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Abstract Physicochemical parameters, total phenols con-
tents (TPC), and oxidative stabilities at 120-160 °C were
evaluated for two monovarietal (Arbequina and Cobrangosa
cultivars, cvs.) and one blend extra-virgin olive oil, confirming
the label quality grade and allowing grouping them according
to the different TPC (TPC = 8847, 112+ 6 and
144 £ 4 mg CAE/kg, for cv. Arbequina, blend and cv.
Cobrancosa oils, respectively). The lipid oxidation rate
increased with the decrease of the TPC, being Cobrangosa oils
(higher TPC) more thermally stable. Kinetic-thermodynamic
parameters were determined using the activated complex/tran-
sition-state theory and the values did not significantly differ
for Cobrancosa and blend oils, which had the highest TPC,
suggesting a hypothetically threshold saturation of the benefi-
cial effect. Cobrangosa oils had a significant more negative
temperature coefficient, higher temperature acceleration fac-
tor, greater activation energy and frequency factor, higher pos-
itive enthalpy of activation, lower negative entropy of
activation, and greater positive Gibbs free energy of activa-
tion, probably due to the higher TPC. The results confirmed
that lipid oxidation was a nonspontaneous, endothermic, and
endergonic process with activated formed complexes
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structurally more ordered than the reactants. A negative devia-
tion from the Arrhenius behavior was observed for all oils
being the super-Arrthenius behavior more marked for
Arbequina oils that had the lowest TPC. Finally, the kinetic-
thermodynamic parameters allowed classifying oils according
to the binomial olive cultivar/total phenols level, being the
temperature acceleration factor and the Gibbs free energy
of activation at 160 °C the most powerful discriminating
parameters.

Keywords Rancimat test - Monovarietal-blend oils
thermal stability - Energy of activation - Enthalpy of
activation - Entropy of activation - Free Gibbs energy
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Introduction

Olive oils and other vegetable oils suffer lipid oxidation,
which is responsible for the oil chemical and sensory qual-
ity deterioration during storage, influencing the product
shelf life and so, being a major concern for oil producers
and consumers (Farhoosh et al., 2008). Lipid oxidation pro-
gress over time may be evaluated by monitoring primary,
secondary, or tertiary oxidation products, although some of
them may have a transient existence turning out their
assessment a hard or even impossible task (Farhoosh and
Hoseini-Yazdi, 2014). For example, peroxide value (PV),
is a measure of the oils’ hydroperoxides content, a primary
product of the lipid oxidation, which is widely used to fol-
low the pattern of the oils’ oxidative deterioration. The oxi-
dative stability (OS) of the oils, a measure of the volatile
organic acids produced during the formation of the
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hydroperoxides or as a result of the oxidation of carbonyl
compounds and other secondary (e.g., alcohols) or tertiary oxi-
dation products may be used for monitoring the lipid oxidation
progress (Farhoosh and Hoseini-Yazdi, 2014). The OS of olive
and other vegetable oils (e.g., linseed, rapeseed, camelina,
black cumin, evening primrose, hempseed, milk thistle, poppy,
pumpkin, sunflower, cottonseed, hazelnut, sesame, among
other oils) has been determined mainly using Rancimat test
(Aktar and Adal, 2019; Cienmiewska-Zytkiewicz et al., 2014;
Elhussein et al., 2018; Farhoosh et al., 2008; Gharby et al.,
2016; Giilmez and Sahin, 2019; Hasenhuettl and Wan, 1992;
Kowalski et al., 2004; Kurtulbag et al., 2018; Mateos et al.,
2006; Morsy et al., 2019; Mousavi and Niazmand, 2017,
Ostrowska-Ligeza et al., 2010; Ratusz et al., 2016; Symoniuk
et al., 2016, 2017, 2018; Yang et al., 2018). Other techniques
have also been reported, namely, the differential scanning
calorimetry (Ciemniewska-Zytkiewicz et al., 2014; Kowalski
et al., 2004; Malvis et al., 2019; Ostrowska-Ligeza et al., 2010;
Ratusz et al., 2016; Symoniuk et al., 2016, 2017, 2018) or the
time-domain reflectometry (Sonkamble et al., 2017). Besides
the OS data, the knowledge of kinetic and thermodynamic
characteristics of lipid oxidation may contribute to a better
understanding of the lipid oxidation underlying mechanisms
allowing adjusting the composition of oils aiming the increase
of the shelf life and minimizing the appearance of undesirable
deterioration products. The literature data pointed out that the
OS of olive oils as well as the related kinetic and thermody-
namic parameters are highly influenced by the olive cultivar,
the quality grade of the olive oil, the fatty acids composition,
the phenols contents, or the composition in other bioactive
compounds (Farhoosh et al., 2008; Gharby et al., 2016;
Kowalski et al., 2004; Mahdavianmehr et al., 2016; Mateos
et al., 2006). Within the bioactive compounds, phenolic com-
pounds, which are normally related to the OS of the oils
playing a key role in the increase of the oils’ shelf life, clearly
stand out (Boskou et al., 2006). Other properties are attributed
to these compounds, enhancing their relevance, namely, in
terms of sensory aspects and biological properties, as they are
partly responsible for the health benefits associated to the olive
oil consumption as an essential ingredient of the Mediterranean
diet (Cicerale et al., 2010; Esposto et al., 2015). It should be
noticed that the chemical compositions of olive oils have been
widely studied showing that the levels are highly influenced
by several factors including, olive cultivar, geographical origin,
agro-climatic conditions, crop year, and olive maturation index
at harvest, among other factors. In which concerns cultivars
(cvs.) Cobrangosa or Arbequina oils (Portuguese and Spanish
cultivars), similar overall fatty acid contents have been found,
namely, high percentages of monounsaturated fatty acids
(MUFA: 72-75% and 66-81%, respectively), followed by sat-
urated (SFA: 14-19% and 12-22%, respectively) and
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polyunsaturated fatty acids (PUFA: 8-11% and 7-15%, respec-
tively), being oleic acid (18:1) and palmitic acid (16:0) the
most abundant ones for both oils (Borges et al., 2017a; Casal
et al., 2010; Neves et al., 2011; Peres et al., 2016a, b; Sousa
et al., 2015). Regarding the TPC, the literature values showed
a huge variability, ranging from 60 to 350 mg CAE/kg for cv.
Cobrangosa oils (Casal et al., 2010; Sousa et al., 2015) and
from 75 to 300 mg CAE/kg for cv. Arbequina oils (Borges
et al., 2017b, 2019), being hydroxytyrosol and tyrosol the most
abundant phenolic compounds.

