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Abstract In this study, accelerated storage tests were
carried out at 60 °C up to 20 weeks on three extra virgin
olive oils (Evoos) with different total phenol contents and
fatty acid compositions (named as EvooA, EvooB, and
EvooC). Their oxidative statuses, evaluated by means of
primary oxidation value and total phenolic content, were
related to both the shapes of differential scanning calorimetry
(DSC) cooling curves and thermal properties. DSC cooling
curves were all deconvoluted as crystallization occurs in a
quite narrow range, and the single steps are not well sepa-
rated. The first deconvoluted DSC peak for the three samples
tested, which occurs in the temperature interval between
—45 °C and —30 °C, can probably be ascribable to the
crystallization of tri-unsaturated triacylglycerols. A non-
isothermal crystallization kinetic procedure, derived by the
well-known isothermal Avrami equation, combined with the
method of Ozawa, was applied to the first deconvoluted DSC
peak only by processing the data related to this DSC peak.
Results of the modified Avrami method were found in
agreement with those of the Ozawa method. In particular,
Avrami and Ozawa’s exponents lie from 2 to 4 (being those
of fresh samples always lower than those subjected to the
accelerated oxidation test). Crystallization is relatively slow
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for fresh samples whereas after the first 4 weeks; it occurs
faster in EvooB and EvooC.
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Introduction

Extra virgin olive oil (Evoo) is obtained by the fruit of the
olive tree solely by mechanical or other physical means
that do not lead to any chemical change. It presents a high
resistance to the oxidative deterioration due not only to the
high monounsaturated-to polyunsaturated fatty acid ratio
but also to the presence of such minor compounds as
phenolic molecules with antioxidant activity, with almost
all of them being hydrophilic [1].

Evoo is generally consumed raw as a flavoring fat at
room temperature. Otherwise, it can be employed as lipid
phase and/or filling medium in a wide range of food for-
mulations, such as canned products, salad dressings, sau-
ces, and chilled and frozen ready-to-eat commodities. All
these products could be stored for long time, before being
consumed, at refrigerated and frozen temperatures where
lipids begin to crystallize also starting from a different
degree of oxidation. In addition, Evoo crystallization could
become more complex due to its high content of water (it is
directly obtained by fruit physical extraction without fur-
ther refining), which is organized to form small dispersed
particles with hydrophilic phenols being located on their
surface at the oil-water interface [2]. The influence of these
molecules on Evoo stability during crystallization was
recently demonstrated [3]. Their decrement in the liquid
phase surrounding fat crystals can concur with the higher
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oxidation rate shown by this oil (on the basis of the
Arrhenius equation) at sub-zero temperatures [3].
Non-isothermal crystallization kinetics was analyzed in
the past using different methods for the characterization of
a wide variety of amorphous systems (i.e., paraffins [4],
glass [5-7], and polymers [8—12]), but less attention was
devoted to this approach applied to food matrices and oil,
among all [3, 13]. This study aims at analyzing the influ-
ence of the oxidation stage in the non-isothermal crystal-
lization kinetics of three Evoo samples (having different
total phenol contents and fatty acid compositions). To this
end, fresh samples and samples subjected to an accelerated
storage test at 60 °C for 4, 12, and 20 weeks were con-
sidered. This temperature was chosen as it is generally
considered as the one that mimics oxidation mechanism
developing during normal storage in a better way [1].

Theoretical background

Isothermal crystallization rate is usually described by the
Avrami equation [14, 15], whose general form is:

1 — X(t) = exp(—Kr") (1)

where X(¢), the degree of crystallinity, is the ratio between
the partial and the total heats released measured by
numerical integration of the areas of the corresponding
crystallization DSC peak. Deconvolution of the DSC peak
into two or more peaks is required if crystallization occurs
in several simultaneous steps to estimate the area of each
peak, associated to each step. K and n, characteristic con-
stants of a particular morphology and type of nucleation,
are the crystallization rate constant and the Avrami index,
respectively, and ¢ is the time taken during the crystalli-
zation process. The value of the Avrami index n, related to
both nucleation and growth geometry, should be an integer,
but several complications that often arise due to volume
changes for the occurrence of a phase transformation,
annealing, and different mechanisms involved during the
process or incomplete crystallization, may give rise to
fractional values.

