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ABSTRACT

Kinetic models are capable of predicting shelf iif&keeping with the different variables that can
affect the degradation of the food item. In thierky virgin olive oils(VOOSs) extracted from
olive fruits at three ripening stages with high,dien and low pigment content respectively,
were thermodegraded to characterize the kinetic @nr@modynamic parameters for the
oxidation of two pigment fractions: a green franti¢chlorophylls) and a yellow fraction
(carotenoids). A first-order kinetic mechanism veggropriate for describing the decolouration
processes under non-oxygen thermal auto-oxidafomarked effect of temperature has been
pointed out, with the carotenoids (CARS) beingninest affected by heat. The kinetic constants
for the CARs degradation were about 3.6 times highan the respective for chlorophylls
(CHLs) that showed a more stable structure to @ecation by heat. As well, higher activation
energy of CHLs (16.03+0.26 kcal-riylas compared to CARs (15.45+0.17 kcal-fhamplies
that a smaller temperature change is needed teaserthe kinetic constant of CHLSs.

Neither isokinetic ratio and nor compensation texietween the three VOO matrixes and
further, for each pigment fraction (CHLs or CAR4) lanetic constants were explained by a
single Arrhenius line. Consequently, the differendeetween the oily matrices did not
significantly affect the decolouration mechanisnasd moreover, the kinetic parameters
obtained as temperature functions according to ekits model, can be used to develop a
prediction mathematical model for decolourationG¥L and CAR pigment fractions in VOO

over time and depending on temperature.

Keywords: Virgin olive oil; chlorophyll; carotenoid; thermodeadation; kinetic; Arrhenius

parameters.
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1 Introduction

Each technological process for obtaining and/orag® of vegetable foods is associated with a
specific transformation of their carotenoid andocbphyll pigments. This fact makes these
functional constituents appropriate as quality ¢atirs for final product quality. And also
demonstrate their potential applicability as a foolprocess traceability.

Virgin olive oil (VOO) is known for its high levelof monounsaturated fatty acids that
help maintain normal blood cholesterol levels (Cassion Regulation EU, 2012). It is also a
good source of phytochemicals including polyphenobmpounds, squalene, alpha-tocopherol,
and carotenoids and chlorophylls which have hdathefits that include reduction of risk factor
of coronary heart disease, prevention of sevemdt@s of cancers, modification of immune and
inflammatory responses and antioxidant activity rEaGonzalez, Aparicio-Ruiz & Aparicio,
2008; Lercker & Caramia, 2010). A nutrition claior flive oil polyphenols have been recently
authorized (EFSA, 2011; Commission Regulation 2012).

Chlorophyll and carotenoid pigments are highly apmted as functional components
both for its colouring properties as its health dféa for the human consumption. Carotenoids,
besides their participation in yellow colouring frfiits, vegetables and oils, are bioactive
compounds which have provitamin A functioprqarotene andg-cryptoxanthin), antioxidant
activity, and prevent age-related macular degeimeraind cataract formation (lutein) (Seddon et
al., 1994). Also, it has been demonstrated, in loothtro and in vivo animal model assays, that
the chlorophyll compounds, in addition to its fuootas green colouring, exhibit a series of
biological properties, such as antioxidant andnamtagenic activities, modulation of xenobiotic
enzyme activity, and induction of apoptotic eveimtsancer cell lines, all consistent with the

prevention of degenerative diseases (Ferruzzi &&ikee, 2007).

The importance of the biological properties ofachphylls and carotenoids together with