Thus, in this study it was intended to evaluate the influ-
ence of the total phenols content (TPC) on the lipid oxida-
tion of two monovarietal olive oils (cvs. Arbequina and
Cobrangosa) and one blend olive oil using a kinetic-
thermodynamic approach based on the OS data deter-
mined using the Rancimat test at five different tempera-
tures within the range of 120-160 °C. Therefore, a series
of kinetic and thermodynamic parameters were calculated,
including the temperature coefficient (7¢) and temperature
acceleration factor (Q;o), the Arrhenius parameters
(energy of activation, E,, and the frequency factor, A), the
enthalpy, entropy, and Gibbs free energy of activation
(AH**, AS**, and AG™™, respectively). The gathered
data would allow inferring about the effect of the TPC
increase on the olive oil thermal stability, statistically
assessed using the one-way ANOVA, as well as to estab-
lish the kinetic-thermodynamic characteristics of the lipid
oxidation process, which for the first time carried out for
oils produced from Portuguese olive cultivars, namely
from cv. Cobrangosa. Finally, the possibility of using the
kinetic and/or thermodynamic parameters as putative olive
oil discrimination fingerprints regarding the binomial
olive cultivar/TPC was explored for the first time. For this
purpose, unsupervised and supervised multivariate pattern
recognition statistical tools were applied, namely, princi-
pal component analysis (PCA) and linear discriminant
analysis (LDA) coupled with the meta-heuristic simulated
annealing (SA) variable selection algorithm. Indeed, as
recently shown by Heidarpour and Farhoosh (2018), kinetic
parameters like the frequency factor and the activation
energy, could be successfully employed to establish, for
example, an adulteration index that allowed revealing mono-
varietal olive oil adulterations with palm olein and
sunflower oil.

Materials and Methods
Olive Oil Samples

The olive oil samples evaluated in this study were produced
in 2018 crop season at a local olive mill (Olimontes,
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Macedo de Cavaleiros, Northeast Portugal), using a two-
phase centrifugation system. Olive oils were collected and
assembled into three groups according to olive cultivar
information provided by the oil producer (cv. Arbequina,
cv. Cobrangosa and a mix of cultivars) and a preliminary
bitter-pungent intensity evaluation (data not shown), which
theoretically, may be related to the TPC:

e cv. Arbequina oils with a low bitter-pungent sensation,
which were expected to have low TPC;

e blend oils with a moderate bitter-pungent sensation,
which were expected to have medium TPC; and,

e ¢v. Cobrancosa oils with an intense bitter-pungent sensa-
tion, which were expected to have high TPC.

The olive oils were kept in their original bottles, in a
dark environment, at room temperature (18-25 °C), being
filtrated before analysis. Moreover, according to the pro-
ducer information, all olive oils could be classified as extra-
virgin olive oils (EVOO).

Evaluation of Olive Oils Quality Chemical Indices,
TPC, and Oxidative Stabilities at Different
Temperatures

The values of the free acidity (FA), the extinction coeffi-
cients at 232 and 268 nm (K3, and Ky¢g), and the peroxide
value (PV) of the each of the five independent samples of
each olive oil initial group (cv. Arbequina, blend and cv.
Cobrangosa oils with low, moderate and intense bitter-
pungent sensations, respectively) were determined follow-
ing the standard methodologies described in the EC regula-
tion (Commission Delegated Regulation [EU] 2015/1830,
2015), aiming to establish the olive oil commercial grade
(EVOO, VOO, or LOO). In order to relate the bitter-
pungent intensity sensation (and olive cultivars) of the stud-
ied olive oils with the expected TPC, these were assessed
and expressed as mg of caffeic acid equivalents per kg of
olive oil (mg CAE/kg), using the methodology described
by Capannesi et al. (2000) with some modifications as
described by Rodrigues et al. (2018). Finally, the oxidative
stabilities of the oils (OS) at different temperatures
(120, 130, 140, 150 and 160 °C) were assessed using the
Rancimat method (Rancimat 743 apparatus from Metrohm
CH, Switzerland) following the methodology previous
described (Rodrigues et al., 2016). This latter experimental
information further allowed calculating kinetic data,
enabling a thermodynamic characterization of the olive oils
oxidative stability and its possible relation with TPC.

Kinetic-Thermodynamic Parameters

Kinetic-thermodynamic data can be determined using the
OS experimental data recorded at different temperatures,

J Am Oil Chem Soc (2020)

using the Rancimat method as previously described in the
literature (Ciemniewska—Zytkiewicz et al., 2014; Farhoosh
et al., 2008; Farhoosh and Hoseini-Yazdi, 2014; Heidarpour
and Farhoosh, 2018; Mahdavianmehr et al., 2016; Malvis
et al., 2019; Trapani et al., 2017).