The isothermal Avrami approach can be adjusted to non-
isothermal condition by considering the double logarithmic
form of Eq. 1, where the values of n and K can be esti-
mated at each fixed temperature, from the slope and
intercept of each In{-In[1-X(#)]} versus In(¢) straight line,
where t = (To-T)/p.,with f being the cooling rate, T, and
T the onset crystallization temperature and the crystalli-
zation temperature at time f, respectively. A further
correction was introduced by Jeziorny [16] to calculate
more reliable values of K from non-isothermal measure-
ments since crystallization depends on the cooling rate:
InK" = (InK)/p.
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Taking into account the non-isothermal nature of a
crystallization process, Ozawa [17] modified the Avrami
equation by assuming that a non-isothermal process is the
sum of an infinite number of small isothermal steps,
according to the following logarithmic Eq. 2:

—In[l —X(1)] = K*(T)/p" (2)

where K* (T), the cooling crystallization temperature-
dependent function, is referred to the overall crystallization
rate (indicating how fast this process occurs [18]) and m is the
Ozawa exponent that depends on the dimension of the crystal
growth. Eq. 2 can be more conveniently rewritten in the
logarithmic form (Eq. 3):

In{—In[1 — X(1)]} = In(K*(T)) — mlnp (3)

By plotting the left-hand side of Eq. 3 versus Inf, a
straight line chould be obtained, where the K*(7T) and
m values can be obtained from the intercept and slope of
the corresponding regression line (least square method),
respectively.

Liu and co-workers [19] proposed to combine the
Avrami and Ozawa approaches by making the double
logarithmic form of Eq. 1 equal to the right-hand side of
Eq. 3:

InK + nlnt = In(K*(T)) — minf 4)
that can be rewritten in the form:
Infi = InF(T) — blnt (5)

where F(T) = [K*(T)/K]"™ refers to a given cooling rate
and to a fixed degree of crystallinity, m is calculated using
the method of Ozawa, and b is the ratio between the
exponents of Avrami and Ozawa, respectively.

Experimental
Samples and storage conditions

The Evoo samples tested in this study, and selected con-
sidering three estimated levels of total phenol contents
(high, medium, and low, respectively), were obtained from
olives handpicked in 2009 and produced using continuous
cold extraction systems. In particular, sample A (EvooA) is
a blend of Leccino, Frantoio, Moraiolo, and local varieties,
derived from Emilia Romagna; sample B (EvooB) from
Apulia (blend of Ogliarola di Lecce and Cellina di Nardo
varieties), and sample C (EvooC) from Emilia Romagna
(blend of Frantoio, Leccino, Pendolino and Moraiolo
varieties).

Each sample was divided into four aliquots (43.7 mL,
40 g) and kept in the dark at 60 °C in a thermostatic oven
(ISCO, Milano, Italy) for 20 weeks. Each aliquot was
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stored in an individual open glass bottle of 250 mL
(i.d. = 5 cm; surface area exposed to air 19.6 cmz). Bottles
were removed from the oven after 4, 12, and 20 weeks, and
immediately analyzed.

Chemical analysis

Fatty acids were determined on fresh samples according to
Bendini et al. [20] methyl esters by capillary gas chroma-
tography (GC) analysis after alkaline treatment and
expressed as area normalization in percent (%). Total
phenol contents were obtained on fresh samples by means
of spectrophotometric assay according to Bonoli et al. [21]
and expressed as mg gallic acid/kg oil.

Oxidation degree was measured by means of peroxide
value (POV, expressed as meq O,/kg lipids) according to
the official methods described in annex III of EEC Regu-
lation 2568/91 [22] on fresh samples and after 4, 12, and
20 weeks of storage. Three replicates were analysed per
sample.