the potential of those compounds in the deternonatif quality and authenticity of a VOO leads
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to the importance of tracking the degradation afsthcompounds during the storage or heat
treatment in order to know the loss of biologicedperties of VOO and possible conditions of
the olive oil before marketing. Carotenoids andoobyphylls are widely affected by heat
treatment, while the first undergoing reactiongrahs-cis isomerization and rearrangements of
5,6-epoxide groups to 5,8-furanoxide groups in tedgle foods thermally processed (Minguez-
Mosquera & Jarén-Galan, 1999; Pérez-Gavez, JarEmG& Minguez-Mosquera, 2000; Shi &
Le Maguer, 2000; Sanchez, Carmona, Ordoudi, Tsim&a\lonso, 2008, Zhao, Kim, Pan, &
Chung (2014), and the seconds by decarbomethaxilatnd allomerization in C-13f the
isocyclic ring of the chlorophylls (Minguez-MosqgageiGandul-Rojas, Gallardo-Guerrero, Roca
& Jarén-Galan, 2007). Under a powerful processedh Ipigment fractions undergo auto-
oxidation with the destruction of chromophore ge@aman, Schieber & Carle, 2005; Schwartz
& Lorenzo, 1990). All these reactions can modifg fanctional properties of these compounds
and/or alter their bioavailability.

Lutein andp-carotene are the major carotenoids in virgin oloie (VOO) but also
believed other xantophylls as neoxanthin, violakemt anteraxanthin angB-crytoxanthin.
Pheophytina andb are the major chlorophyll pigments in VOO followey chlorophylla andb,
OH-pheophytina and b and lactone-pheophytia and b (Gandul-Rojas & Minguez-Mosquera,
1996)

Kinetic models are capable of predicting she# i keeping with the different variables
that can affect the degradation of the food itemamirous experimental works describe VOOs
degradation, but until recently the kinetic perfamoe in oxidation parameters (Mancebo-
Campos, Fregapane & Salvador, 2008; Farhoosh & iniegazdi, 2014) and individual
pigment thermodegradation products have not bgeorterd (Aparicio-Ruiz, Minguez-Mosquera
& Gandul-Rojas, 2010; Aparicio-Ruiz, Minguez-Mostu& Gandul-Rojas, 2011; Aparicio-

Ruiz & Gandul-Rojas, 2012).
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This research work is aimed at the Kkinetic studyd acharacterization of the
thermodynamic parameters governing the thermal adiegion reactions of two pigment
fractions: green fraction (chlorophylls) and yellénaction (carotenoids) in VOO, to advance in
the knowledge of the thermal stability of thesenpégt fractions in an oily matrix, and for the
first time to establish mathematical models enaplihe prediction of the behavior of its
decolouration reactions by autoxidation versus ntia¢rvariables governing critic points in

storage and/or processing of this food e.g. saftidgzation or cooking/frying.

2 Materials and methods
2.1 Chemicals and standards.
Tetrabutylammonium acetate and ammonium acetate wepplied by Fluka (Zwijndrecht,
TheNetherlands). HPLC reagent grade solvents werehpsed from Teknokroma (Barcelona,
Spain), and analytical grade solvents were supdbgdPanreac (Barcelona, Spain). For the
preparation, isolation, and purification of chlongf) pigments, analytical grade reagents were
used (Panreac). The deionized water used was eldtdiom a Milli-Q 50 system (Millipore
Corp., Bedford, MA). Standards of chlorophalb (chl a/b) was supplied by Sigma-Aldrich Co.
Standards of pheophytib (phy a/b) and pyropheophytia/b (pyphy a/b) were provided by
Wako Chemicals Gmbh (Neuss, Germany). The C-13 apiof phy a/b was prepared by
treatment with chloroform according to the methéd\@tanabe et al. (1984). 4®H-phy a/b
was obtained by selenium dioxide oxidation of @iy at reflux heating for 4 h in pyridine
solution under argon (Hynninen, 1991)*3H-lactone-phya/b was obtained from phgb by
alkaline oxidation in aqueous media according ®rtethod of Minguez-Mosquera & Gandul-
Rojas (1995).

Reference samples of luteifi;carotene, neoxanthin, violaxanthin and antherdmant

were obtained from a pigment extract of fresh sghnsaponified with 3.5M KOH in methanol



99 and isolated by TLC on silica gel GF254 (0.7 mnckhess) on 20 x 20 cm plates using
100 petroleum ether (65-95 °C)/acetone/diethylamine40 v/v/v) (Minguez-Mosquera, Gandul-
101 Rojas & Gallardo-Guerrero, 1992). Luteoxanthin,cxanthin, neochrome, and mutatoxanthin
102 were obtained by acidification with 1 M HCI in ettwd (Khachik, Beecher & Whittaker 1986).
103 pB-cryptoxanthin was obtained from red peppers (Mé@zghMosquera & Hornero-Méndez, 1993).
104  All standards were purified by TLC using differeients (Minguez-Mosquera et al. 2007).