The temperature coefficient, T (°cC™Y, is the slope value
of the linear regression established between the decimal
logarithmic of the OS, log,o(OS, hours), and the tempera-
ture T (°C), at which the OS was determined, as described
by Eq. 1:

log,(OS, hours) = slope; X T (°C) + intercept, (1)
Tc (OC_I) = slope; (2)

The temperature acceleration factor, the Q;9 number,
which is a measure of the increase in the reaction rate due
to a 10 °C rise, can be then calculated using Eq. 3:

0;9=107"0x7e(<™) (3)

The frequency factor, A (hours™') and the activation
energy, E, (J mol™") were determined based on the Arrhenius
equation, which relates the reaction rate constant, k (hours_l),
calculated as the inverse of the OS values, with the inverse of
the absolute temperature (1/7, in K_l), after its logarithmic
linearization, using the intercept and the slope values, respec-
tively, according to Eqgs. 4-6:

1
log, (k, hours™ 1) = intercept;; + slopey; X <?>

= logm(A, hours_l) - % X (%)

(4)

being R the molar gas constant (equal to 8.314 J mol~' K™
and,

A(hours™") = 10™ereepn (5)
E,(Jmol™") = —R x slope, (6)

The use of this approach assumes that lipid oxidation of
oils in an excess of oxygen may be described by a first-
order exothermic process (Ciemniewska-Zytkiewicz et al.,
2014; Symoniuk et al., 2018). Since in empirical Arrhenius
plots, the linearity (Eq. 4), can be enforced, due to the low
number of experimental points used, the existence of posi-
tive or negative deviations to the Arrhenius mechanism
(sub- or super-Arrhenius behaviors, respectively) was eval-
uated following a graphical approach (Aquilanti et al.,
2010, 2017; Romagnoli et al., 2018; Silva et al., 2013).

Similarly, the enthalpies (AH*™", in J mol™") and entro-
pies (AS**, in J mol™" K™) of activation can be calculated
by the parameters of the regression line between loglo(é)
versus the inverse of the absolute temperature (1/7, in K™
as shown in Eqs 7-9:
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k ) 1 kg
logq T = intercept; + slope;; X T =logg n
ASTT AH*tH 1
+ - X | = (7)
In(10) XR In(10) XR T

being kp the Boltzman constant (kg = 1.380658 X 1072 K™

and h the Planck’s constant (2 = 6.6260755 X

1077 s = 1.8405765 x 10" hour), and so,

AH** = —slope;; X In(10) X R (8)
++ : kg

AST T =In(10) X R X |intercept;; —log,, m )

Finally, the Gibbs free energy (AG™™, in J mol™') of
activation at a given temperature 7 can be calculated
from Eq. 10:

AG** = AH** —Tx AS** (10)

where T is the absolute temperature (in K).

Statistical Analysis

The existence of possible significant effects of the olive oil
type (cv. Arbequina oil, blend oil and cv. Cobrangosa oil
with different bitter-pungent sensations) on the physico-
chemical quality indices (FA, PV, K3, and Kjeg extinction
coefficients), TPC and OS values at the five different tem-
peratures (120, 130, 140, 150 and 160 °C), was statistically
evaluated through the one-way ANOVA, followed by the
post-hoc multicomparison Tukey’s test, in the case that a
significant statistical effect was observed (P-value < 0.050).
Linear regressions were performed (Eqs 1, 4, and 7) aiming
to determine Kkinetic and thermodynamic parameters
(Egs 2-3, 5-6, and 8-10), for the three types of olive oils
studied, being the quality of each linear fit assessed using
the determination coefficient (R?). The possible statistical
significant effects of the olive oil type on the calculated
values of Tc, Q10, A, E,, AH™™, AS*, and AG**, were also
investigated using the one-way ANOVA followed by the
Tukey’s test. Finally, the possibility of using the kinetic
parameters as olive oil classifiers was further evaluated
through the unsupervised PCA after normalizing the weight
of each variable in the PCA by scaling and centering tech-
niques. The kinetic parameters with the highest discrimina-
tion potential were identified by applying a LDA coupled
with the SA meta-heuristic variable selection algorithm,
which performance was checked using a leave-one-out
cross-validation (LOO-CV) procedure. The statistical ana-
lyses were performed using the Subselect (Cadima et al.,
2004; Kuhn and Johnson, 2013) and MASS (Venables and
Ripley, 2002) packages of the open-source statistical pro-
gram R (version 2.15.1) or the Data Analysis Toolpak of
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Excel software (Microsoft Office Professional Plus 2016), at
a 5% significance level.

Compliance with Ethical Standards

This article does not contain any studies with human partic-
ipants or animals performed by any of the authors.

Results and Discussion

Physicochemical, Total Phenols, and Oxidative Stability
of Olive Oils

The physicochemical quality data (FA, PV, K,3,, and
Kyeg), the TPC and the OS at different temperatures
(120-160 °C) were evaluated for cvs. Arbequina and
Cobrancosa olive oils and for the blend olive oil, with dif-
ferent intensities of the bitter-pungent sensation (Table 1).
The physicochemical data showed that the oils, indepen-
dently of the olive cultivar, fulfilled the legal thresholds
established by the European Commission (EC) regulations
for EVOO quality grade classification (Commission Dele-
gated Regulation [EU] 2015/1830, 2015; Sacchi et al.,
2017). In which concerns the TPC, the values found
although apparently low compared to other oils produced
from other olive cultivars (Gharby et al., 2016), are in
agreement with those reported by other researchers for cv.
Cobrancosa oil (Casal et al., 2010; Neves et al., 2011,
Sousa et al., 2015) and cv. Arbgequina oil (Borges et al.,
2017b, 2019). For cv. Cobrangosa oils, other researchers
reported higher TPC (Machado et al., 2015; Peres et al.,
2016a, b), confirming that factors like agro-climatic condi-
tions, olive maturation stage at harvest, olive storage condi-
tions as well as oil extraction practices, and storage time
and its conditions may influence TPC.