DSC experiments

Evoo samples, around 8—-10 mg, were weighed in aluminum
pans; covers were sealed into place and analyzed with a
DSC Q100 (TA Instruments, New Castle, DE, USA), and an
empty pan was used as reference. Calibrations of both heat
flow and temperature were made using very pure samples of
indium (Tg, = 156.6 °C, AgpH = 3.266 KJ molfl) and
n-dodecane (Tpys = —9.65 °C, ApH = 36.918 J mol ™).
The temperature and heat flow uncertainties were estimated
to be £0.1 °C and £0.05 mW, respectively. DSC cooling
curves were obtained at four scanning rates (1, 2, 3, and
5°C min~') keeping oils at 30 °C for 8 min to reach
equilibrium and then cooling up to —80 °C. Dry nitrogen
was purged in the DSC apparatus at a flow rate of
50 cm® min~". Three replicates were analyzed per sample.

DSC cooling curves were analyzed with Universal
Analysis Software (Version 3.9A, TA Instruments), con-
verted in ASCII compatible format and best deconvoluted
by means of PeakFitTM software (Jandel Scientific, San
Rafael, CA, USA) into three constituent peaks (R2 > 0.98),
as previously reported [23]. The three peaks identified were
consecutively numbered, starting from the lowest to the
highest temperature and named as peaks 1, 2, and 3,
respectively. Peak 1 was resolved by an asymmetric double
Gaussian, while peaks 2 and 3 by double sigmoid functions
[23]. Deconvoluted DSC curves were re-imported in Uni-
versal Analysis Software where area of peak 1, which was
the only one considered for the crystallization evaluation,
was calculated with the integration function of software
and converted in ASCII compatible format again to obtain
fraction of peak area at each time interval.

Results and discussion
Chemical analysis

The three Evoo samples of this study were chosen on the
basis of different fatty acid compositions and phenol con-
tents. EvooA exhibited significantly high percentages of
oleic acid (74%) and the lowest content of linoleic acid
(6.2%) among all. On the other hand, EvooB presented the
lowest content in oleic acid (65%) and the highest in pal-
mitic (15.4%) and linoleic (10.0%) acids, whereas EvooC
showed a middle fatty acid composition between EvooA
and EvooB (71.6 and 8.1% of oleic and linoleic acid
amounts, respectively). These compositional data are
completed by the differences in total phenol amount as
EvooA showed high content of total phenolic compounds
(740 mg gallic acid/kg oil) and EvooB and EvooC exhib-
ited 505 and 261 mg gallic acid/kg oil amounts of these
molecules, respectively.

POV trends, expressed as normalized data, were shown
in Fig. 1 for the three oils during storage and they reflected
the compositional data discussed above in terms of fatty
acid composition and phenolic contents. EvooA exhibited a
very limited increase of POV up to 12th week of thermal
stress, whereas consistent increments were registered for
EvooB and EvooC (36 and 22 times the initial value,
respectively). Only at the 20th week of the accelerated
storage test, EvooA evidenced a high value of peroxide
compounds. On the other hand, EvooB and EvooC sig-
nificantly decreased in POV after 12 weeks of accelerated
storage test, supposedly as a consequence of the conversion
of the primary in secondary oxidation products as well as in
volatile compounds [24].

DSC analysis of non-isothermal crystallization
The DSC cooling curves of EvooA and EvooB carried out

at 2 °C min~! for different storage times (0, 4, 12, and
20 weeks) are shown in Fig. 2, while those of EvooC are
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Fig. 1 Peroxide values (normalized data) of EvooA, EvooB, and
EvooC at different storage times. a EvooA; b EvooB; ¢ EvooC
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not provided, since they are very similar to those of EvooB.
The thermal behaviors of the Evoo samples not subjected
to thermal treatment (0 weeks) were found to be similar to
those found for other Evoo samples in previous studies [23,
25, 26]. The first sharp and symmetric exothermic DSC
peak in Fig. 2a has been previously attributed to the
crystallization of unsaturated triglycerides, while the sec-
ond broad and asymmetric DSC peak to the fraction of
more saturated triglycerides [23, 27].