105 2.2 Samples.

106 The study of thermal degradation of pigments wadezhout with virgin olive oils obtained by
107 physical extraction into a two-phase system (Div@iechino, 2013) and supplied by a single
108 industrial mill (Cooperativa Sor Angela de la Crigstepa, Seville) to avoid any effect of
109 pedoclimatic and agricultural parameters and tdestrial variables of the extraction systems in
110 the comparative studies. In order to have three dbtoil with a differing pigment content, the
111 starting material used was a mixture of two oilieyr olives — Hojiblanca and Manzanilla —
112 picked in three different months: November (samg)e December (sample D), and January
113 (sample J). The proportion of fruits between vageivas 20/80, 80/20 and 100/0 respectively.
114 The dates of picking correspond to high, mediuna, law pigment levels (referring to the green
115 colour) and correlated inversely with the degredroit ripening according to the method of
116 Walali-Loudiyi, Chimitah, Loussert, Mahhou & Boulwai (1984).

117 2.3 Heat treatment.

118 Preliminary assays, with a commercial sample of V@@abled an approximate determination
119 of the degree of conversion for the main reactiimnbe studied (Aparicio-Ruiz et al. 2010 and
120 2011; Aparicio-Ruiz & Gandul-Rojas, 2012) and ebshled a range of times for an appropriate
121 sampling at each temperature. The total time df experiment changed depending on the assay
122 temperature: 42 h (120 °C), 64 h (100 °C), 3700 and 744 h (60 °C). At least 128 aliquots

123 (32 for each of the four assay temperatures) waparated from each oil lot (samples N, D, and
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J). These aliquots were put into glass tubes tlesie wealed in the absence of air and placed in
thermostatted ovens at the temperatures fixeddon experiment. These four temperatures were
used to determine the kinetic and thermodynamiarpaters (reaction order, reaction rate, and
activation energies).

For each oil lot, two samples were analysed fohdsuoe/temperature pair. The samples
were removed from the thermostatted ovens at fikete intervals, depending on each
experiment, to obtain a total of at least 16 dgiécsamples. The samples were cooled rapidly in
an ice bath and then kept at -20 °C until analykthe pigments.

2.4 Extraction and analysis of chlorophyll and damoid pigments.

All procedures were performed under green lightingvoid any photooxidation reactions. Pigment
extraction was performed by liquid-phase distribati This method was developed for virgin
olive oil by Minguez-Mosquera, Gandul-Rojas, Gartfeernandez & Gallardo-Guerrero (1990).
The technique is based on the selective separatibncomponents between N, N-
dimethylformamide (DMF) and hexane. The oil sam(6-15g) was dissolved directly in
150mL of DMF and treated with five 50mL succesgpeetions of hexane in a decanting funnel.
The hexane phase carried over lipids and caroteastidn while the DMF phase retained
chlorophyll pigments and xanthophylls. This systgaided a concentrated pigment solution that
was oil free and could be adequately analyzed bynshtographic techniques.

HPLC analysis of chlorophyll pigments was perfornaedording to a modification of the
method of Minguez-Mosquera et al. (1992), as iscrilesd by Roca, Gallardo-Guerrero,
Minguez-Mosquera & Gandul-Rojas (2010). A reversased column (20cm x 0.46 cm) packed
with 3 um C18 Spherisorb ODS2 (Teknokroma, Barcelona, $@aid an elution gradient with
the solvents (A) water/ion-pair reagent/methanol:@ v/v/v) and (B) acetone/methanol (1:1
viv), at a flow rate of 1.25 mL/min were used. Then-pair reagent was 0.05M