The results obtained in this work showed that the olive
cultivar (cvs. Arbequina, Cobrancosa or blend cultivars)
had a statistical significant effect on PV, K,3,, TPC, and
OS determined at 120-160 °C (P-value < 0.0001 for the
one-way ANOVA). The PV and K,3, levels decreased in
the order cv. Arbequina oil (low bitter-pungent) > blend oil
(moderate bitter-pungent) > cv. Cobrancosa oil (intense
bitter-pungent) and the TPC and the OS values increased
inversely (cv. Arbequina oil < blend oil < cv. Cobrancosa
oil). As expected, oils with higher TPC showed a greater
resistance to oxidation (i.e., higher OS values), being oils
with the lower bitter-pungent sensation the less thermally
stable. For each olive oil type, the OS values significantly
decreased with the increase of the oxidation temperature.
Also, and as envisioned, the selected monovarietal and
blend oils could be split in three groups taking into account
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Table 1 Physicochemical (free acidity, extinction coefficients, and peroxide values), total phenols and oxidative stability data of the two mono-
varietal (cvs. Arbequina and Cobrangosa) and one blend olive oil studied (mean value + SD calculated based on the data determined for five inde-
pendent samples of each olive oil type)

Parameters” Olive oil class® P-value® (one-

— — — way ANOVA)

cv. Arbequina oil with low Blend oil with moderate cv. Cobrancgosa oil with intense
bitter-pungent intensity bitter-pungent intensity bitter-pungent intensity

FA (%) 0.17 + 0.06 0.23 £ 0.00 0.23 +0.03 0.2519
PV (mEq O, kg™") 9.4 +0.5a 6.9 + 0.5b 3.6 £ 0.5¢ <0.0001
K>3 1.978 + 0.0484a 1.196 + 0.0424b 1.173 + 0.082b <0.0001
Koes 0.168 £ 0.014 0.166 £ 0.012 0.176 £+ 0.010 0.3957
TPC (mg CAE/kg) 88 + 7c 112 £ 6b 144 + 4a <0.0001
OS2 ¢ (hours) 7.1 £0.2cA 12.2 £ 0.7bA 13.6 + 0.7aA <0.0001
0S50 ¢ (hours) 34 +0.1cB 5.7 £0.1bB 6.1 = 0.0aB <0.0001
0S40 - (hours) 2.0 £0.0cC 3.1 £0.16C 3.2 £0.1aC <0.0001
0S50 ¢ (hours) 1.2 £ 0.1cD 1.8 + 0.0bD 1.9 £ 0.1aD <0.0001
OS 60 -c (hours) 0.9 £ 0.0cE 1.1 = 0.0bE 1.2 £ 0.0aE <0.0001
P-value® (one-way <0.0001 <0.0001 <0.0001

ANOVA)

#FA, free acidity; Ka3, and Kags, extinction coefficients at 232 and 270 nm, respectively; OS, oxidative stability; PV, peroxide values; TPC, total

phenols content.

# Classification based on the olive cultivar information provided by the oil producer and on the bitter-pungent sensations perceived by trained
panelists just after oil production at the olive oil mill.

® For each line, a P-value < 0.05 (bold and italic) means that the mean value of the evaluated parameter of at least one olive oil type significantly
differ from the others, according to the one-way ANOVA. In each line, different lowercase letters mean significant statistical differences of the
parameter under evaluation, at a 5% significance level, according to multiple comparison Tukey’s HSD test.

¢ For each column, a P-value < 0.05 (bold and italic) means that the mean value of the oxidative stability (OS) determined at least one oxidation
temperature significantly differ from the others, according to the one-way ANOVA. In each column, different uppercase letters mean significant

statistical differences of the parameter under evaluation, at a 5% significance level, according to multiple comparison Tukey’s HSD test.

the binomial olive cultivar/TPC corresponding to low
bitter-pungent, moderate bitter-pungent, and intense bitter-
pungent olive oils. The OS experimental data were of the
same magnitude but, in general, higher than those reported
in the literature (16.6-0.6 hours for 120-150 °C, respec-
tively) (Ciemniewska—Zytkiewicz et al.,, 2014; Farhoosh
et al.,, 2008; Farhoosh and Hoseini-Yazdi, 2013, 2014;
Gharby et al.,, 2016; Hasenhuettl and Wan, 1992;
Heidarpour and Farhoosh, 2018; Ostrowska-Ligeza et al.,
2010). A possible explanation is that the olive oil OS
values are not only influenced by the TPC but also signifi-
cantly vary with other factors like the olive cultivar as
shown by Mateos et al. (2006).

Reaction Rate Constants of Olive Qils at Different
Temperatures (120-160 °C) Calculated Using the
OS Data

As previously pointed out, the reaction rate constants (k,
hours™") of each olive oil type (monovarietal or blend oils
with different bitter-pungent intensities and TPC) were cal-
culated, at each studied temperature, as the inverse of the
OS determined using the Rancimat method. The calculated

J Am Oil Chem Soc (2020)

mean k values (£SD) are shown in Table 2. Similarly, but
with an opposite trend, the binomial olive cultivar/TPC
(or the bitter-pungent sensation) significantly influenced the
reaction rate constants (P-value < 0.0001, one-way
ANOVA), which were also affected by the oxidation tem-
perature (P-value < 0.0001, one-way ANOVA). Thus, for
each studied temperature, k values decreased with the
increase of the TPC of the olive oils (P-value < 0.0001 for
the Tukey’s test, in the order cv. Arbequina oil — blend oil
— cv. Cobrangosa oil). On the contrary, for each olive oil
type, the k values increased when the oxidation temperature
increased (P-value < 0.0001 for the Tukey’s test), being
the observed trend similar to that reported in the literature
for reaction rate constants of olive oils assessed between
100 and 170 °C, although the literature k values
(Ciemniewska-Zytkiewicz et al., 2014; Farhoosh et al.,
2008; Gharby et al., 2016; Ostrowska-Ligeza et al., 2010)
were higher (ranging from 0.060 to 3.284 hours™ at
120-160 °C) than those found in the present study. Similar
trends, as those observed in the present study, can be
inferred from the OS data reported by Farhoosh and
Hoseini-Yazdi (2014) if the olive oils were grouped
according to their different commercial quality grades or, in
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Table 2 Reaction rate constants, temperature coefficients, temperature acceleration factors, frequency factors, activation energies, enthalpies and
entropies of activation, and free Gibbs energies (mean value + SD) of olive oils with different TPC (cv. Arbequina, blend oil and cv.
Cobrangosa)