The most significant difference between the two DSC
curves of EvooA and EvooB is related to the shift of the
second peak toward higher temperature for the latter,
probably due to a more lipid saturation of this oil with
respect to the other two samples, as previously reported
[23, 25-27]. Another important difference is concerning
the temperature range of the whole transition for samples at
0 weeks, whose values are 33.5, 38.4 and 35.4 °C for
EvooA, EvooB and EvooC, respectively. The lowest value
of the temperature range in EvooA can be statistically
correlated to the highest content of oleic acid, as previously
shown [28]. In fact, it was recently reported in the literature
that this compositional characteristic may lead, during the
occurrence of the transition, to a more ordered crystalline
structure because of the presence of the more unsaturated
triacylglycerols such as triolein [23, 25-27].

Changes of crystallization DSC profiles occurring in the
Evoo samples during the period in which they were

0 weeks

4 weeks

Heat flow/a.u. Exo —p o

T~ ——~ 20wecks

0 weeks

4 weeks

e ————————\_ 12wecks
N\ 20weeks

=50 =20 10
Temperature/°C

Heat flow/a.u. Exo —p =

do
S

Fig. 2 DSC cooling curves at different storage times under a heating
rate of 2 °C min~! for: a EvooA; b EvooB
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subjected to the accelerated oxidative tests confirmed what
was recently found in recent studies on olive oils under
comparable operative conditions [29, 30]. In particular, the
comparison of DSC cooling curves of EvooB (and EvooC,
even if they were not shown) with those of EvooA at
higher storage times (12 and 20 weeks) seem to suggest
that the extent of degradation in the formers is higher than
in the latter. A further confirmation of this result is given
by the fact that the more intense DSC peak at the highest
storage time (20 weeks), attributed to the presence of
unsaturated triacylglycerols substantially disappears in
both EvooB and EvooC samples. The possible explanation
of this behavior for vegetable oils was given by Tan and
Che Man [31, 32], who hypothesize that, with increasing
extent of thermo-oxidation, the presence of the increasing
content of polar lipid molecules, which did not crystallize
in the temperature range investigated, enables the decrease
in the intensity of the DSC peak until its final disappear-
ance, when the unsaturated triacylglycerols were com-
pletely transformed.

Kinetic analysis of non-isothermal crystallization

The kinetic analysis of non-isothermal crystallization of the
Evoo samples tested is performed by processing only the
first deconvoluted DSC peak of each curve (attributed to
the crystallization of unsaturated triglycerides between
—60 and —30 °C) at four cooling rates. As an example, the
(not deconvoluted) DSC curves of EvooA at 1, 2, 3, and
5 °C min~"' in Fig. 3 showed the expected general trend as
reported in the literature [33]: a shift to lower temperatures
with the increase in the cooling rate. In addition, a decrease
of the crystallization enthalpy (from 63.3 to 51.2 kJ mol™")
with the increase of the cooling rate can be ascribed to the
fact that the molecules cannot interact in an ordered way to
crystallize properly. At higher cooling rate, some triglyc-
erides contained in the Evoo samples tested crystallize into
less stable form because of the higher decrease of the
sample temperature, which avoid the complete crystalli-
zation of the more stable form. As expected, the behaviors
shown at the highest cooling rate in the fresh samples
become more evident in the samples subjected to the
accelerated test as the storage time increases because of the
effects produced by oxidation.