tetrabutylammonium acetate and 1M ammonium acétateater. The pigments were identified
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by co-chromatography with the corresponding stash@ard from their spectral characteristics
described in detail in previous papers (Minguez-lesa et al. 1992). The online UV-vis
spectra were recorded from 350 to 800 nm with thetgriode array detector. Pigments were
quantified at the wavelength of maximum absorp(@80 nm for phip, 13*-OH-phyb, pyphyb,
neoxanthin neochrome, violaxanthin, mutatoxanthin, auroxantaimd mutatoxanthin; 450 nm
for antheraxanthin, lutein, 9-cis-lutein, 13-ciselm, B-carotene (als@-carotene was directly
quantified in hexane phase by absorbance measureandb0 nm)f3-cryptoxanthin, and ch|
410 nm for phy, 13-OH-phya, and pyphs 400 nm for 15OH-lactone-phg) and were
quantified from the corresponding calibrate curf@sount versus integrated peak area). The
calibration equations were obtained by least-sgudieear regression analysis over a
concentration range according to the levels ofdh@igments in VOO. Injections in duplicate
were made for five different volumes at each steshdsolution (range of concentrations 3-
700 ng; R < 0.9983). Limit of detection (LOD) and limit ouigntification (LOQ) defined at a

signal-to-noise ratio of about 3 and 10 respectivadre LOD=< 0.60 ng and LOQ 2 ng.
2.5 Kinetic parameters.

Changes in experimental data of total pigment ceinagon in the fractions of chlorophyll
compounds and carotenoids, expressed in umol/kg used to calculate kinetic parameters by
least-squares non-linear regression analysis. &haetion order (n) and rate constant (k) were
determined by trial and error using the integrathud: a reaction order is initially assumed in
the rate equation and then is integrated to ol#tamathematical expression that relates pigment
concentration (C) with time (t). The mathematicapression that best fits the changes in the
experimental data with the reaction time was setetd verify the order (assumed ad initio) and

used to obtain the rate constant (k).

2.6 Thermodynamic Parameters.
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The effect of temperature on the rate constantavatiated by means of the Arrhenius equation

with a simple reparameterization (Van Boekel, 2d88ysing a reference temperatiiyg:

-E

1 1
k = k. xex al = - =
ref p|: R (T Tref ]:|

WhereR is the molar gas constant (1.98 cal i), T is the absolute temperature (K} IS

the activation energy (cal mb)| k is the specific reaction rate constant at the &ratpreT, and
ket IS the specific reaction rate constant at theresige temperaturd.. The reference

temperature should preferably be chosen in the lmiofdthe studied temperature regimen.

Therefore E; was estimated on the basis of non-linear regressnalysis of kvs 1/Tj

(beingi=N, D, J;j=60 °C, 80 °C, 100 °C, 1Z0)°

According to activate complex theory, enthalpgH{) and entropy of activationrd&’)

were determined by the Eyring equation:
# #
AH N AS +In( kb)

In(k/T)=_RT - X

wherek is the rate constant at temperatilire, is the Boltzmann constan® is the molar gas
constant andt is the Planck constant.
Therefore 4H* and4S’ were estimate@n the basi®f linear regression analysis of In
(ki/Tj;) versusl/Tj. The Gibbs free energy was estimated accorditiget@ibbs equation:
AG* = AH* -TAS'
The pairs ofAH* andAS’ obtained were linearly correlated using the lastagign. From
which the isokinetic temperatur@i{y) and its corresponding Gibbs free enerdil.x) for the

reaction could be estimated

2.7 Calculations and statistical data analysis.
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Estimated parameters were expressed as means £ SBE and were analyzed for differences
between means using one-way analysis of varianbO8A). Brown & Forsythe test (Brown &
Forsythe, 1974) was used as a post ¢woparison of statistical significancp yalues < 0.05).
Least squares and non linear regression analysis pexformed using Statistica 8.0 (StatSofft,

Inc., 2007) and Statgraphics Centurion XV for Windq Statpoint Technologies, Inc., 2005).

