium of the sample and to
allow for comparison among samples (18).

Headspace oxygen analysis. The headspace oxygen in
sample bottles of olive oil was determined by injecting 100
UL headspace gas of samples into a GC equipped with a ther-
mal conductivity detector. A column (1.8 m x 0.32 cm)
packed with 60/80 Molecular Sieve 13 X (Alltech Associates,
Inc., Deerfield, IL) was used. The flow rate of hydrogen was
20 mL/min. Temperatures of the oven, injector, and thermal
conductivity detector were 40, 120, and 150°C, respectively.

Headspace volatile compound analysis by SPME. The 65
pm PDMS/DVB trapped the headspace volatile compounds in
the sample bottles for 30 min at 30°C in a water bath. The iso-
lated volatile compounds by PDMS/DVB were desorbed for 2
min at the injector port of a gas chromatograph with an FID.

GC conditions. The Hewlett-Packard 5890 gas chromato-
graph was equipped with a 0.75 mm i.d. glass injection liner,
an FID, and a 30 m x 0.25 mm i.d., 1.0 um film, DB-5, from
J&W Scientific (Folsom, CA). The oven temperature was
held at 40°C for 2 min and increased from 40 to 160°C at the
rate of 6°C/min and from 160 to 210°C at 8°C/min. The in-
jector and detector temperatures were 250 and 300°C, respec-
tively. The flow rate of nitrogen carrier gas was 1.0 mL/min.

RESULTS AND DISCUSSION

DSC analysis. A typical DSC thermogram of fresh olive oil
during cooling from room temperature to —60°C at a scanning
rate of 2°C/min is shown in Figure 1. DSC analysis of olive
oil samples was carried out upon cooling from a melted state
to achieve high analytical reproducibility (18). Samples un-
dergoing cooling showed an exothermic phase transition due
to crystallization of the oil such as that shown in Figure 1 for
fresh olive oil. The crystallization peak in the DSC thermo-
gram showed an initial temperature of crystallization (T), the
peak maximum temperature of crystallization (Tp), the end
peak temperature of crystallization (Ty), and the peak area as
enthalpy of crystallization (Fig. 1). The peak line shape of the
fresh sample was Gaussian-like. The CV of the Ty, Tp, T;, and
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FIG. 1. Typical DSC thermogram of fresh olive oil during cooling from
room temperature to —60°C at a scanning rate of 2°C/min. The parame-
ters used to characterize the peak are shown. T, peak maximum tem-
perature of crystallization; T;, end peak temperature of crystallization;
T, initial temperature of crystallization.

area in the DSC thermogram of fresh olive oil were 0.5, 0.7,
0.6, and 0.8%, respectively, which shows good reproducibil-
ity of the DSC analysis.

DSC thermograms of olive oil at 50°C representing autox-
idation and at 93 and 180°C for thermal oxidation are shown
in Figures 2A, 2B, and 2C, respectively. A shift of the crys-
tallization peak toward lower temperatures was observed in
all samples as a consequence of oxidation, which agrees with
previous reports on seed oils (8,13). The shift in T, of the
crystallization peak toward lower temperatures was found to
be a function of the oxidation conditions. Samples held at 93
and 180°C showed a more evident shift of the crystallization
peak at shorter times of exposure. A substantial shift of the
crystallization peak was observed in the sample held at 180°C
after only 1 h of thermal treatment (Fig. 2C), compared to 144
h in the sample held at 93°C (Fig. 2B). A very slight shift was
observed in the sample held at 50°C for 28 d (672 h).

The crystallization peak of oil held at 93 and 180°C not
only shifted to lower temperatures but also was subject to a
line shape change. The peak spanned a greater temperature
range and decreased in heat flow (height) with increasing
length of the high-temperature treatment. A similar phenom-
enon was also reported for seed oils (8,13).