Kinetic and thermodynamic Olive oils® P-value® (one-
parametc::rs§ - — — — way ANOVA)
cv. Arbequina oil with low Blend oil with moderate cv. Cobrangosa oil with
bitter-pungent intensity bitter-pungent intensity intense bitter-pungent
intensity

k120 - (hours™") 0.141 £ 0.004aE 0.082 + 0.004bE 0.074 £ 0.004cE <0.0001
ky30 - (hours™") 0.295 + 0.008aD 0.177 £ 0.002bD 0.163 £ 0.001cD <0.0001
k140 oc (hours™") 0.498 £ 0.012aC 0.322 £ 0.006bC 0.309 £ 0.006bC <0.0001
kis0 oc (hours™ ) 0.821 £ 0.038aB 0.564 £ 0.008bB 0.537 £ 0.019bB <0.0001
k160 oc (hours™) 1.122 £ 0.028aA 0.906 £ 0.004bA 0.854 £ 0.028cA <0.0001
P-value® (one-way ANOVA) <0.0001 <0.0001 <0.0001

Te (°C™Y —0.0224 £ 0.0004b —0.0259 £ 0.0005a —0.0265 £ 0.0004a <0.0001
Q1o 1.68 £ 0.02b 1.81 £ 0.02a 1.84 £ 0.02a <0.0001
A x 108 (hours™") 9.5 +4.3b 161.3 £ 67.4a 2714 £97.3a 0.0002
E, (kJ mol™") 7343 £ 1.32b 84.50 + 1.66a 86.52 £ 1.41a <0.0001
AH*™* (kI mol™") 70.00 £ 1.32b 81.07 + 1.67a 83.09 £+ 1.41a <0.0001
AS** G mol™' K71 —152.66 + 3.19a —129.28 £+ 3.94b —124.80 + 3.52b <0.0001
AGh e (kImol™) 130.02 £ 0.08cE 131.90 £ 0.12bE 132.16 £ 0.11aE <0.0001
AGH ¢ (KITmol™) 131.54 £ 0.06cD 133.19 £ 0.08bD 133.40 £ 0.10aD <0.0001
AG}fc (I mol™) 133.07 £ 0.04cC 134.48 £ 0.04bC 134.65 £ 0.12aC <0.0001
AGgc (KI mol™) 134.60 £ 0.05bB 135.78 £ 0.02aB 135.90 £ 0.13aB <0.0001
AG e (kI mol™) 136.12 £ 0.07bA 137.07 £ 0.04aA 137.15 £ 0.16aA <0.0001

P-value® (one-way ANOVA) <0.0001 <0.0001 <0.0001

Sk, reaction rate constant in hours™! calculated as the inverse of the OS values reported in Table 1; Tc, temperature coefficient in oc! (Eq. 2);

Q1. temperature acceleration factor (Eq. 3); A, frequency factor in hours™ (Eq. 5); Ea, activation energy in k] mol™' (Eq. 6); AH™™, enthalpy of

activation in kJ mol™" (Eq. 8); AS*™, entropy of activation in J mol~' K~' (Eq. 9); AG*™, free Gibbs energy in kJ mol~" at each temperature stud-

ied (Eq. 10).

 Olive oils were grouped according to the olive cultivar and total phenols contents (TPC) found as: TPC = 88 &+ 7 mg CAE/kg olive oil, cv.
Arbequina oil; TPC = 112 + 6 mg CAE/kg olive oil, blend oil; and, TPC = 144 + 4 mg CAE/kg olive oil, cv. Cobrangosa oil, which cor-
responded to different bitter-pungent intensities.

® For each line, a P-value < 0.05 (bold and italic) means that the mean value of the evaluated parameter of at least one olive oil type/TPC signifi-
cantly differ from the others, according to the one-way ANOVA. In each line, different lowercase letters mean significant statistical differences
of the parameter under evaluation, at a 5% significance level, according to multiple comparison Tukey’s HSD test.

¢ For each column, a P-value <0.05 (bold and italic) means that the of reaction rate constant (k) or the mean value of the free Gibbs energy (AG*™)
calculated at least one oxidation temperature significantly differ from the others, according to the one-way ANOVA. In each column, different
uppercase letters mean significant statistical differences of the parameter under evaluation, at a 5% significance level, according to multiple com-
parison Tukey’s HSD test.

a lower extent, with the values that may be estimated from
those reported by Heidarpour and Farhoosh (2018). Simi-
larly, Gharby et al. (2016) found that an increase of the
polyphenol content of monovarietal oils corresponded to a
lower k values (i.e., higher OS values). The observed differ-
ences of the k values (as well as of the OS values) can be
attributed, to a certain extent, to the expected different fatty
acid composition and TPC of the olive oils evaluated in the
different research works (Farhoosh et al., 2008), which
were obtained from different olive cultivars produced in
different geographical origins (e.g., cvs. Arbequina,
Koroneiki, Picholine, Picual, Roghani, and Zard from Iran,
Morocco).
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Kinetic Parameters and Thermodynamic Parameters of
Olive Oils