The typical time and temperature dependences of the
degree of crystallinity are described in Fig. 4a, b, respec-
tively, for fresh EvooA sample at the four different cooling
rates: the higher cooling rate, the shorter crystallization time,
and higher crystallization temperature. After the values of
the degree of crystallinity have been obtained at each
temperature and cooling rate (and obviously at each crys-
tallization time) from the slope and intercept of each
In{-In[1—X(#)]} versus In(¢) regression line, the values of
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Fig. 3 DSC cooling curves of EvooA at different cooling rates at
a 0 weeks of storage (not subjected to thermal treatment); b 12 weeks
of storage

Fig. 4 Time (a) and

nand —InK’, estimated at each cooling rate and storage time,
are listed in Table 1. It is worth noting that the modified
Avrami approach is suitable for describing the crystalliza-
tion of these samples under the experimental conditions
tested, as reasonable values of n ranging from 2 to 4 are
obtained, with those of fresh samples always being lower
than those subjected to the accelerated oxidation test. In
particular, fresh EvooA and EvooB showed values close to
3.0 (attributed to spherulitic growth from instantaneous
nuclei [14, 15]), while that of EvooC is close to 2.0, thus
suggesting that the nucleation should proceed via a disk-like
or rod-like growth [14, 15]. Oxidized samples showed val-
ues of n slightly higher than the corresponding fresh ones
without any evident correlation with the storage time.
Table 1 shows that the crystallization rate constant values
K', adjusted according to Jeziorny [16], increase with
increase in the cooling rate. In addition, the comparison of
values calculated at the same cooling rate suggests that
crystallization (actually the process described by the first
DSC peak) is relatively fast for fresh samples and after the
first month (4 weeks). In addition, it is noteworthy that
crystallization seems to occur faster for EvooC, whereas it is
slower for EvooB and EvooA, overall, with an opposite
trend in comparison to the phenol content. Thus, the influ-
ence of phenols on the crystallization rate cannot be excluded.
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The K’ values seem to indicate that the crystallization
rate decreases with increasing the storage time for all the
samples. This fact is particularly evident in EvooC, where
the highest values of —InK’ are found in Table 1 at 12 and
20 weeks at a cooling rate of 1°C min~' (when the

process occurs at the slowest rate and reaches its com-
pleteness with the largest crystallization time). This
behavior can be explained by the presence of lipid oxida-
tion products (and products of lipid hydrolysis such as
mono and diacylglycerols) that can be intercalated into the

Table 1 Kinetic parameters of non-isothermal crystallization (first DSC peak) for Evoo samples at the four different storage times (0, 4, 12, and

20 weeks) according to the Avrami approach [14, 15]

B/°C min~! n —InkK" t1,»/min
0 4 12 20 0 4 12 20 0 4 12 20
EvooA
1 32 4.0 34 39 8.0 9.9 8.7 10.0 8.7 10.5 12.9 14.7
2 2.8 3.7 37 4.0 1.6 2.0 2.3 2.5 3.2 35 37 4.1
3 2.9 33 34 3.8 0.7 0.9 1.0 1.1 1.8 1.9 2.7 33
5 32 3.6 3.8 3.7 0.02 0.04 0.1 0.2 0.9 0.9 1.4 1.6
EvooB
1 2.7 3.8 2.9 2.9 6.1 7.4 7.8 8.2 8.4 8.8 12.6 14.5
2 32 3.0 3.1 3.0 1.6 2.1 2.4 2.6 2.4 3.6 39 4.4
3 34 2.5 35 2.9 0.8 1.1 1.0 1.1 1.8 3.1 1.9 2.4
5 2.2 3.1 2.3 3.1 0.07 0.6 0.6 0.7 1.1 24 1.5 1.9
EvooC
1 1.7 2.8 3.6 2.8 4.3 6.9 14.6 18.1 9.6 10.3 12.9 14.9
2 1.7 2.6 2.6 2.9 0.8 1.7 1.9 2.3 2.0 3.6 3.7 4.4
3 2.2 2.7 33 3.1 0.5 0.7 1.2 1.4 1.8 1.9 2.7 3.0
5 2.8 32 3.6 3.0 0.2 0.2 0.3 0.4 1.2 1.1 1.4 1.7

Relative standard deviation (RSD) of all data is always less than 5%

# Units of K’ depends on the value of n estimated

Table 2 Kinetic parameters of non-isothermal crystallization (first DSC peak) for Evoo samples at the four different storage times (0, 4, 12, and
20 weeks) for different degrees of crystallinity, according to the Liu-Mo approach [19]