The effects of storage time at 50, 93, and 180°C on the
peak enthalpy and the initial temperature of crystallization of
the olive oil in the DSC thermogram are shown in Figures 3
and 4, respectively. The enthalpy of the crystallization of
olive oil decreased with increasing length of high-temperature
treatment (Fig. 3), indicating that a smaller amount of sample
was crystallized under the experimental conditions (assuming
no change in the latent heat of crystallization of the sample
upon oxidation). Samples held at 180°C showed a marked de-
crease in peak enthalpy immediately after exposure to oxida-
tive conditions. On the other hand, samples held at 50 and 93°C



DETECTION OF OLIVE OIL OXIDATION BY DSC

A) 50°C
[-' T T T T 1
-60 -55 -50 -45 -35
2 0
S| B)93°C
N
o
o
k-]
o
@ -
I
| — T T T T 1
60 55 50 -45 -40 -35

Temperature of DSC (°C)

FIG. 2. DSC thermograms of olive oil during storage at 50 (A), 93 (B),
and 180°C (C) in the dark. The number of hours of storage at 50, 93,
and 180°C is shown on each thermogram.
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FIG. 3. Effects of storage days at 50°C, and hours at 93 and 180°C, on
the peak enthalpy of olive oil (DSC analysis).
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showed an initial plateau with small changes in DSC crystal-
lization enthalpy followed by a decrease in enthalpy that in-
dicates little (or no) degradation of the oil at these lower ox-
idative temperatures (Fig. 3). A similar trend was also found
for T, of the olive oil. T, decreased as the olive oil was oxi-
dized, more perceptibly and quickly in the samples held at
180°C and more gradually, after an initial constant plateau,
for the samples held at 93 and 50°C (Fig. 4).

The shift of the crystallization peak to lower temperatures
(Fig. 4) and the decrease in crystallization enthalpy (Fig. 3)
could be due to the depletion of TG, the increase of the FFA
content, and/or the increase of viscosity during oxidation
(12,15). Moreover, the ability of the crystallizing molecules
to come in contact and align to form a crystal detectable under
the DSC experimental conditions may have been hindered by
the presence of charged and more disordered molecules (in-
crease of polar compounds and low M.W. compounds) and
by the increased viscosity of the oxidized olive oil (8).

To assess the feasibility of using DSC to quantify the ef-
fect of autoxidation of oils at various temperatures, thermally
treated olive oil was also subjected to traditional chemical
methods of analysis.

Headspace oxygen and headspace volatile compound
analyses. The depletion of headspace oxygen content com-
monly has been used to determine the degree of oxidation of
oils (19). The effects of storage time at 50, 93, and 180°C on
the headspace oxygen content of olive oil in the dark are
shown in Figure 5. As expected, the headspace oxygen con-
tent in airtight sample bottles decreased as storage time in-
creased (Fig. 5). Fast oxygen depletion was observed in the
thermally oxidized olive oil (from 21 to 7% within 12 h at
180°C and from 21 to 8.5% in 144 h at 93°C), whereas head-
space oxygen depletion occurred very slowly in the 50°C
sample (1.5% decrease over 28 d). The depletion of headspace
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FIG. 4. Effects of storage days at 50°C, and hours at 93 and 180°C, on
the initial temperature of crystallization (T) of olive oil (DSC analysis).
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FIG. 5. Effects of storage days at 50°C, and hours at 93 and 180°C, on
the headspace oxygen content of olive oil in the dark.

oxygen in airtight olive oil sample bottles is due to the reac-
tion between unsaturated FA and oxygen.

An interesting observation was the increase of headspace
oxygen in oil samples held at 180°C as storage times in-
creased from 12 to 216 h (Fig. 5). This was attributed to the
oxygen generated by chemical degradation of oil components
containing the peroxyl moiety as shown in the following re-
actions:

2ROOH — H,0, - H,0+1/20,
ROO: + ROO- — ROOR + O,

(1]
(2]

The radical elimination of a peroxy radical resulted in the
release of headspace oxygen as a leaving group (20). The rate
of oxygen formation became higher than the oxygen deple-
tion rate only after 12 h at 180°C, and the overall headspace
oxygen content increased.