The Tc and Q) kinetic parameters were calculated from
the slope values of the linear regressions (Eq. 1) established
between the decimal logarithm of OS and the T values
using Eqs 2 and 3. For the three olive oil groups, satisfac-
tory linear regressions could be obtained (determination
coefficients, Rz, varying between 0.978 to 0.994). The
mean values as well as the respective SD are also presented
in Table 2, being this kind of data reported for the first time
for Portuguese olive oils possessing different bitter-pungent
intensities. As can be observed, the TPC (and in which
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concerns the present study, the olive cultivar) of the oils
had a statistically significant effect on the T¢ values (P-
value < 0.0001 for one-way ANOVA), increasing in the
following binomial order cv. Arbequina oil with low
TPC < blend oil with medium TPC 22 cv. Cobrangosa oil
with high TPC. A similar trend was found for Q;q values.
The observed variability of T¢ and Q¢ imply, as discussed
by Farhoosh et al. (2008), that the production of volatile
acids (lipid oxidation), under the studied Rancimat condi-
tions, was influenced by the olive cultivar and probably by
the respective TPC (or bitter-pungent intensities), affecting
the relative stability of the oils. The T values of the olive
oils studied in this work (varying from -0.0371 to
—0.0224 °C™") were in accordance with the literature data
or slightly lower (in absolute value) (Ciemniewska-

Zytkiewicz et al., 2014; Farhoosh and Hoseini-Yazdi,
2014; Gharby et al., 2016; Hasenhuettl and Wan, 1992;
Heidarpour and Farhoosh, 2018; Mahdavianmehr et al.,
2016; Mateos et al., 2006). The literature data pointed out
that T values highly depend on the quality grade and
chemical composition of the olive oil (e.g., fatty acids and
individual phenolic compositions), olive cultivar, or even
of the olive oil sample for the same cultivar. The Q;, values
determined in this study (Table 2) varied between 1.68 and
1.84 being of the same order of magnitude but lower than
those reported in the literature (2.08-2.35) for different
olive oils (Farhoosh et al., 2008; Farhoosh and Hoseini-
Yazdi, 2014; Gharby et al., 2016; Heidarpour and Far-
hoosh, 2018) or for pure olive oil triacylglycerols (1.95)
(Mahdavianmehr et al., 2016). It should be pointed out that
based on the data reported by Gharby et al. (2016) the olive
cultivar (cvs. Arbequina, Picholine, Picual and Koroneiki)
and the TPC (varying from 136 + 25 to 320 + 30 mg kg™ ")
of olive oils did not highly affect the O, values (which var-
ied from 2.0 to 2.2). Finally, it should be noticed that oils
with low absolute T values and Q, values are envisaged
since they are thermally more stable, meaning that greater
temperature changes would be needed to induce the same
extent of changes in the lipid oxidation rate (Farhoosh and
Hoseini-Yazdi, 2014; Mahdavianmehr et al., 2016).

The frequency factor (A) and the activation energy (E,)
were determined (Table 2) from the Arrhenius equation,
using k and respective T values (Eq. 4 with satisfactory fits:
0.984 < R* < 0.998). It should be noticed that the semilog-
arithmic relationships between k and 1/T (Fig. 1) show a
concave curvature (i.e., a super-Arrhenius behavior)
(Aquilanti et al., 2010, 2017; Romagnoli et al., 2018; Silva
et al,, 2013), which may indicate a deviation from the
Arrhenius lipid oxidation mechanism, being the non-
Arrhenius behavior more pronounced for the cv. Arbequina
olive oils, which had lowest TPC (high negative second
order derivative and highest difference between the linear
and second order polynomial coefficients of determination,
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Fig. 1 Arrhenius versus non-Arrhenius (i.e., super-Arrhenius) behav-
ior: linear versus 2nd order polynomial semilogarithm relationship
between the reaction constant rate (k) and the inverse of the absolute
temperature (1/7) for olive oils with different TPC: (a) cv. Arbequina
(low bitter-pungent intensity); (b) blend oil (moderate bitter-pungent
intensity); and, (c) cv. Cobrancosa (intense bitter-pungent intensity)

RfR and R?

polynomiat )= AS shown in Table 2, the binomial

olive cultivar/TPC (or the bitter-pungent intensity) signifi-
cantly affects both kinetic parameters (P-value <0.0002,
for one-way ANOVA), with higher values observed for
higher TPC (cv. Arbequina < blend = cv. Cobrangosa oil),
being the increase marked between cv. Arbequina oil with
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lower TPC and blend oil with medium TPC (i.e, cv.
Arbequina to blend oil). These findings imply that to a cer-
tain extent the formation reaction of the secondary lipid
oxidation products (mainly volatile acids), under the stud-
ied Rancimat conditions, was possibly influenced by the
bitter-pungent intensity and by the TPC of each olive oil,
which, in this study is directly related with the olive culti-
var studied. Olive oils with high E, values are desirable
since it will mean a high resistance to lipid oxidation, and
an increase of E, would turn out in a delay of the onset of
the initial oxidation process, responsible for the bond scission
that results on the formation of primary oxidation products
(de Man et al., 1987; Farhoosh et al., 2008). The calculated
A values (mean values varying from 9.5x10°-271.4x
10® hours™") were in agreement with those reported by Mah-
davianmehr et al. (2016) for pure olive oil triacylglycerols
(261 x 10® hours ™) but much lower than those (0.83 x 10" to
3.94x10") reported for olive oils by other research teams
(Ciemniewska-Zytkiewicz et al., 2014; Farhoosh et al., 2008;
Farhoosh and Hoseini-Yazdi, 2014; Gharby et al., 2016;
Heidarpour and Farhoosh, 2018; Ostrowska-Ligeza et al.,
2010). Likewise, the E, values obtained for the three types of
EVOO evaluated (73.4-86.5 kJ mol_l) were greater than those
(68.42kImol™") reported for other olive oils by Mah-
davianmehr et al. (2016), similar to the value (86.86 kJ mol™")
found by Farhoosh et al. (2008) and lower than those determined
(89.46-106.83 kI mol ™) by other researchers (Ciemniewska-
Zytkiewicz et al., 2014; Farhoosh and Hoseini-Yazdi,
2014; Gharby et al., 2016; Heidarpour and Farhoosh, 2018;
Ostrowska-Ligeza et al., 2010). These differences may be
attributed to the expected different fatty acids profiles and
contents of oils produced from different olive cultivars and
with different geographical origins, since it has been
reported that high contents of PUFA would lower the E,
values, while high MUFA and SFA contents would result in
a rise of the E, value (Ciemniewska-Zytkiewicz et al., 2014,
Farhoosh and Hoseini-Yazdi, 2014). Although other
researchers did not find any marked relationship between E,
and OS values (Farhoosh and Hoseini-Yazdi, 2014; Gharby
et al., 2016), in the present study, a linear trend (+0.939 <R-
Pearson<+0.988) was observed between those two
parameters.