X(T) F(D) b
0 4 12 20 0 4 12 20
EvooA
0.2 2.1 2.1 2.1 2.2 1.2 1.1 1.1 1.1
0.4 2.0 2.0 2.0 2.1 1.2 1.1 1.1 1.1
0.6 1.9 1.9 2.0 2.0 1.2 1.1 1.1 1.1
0.8 1.8 1.8 1.8 1.9 1.2 1.1 1.1 1.0
EvooB
0.2 2.1 2.2 32 34 1.2 1.1 1.9 2.1
04 2.0 2.1 2.8 3.0 1.3 1.2 1.8 2.0
0.6 1.9 2.1 2.5 2.6 1.3 1.2 1.7 1.9
0.8 1.7 1.9 2.2 2.5 1.3 1.2 1.5 1.9
EvooC
0.2 2.1 2.2 2.4 2.6 1.2 1.2 1.3 1.5
0.4 2.0 2.1 2.2 24 1.2 1.2 1.2 1.4
0.6 1.8 2.0 2.1 2.3 1.2 1.2 1.2 1.3
0.8 1.7 1.9 2.0 2.2 1.1 1.2 1.2 1.3

Relative standard deviation (RSD) of all data is always less than 3% and r* > 0.993 (4 regression data points)
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molecules of triglycerides, causing an increase of the dis-
order, as previously reported [34].

The values of the half-time of non-isothermal crystalli-
zation, ty,, estimated from Fig. 4a at X(¢) = 0.5, are
summarized in Table 1. As expected, these values decrease
with increasing values of the cooling rate and decreasing
values of the storage time, the lowest values being those
calculated for fresh samples. Only slight differences can be
found among values derived by different Evoos at the same
cooling rate and storage condition.

The analysis of results derived by the Avrami approach
and its Jeziorny modification [16] must be completed by
combining Avrami and Ozawa methods, using Egs. 4 and
5. The results of the Ozawa method are displayed in Fig. 5.
The values of m derived by the slope values, being equal to
—m according to Eq. (3), were found to be in agreement
(sometimes slightly lower) with those calculated using the
Avrami method. The values of F(7) and b, determined
from the slope and intercept of each regression line
obtained by plotting Inf versus Inf at fixed degrees of
crystallinity (Eq. 5), are reported in Table 2. At the same
degree of crystallinity, the values of both F(r) and
b showed no significant differences with increasing values
of the storage time, except for EvooB and EvooC at higher
storage times (12 and 20 weeks), where higher values were
found, probably caused by the presence of a higher content
of lipid oxidation products. At the same storage condition
(fresh samples or samples at the same storage time), a
decreasing trend was observed for the values of F(¢) with

In(A°C min™") In(A°C min™")

increasing values of the degree of crystallinity, thus dem-
onstrating that a lower cooling rate should be required to
obtain a higher degree of crystallinity in the same crys-
tallization time. The constancy of values of b, very close to
unity (with the above-mentioned exceptions) confirms the
assessment of mechanisms of crystal growth made on the
basis of the Avrami method only.

Conclusions

Kinetic parameters of non-isothermal crystallization were
calculated for the three Evoo samples tested, which have
different total phenol contents and fatty acid compositions,
according to both the modified Avrami and Ozawa meth-
ods. The results derived by the modified Avrami method
were reasonable (n < 4) and show that crystallization rate
is influenced by the total phenol contents and fatty acid
compositions mainly in oxidized samples: this process is
relatively fast in fresh samples, and after the first 4 weeks,
it occurs at slower rate in EvooB and EvooC, where a
higher extent of oxidation was found. Anyway, an influ-
ence of phenols on the crystallization rate of fresh samples
cannot be excluded and need to be further explored.
Finally, results derived by the Ozawa method confirm
those obtained with the modified Avrami method (b close to
1), thus demonstrating the suitability of a non-isothermal
approach to describe the crystallization of Evoos under
conditions that mimic those commonly occur during storage.
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