Analysis of headspace volatile compounds has been used
to determine the degree of oxidation in oil (21), and it has
been applied in this study to follow the oxidation of olive oil
at 180°C (Fig. 6). The headspace volatile compounds in-
creased as the storage time increased up to 12 h and then

TABLE 1
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FIG. 6. Effects of storage hours at 180°C on the headspace volatile com-
pounds of olive oil in the dark.

decreased (Fig. 6) as expected, and followed the trend ob-
served in the headspace oxygen content results at 180°C (Fig.
5). The decrease of headspace volatile compounds at 180°C
from 12 to 72 h may be due to the higher formation rate of
nonvolatile compounds from volatile compounds through
polymerization, compared to the formation rate of volatile
compounds in closed-bottle model systems (22).

Correlation of DSC analysis and headspace oxygen or
volatile compounds analysis. Correlations (R%) of DSC peak
enthalpy and initial temperature of crystallization with head-
space volatile compounds and headspace oxygen content in
oxidizing olive oil samples are shown in Table 1.

Linear R* of DSC peak enthalpy and DSC initial tempera-
ture of crystallization with headspace volatile compounds
were 0.95 and 0.97, respectively, in airtight vials at 180°C up
to 12 h (Table 1). DSC peak parameters (enthalpy and T)
have a very good correlation with the depletion of headspace
oxygen content. Bimodal linear correlation (R> > 0.95) was
found in the samples stored at 180°C in the 0 to 12 and 12 to
216 h ranges (Table 1), reflecting the decrease and subsequent
increase of headspace oxygen in this sample. Linear correla-
tions were found for the olive oil samples held at 50 and 93°C
over the range of time considered in this study (Table 1). DSC
enthalpy showed a better correlation to the headspace oxygen
depletion than DSC peak temperature. A possible explanation

Correlation of Headspace Oxygen Content and Volatile Compounds with DSC Peak Enthalpy (enthalpy) and DSC Initial Temperature

of Crystallization (T,) of Olive Oil Bottles During Storage?

Enthalpy R? Time T, R? Time

Headspace oxygen (%) 180°C y=-61.2 +2.1x 0.95 0-12h y=2043 +521x 0.95 0-12h
180°C y=25.6-0.6x 0.99 12-216 h y=-29.6 —1.0x 0.98 12-216 h
93°C y=-34.6 +1.4x 0.91 0-216 h y=151.2 +3.7x 0.87 0-216 h
50°C y=10.6 +0.3x 0.84 0-672 h y=61.4+12x 0.53 0-672 h

Volatile compounds (1 x 109 180°C y=28.99-0.21x 0.95 0-12h y=17.50-0.44x 0.97 0-12 h

3y: headspace oxygen (%) for the headspace oxygen analysis; electronic counts (1 x 10°) for the volatile compound analysis. x: storage time (days

for 50°C and hours for 93 and 180°C).
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is that peak enthalpy is a parameter representing the phase
transition over the entire temperature range, and it reflects the
properties and the composition of the whole sample. Initial
peak temperature of crystallization, on the other hand, de-
scribes the crystallization temperature of specific components
in the sample, but it does not reflect the actual composition of
the sample. The change in molecular conformation of oxidiz-
ing lipids does not affect the entire sample simultaneously; it
is a more gradual process, and some nonoxidized molecules
will crystallize at the same temperature as the fresh sample.
More extended chemical degradation of the sample such as
polymerization may be needed to induce a shift in the initial
peak temperature.

DSC can be used as an analytical tool in determining the
oxidative stability of olive oil, and it is expected to show sim-
ilar behavior in other vegetable oils undergoing thermal oxi-
dation. The DSC method has many advantages compared to
standard chemical methods for determining the oxidative sta-
bility of oil including: short experimental times, limited sam-
ple preparation, small sample size, no use of solvents, sim-
plicity to operate, and good reproducibility. This study shows
that DSC is a reproducible analytical method and can be used
to evaluate the oxidative stability of the thermally oxidized
oils such as the deep-fat frying process at 180°C.
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