Based on the activated complex theory, AH** and AS**
values were determined (Table 2) using the intercept and
slope values of the linear regression between logo(%) and
1/T (Eq. 7, 0.983 < R* <0.998). Similar to the previous dis-
cussed kinetic parameters, the binomial olive cultivar/TPC
(and by consequence the bitter-pungent intensity) signifi-
cantly affects AH** and AS™ (P-value < 0.0001, for one-
way ANOVA). The AH™ values (70.00-83.09 kJ mol™")
were positive and increased as the TPC raised (in the order,
cv. Arbequina oil — blend oil — c¢v. Cobrangosa oil),
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reflecting the endothermic nature of the formation reaction
of the activated complexes. The AS*™* (mean values vary-
ing from —152.66 to —129.28 Jmol™' K™') had a negative
sign showing that the lipid oxidation is an endergonic pro-
cess, which provided transition state structures (i.e., acti-
vated complexes with a transient existence) more ordered
than the reactants in the ground state and thus suggesting
an association mechanism in which the reactant species
joined to each other to form the transition states (de Sousa
et al., 2019; Farhoosh and Hoseini-Yazdi, 2014). Also,
from Table 2, it can be concluded that cv. Arbequina olive
oils, with lower TPC, had significantly greater negative
AS** values than cv. Cobrangosa olive oils, with higher
TPC, implying, contrary to what was expected, a lesser
potential of the activated complex for oxidation reaction.
Moreover, it should be remarked that the AH*" and AS**
data are, in general, in agreement with those reported in the
literature by other researchers. The AH** calculated in this
study are slightly greater than those found by Mah-
davianmehr et al. (2016) for pure triacylglycerols extracted
from olive oils (65.50 kI mol™"), of the same magnitude as
that reported by Farhoosh et al. (2008) for olive oils
(83.64 kI mol™") and lower than those (varying from 91.03
to 103.61 kJmol™") reported by Farhoosh and Hoseini-
Yazdi (2014), Gharby et al. (2016) and Heidarpour and Far-
hoosh (2018), showing the expected influence of factors
like olive cultivar and chemical composition of oils. Never-
theless, the results confirmed the endothermic nature of the
formation reaction of the activated complexes and the high
variability with the type of olive oil studied. In which con-
cerns AS**, the values found in this study are in accor-
dance with those reported by Mahdavianmehr et al. (2016)
for pure triacylglycerols of olive oils (—142.45Jmol™' K™,
but significantly more negative than those reported in the
literature for olive oils from other cultivars (varying gener-
ally between —116.66 to —14.55Tmol™" K™') (Farhoosh
et al., 2008; Farhoosh and Hoseini-Yazdi, 2014; Gharby
et al., 2016; Heidarpour and Farhoosh, 2018). The variabil-
ity of the AS** values (data from this study and literature
data) showed that, although the activated complexes of
olive oils had a low potential for oxidation reaction, the oxi-
dation rate highly depended on the type (e.g., quality grade)
and characteristics of each olive oil (namely, olive cultivar
and TPC, and probably also due to the specific fatty acids
composition, phenolic profiles, and other bioactive constitu-
ents). Moreover, linear and polynomial directly propor-
tional correlations could be established for E, versus AH™
and A versus AS™ (correlation coefficients equal to 1.000
and 4+0.998, respectively), which is in agreement with the
transition-state theory of reaction rates (Farhoosh and
Hoseini-Yazdi, 2014; Heidarpour and Farhoosh, 2018).
Additionally, the data (Table 2) allowed inferring that the
ratio E,/AH™™ is almost constant for all the olive oils under
study (only a slight increase is observed, seeming
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independent from the olive cultivar and TPC) but on the
contrary, the ratio A/AS™ significantly decrease (in raw
value, due to its negative nature) with the increase of the oil
TPC (from cv. Arbequina oil — blend oil — cv .
Cobrancosa oil), pointing out the low tendency of the oils
to undergo oxidation reactions. At this point, it should be
noticed that the abovementioned kinetic and thermody-
namic parameters (Tc, Qio, E,, A, AH**, and AS*) did
not show a significant statistical difference among cv.
Cobrancosa and blend oils, which had the two highest
levels of TPC, suggesting a possible boundary of the ben-
eficial effect associated to the TPC in which refers to the
thermal stability of an olive oil.

The Gibbs free energy of activation (AG™™) at a given
temperature was further used to simultaneously evaluate
the effect of AH*" and AS** on the lipid oxidation rate
(Farhoosh and Hoseini-Yazdi, 2014; Heidarpour and Far-
hoosh, 2018; Mahdavianmehr et al., 2016). Indeed, high
AG** values would correspond to lower lipid oxidation
reaction rates and so, to a higher oxidative stability of the
lipid system. Thus, AG™" values were calculated at five
temperatures (from 120 to 160 °C) using Eq. 10, being
the mean values determined shown in Table 2. Although,
from a statistical point of view, an increase of the TPC
of the olive oil would lead to a significant increase of
AG** (P-value < 0.0001, one-way ANOVA), implying a
higher resistance to lipid oxidation of the cv. Cobrangosa
oils (with greater TPC) compared to cv. Arbequina oils, it
should be remarked that, for each studied temperature,
the real rise was lower than 2%. A slightly more pro-
nounced effect could be observed with the increase of the
oxidation temperature, for each olive oil class, being
observed a rise of ~5%, which could be due to the endo-
thermic nature of the activated complexes formed during
the thermal oxidation process of the oils as well as to the
lower disorder rate of the reactants in the activated com-
plexes (Farhoosh and Hoseini-Yazdi, 2014; Mah-
davianmehr et al., 2016). As well, the AG*t values
determined in this study (mean values within 130.02—
137.15 kI mol™") are of the same order of magnitude of
those previously reported by Farhoosh and Hoseini-Yazdi
(2014) for different olive oils (120-130 kJ mol_l) and
slightly greater than those found by Mahdavianmehr et al.
(2016) for pure triacylglycerols obtained from olive oils
(112. 92-120.05 kJ mol™"). In conclusion, the positive
values found clearly pointed out the nonspontaneous
nature of the lipid oxidation reaction. Lastly, it should
also be remarked that, based on the preliminary data
obtained, Portuguese cv. Cobrancosa olive oils with high
TPC and bitter-pungent intensities, had more favorable
kinetic-thermodynamic characteristics than oils produced
from the worldwide spread Arbequina cultivar, leading
the former to more thermally stable oils.
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Fig. 2 PCA 3D plot based on a low level of abstraction data fusion
approach merging olive oils’ kinetic and thermodynamic parameters
(temperature coefficient; temperature acceleration factor; frequency
factor; activation energy; enthalpy, entropy and free Gibbs energy of
activation), with a natural unsupervised EVOO split according to the
binomial olive cultivar/TPC: (@) cv. Arbequina; (a) blend; and, (m) cv.
Cobrangosa

Kinetic Parameters as Putative Olive Qil Qualitative
Classifiers

As previously discussed, the kinetic/thermodynamic param-
eters of the olive oils (T, Qyo, A, E,, AH™, AS™ and
AG™™) showed a significant dependence on the type of oil
under study, being highly influenced by the binomial olive
cultivar/TPC (or the related bitter-pungent intensity of the
studied oils). Therefore, the use of the kinetic data for clas-
sifying the olive oils according to the olive cultivar/TPC
was further checked using PCA and a low abstraction level
data fusion, approach. The 3D plot of the first three princi-
pal components (PC), which accounted for 110% of the
data variability is shown in Fig. 2. The results showed that
olive oils were assembled into unsupervised groups
according to the increase of the TPC (following the order
cv. Arbequina oil — blend oil — cv. Cobrangosa oil). In
fact, the placement of the unsupervised formed groups
along the PC1 strengthened the hypothesis that the kinetic
parameters were highly influenced by the olive cultivar/
TPC of the EVOO studied, although other factors should
also be considered like the fatty acid profiles, the individual
phenolic composition or of other bioactive compounds usu-
ally found in olive oils. To further assess which of the
kinetic parameters were the most influenced by the olive
cultivar/TPC and so, had the most promising discriminative
potential, a LDA-SA technique was applied. The
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supervised approach allowed establishing a predictive clas-
sification model with two discriminant functions
(explaining 100% of the data variability) based on the Qg
and AGf- parameters, which were selected by the SA
algorithm as the most powerful discrimination variables.
The model correctly classified 93% of the samples for both
original data grouped and LOO-CV procedure, being only
one cv. Cobrangosa oil sample with high TPC (i.e., intense
bitter-pungent sensation) misclassified as a blend oil with
medium TPC (i.e., moderate bitter-pungent sensation). The
LDA-SA approach confirmed the results of the PCA, show-
ing that olive oil kinetic parameters highly depend on the
binomial olive cultivar/TPC and thus allowing their use as
putative olive oil’s fingerprint besides the relevant informa-
tion regarding the oils oxidative stability and consequently
the oils shelf life.

Conclusions

The Rancimat method was effective for evaluating the kinetic
and thermodynamic parameters of olive oils, namely cv.
Arbequina oil, cv. Cobrancosa oil and a blend oil, which had
different bitter-pungent intensities and TPC. The binomial
olive cultivar/TPC influenced the kinetic-thermodynamic char-
acteristics of the oils, being the lipid oxidation extent less pro-
nounced for cv. Cobrangosa oils that had higher TPC and
bitter-pungent intensities. The results confirmed that the lipid
oxidation was a nonspontaneous process with an endothermic
nature with a putative association mechanism. Also, although
an Arrhenius behavior could be assumed, a slight non-
Arrhenius temperature dependence of the reaction rates could
be observed, which was more marked for cv. Arbequina oils
that had lower TPC. Globally, the kinetic-thermodynamic eval-
uation confirmed that the OS of the oils was affect by the bino-
mial olive cultivar/TPC. Finally, the kinetic-thermodynamic
parameters allowed an unsupervised classification of the oils
according to olive cultivar/TPC, being the temperature acceler-
ation factor and the Gibbs free energy of activation (at 160 °C)
identified as the most powerful discriminating parameters. In
conclusion, it should be emphasized that for a fully evaluation
of the kinetic-thermodynamic behavior of the olive oils,
besides the binomial olive cultivar/TPC, the knowledge of the
composition in fatty acids and in other bioactive compounds
would be of utmost relevance.
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