3. Results and discussion

3.1 Kinetic study.

Table 1 shows the initial content of the pigment fractiamalyzed in this study for the high (N),
medium (D), and low (J) pigmentation VOO matrixeapdoyed. The qualitative pigments
profile was that typical of a virgin olive oil (Gdul-Rojas, Roca & Minguez-Mosquera, 2000;
Gandul-Rojas & Minguez-Mosquera, 1996). In the taroid fraction with lutein anf-carotene
as majority pigments followed by violaxanthin, lok@anthin, auroxanthin, neoxanthin,
antheraxanthin, mutatoxanthin arféicryptoxanthin as minority xanthophylls, and in the
chlorophyll fraction with pheophytia andb as major pigments, and chlorophglandb, OH-
pheophytina and b, lactone-chlorophylb, OH-chlorophyllb as minor chlorophyll compounds.
Therefore, the values showed Tiable 1 are the sum of the individual quantification otlea
pigment corresponding to the same fraction.

In accord with the results of quantitative changeboth pigment fractions, the reaction
mechanisms proposed for thermal decolouration ddrophyll pigment fraction (CHL) and
carotenoid pigment fraction (CAR) are showrfigure 1.

The corresponding kinetic equations for the reastishow irFigure 1 are:

217

__dAl ) A 4B
VTotaIChIorophyIs T odt ki [A]" = VTotalColourless of Chlorophyls = gt [1]
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_dAT., e _de]  [2]
VTotal Carotenoids - dt ko [AT" = VTotal Colourless of Carotenoids ~ 29

where B\ is the concentration of total chlorophyll#’T the concentration of total carotenoids,
[B] and B’] the concentration of noncoloured products (nc¢)dach reactions respectively,
andk; are rate constants for the respective reactiombn & the reaction order.

Solving the kinetic mechanism, assuming an orddr @ = 1) and that all reactions are
irreversible, we get

-k, [t
A=Al e 1

3]

[t

[4]

where R]o and P]o are the initial concentrations of CHL fraction am@AR fraction

-k
A1=[Al e 2

respectively.

From the proposed kinetic equations and by nagalinregression analysis of the
experimental data, the rate constants for eacheoptoposed reactions in the mechanism were
estimated Figures 2 exemplifies, for the treatment at 120 °C of thghhpigmentation matrix
(sample N), the concentration changes found andeiipessions estimated for the decolouration
reactions in CHL and CAR fractions.

Table 2shows the values for the estimated rate constiagsther with the standard error
and determination coefficienRR}) for each reaction studied. The determination faiehts
obtained showed a good fit of the experimental tiatine equations proposed and demonstrate
that the first-order mechanism is appropriate fsalibing the thermal decolouration of the CHL
and CAR fractions in the VOO.

The relationship between the two rate constank$L&Cvs. CARs) determined that, on
average, the rates of degradation of CAR fractien36 times higher than those calculated for

the CHL fraction. It has been observed in someropiagticular cases, significant differences

11
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between the rate constants obtained for the vasangples tested (N, D, J)gble 2). Is the
case, for example, of CHLs in the three experim@xtd, J) at 120 ° C.

The relationships between the rate constantsugwan idea of the decolouration speed as
long as the initial concentrations are the sameelmeral, and according to Gandul et al. (2000),
the concentrations ratio between CHL and CAR feensti remained around the unit after
extraction of virgin olive oil at the initial seas®f production; this is CHLS/CARs = 0.94 in
sample N. Therefore, the rate of CAR fraction ddgt@n is in any case higher than CHL
fraction degradation. However, the concentraticasorof CHLS/CARs decrease during the
season of production of VOO being 0.55 and 0.2%#&mples D and J respectively. Therefore
the decolouration speed difference between th@sxidns is even higher as long as it reaches
the end of the milling season.

From the point of view of loss of pigment durirtng texperience of thermal degradation it
was observed losses of CHLs ranging from 15 to 306f4he four temperatures used (60 to
120°C), while in CARs losses are more pronoundechnging between 44 and 74 %. From the
average of the four temperatures used the chlotigplogses are around 24%, while carotenoids
nearly tripled reaching a 60%. Older studies reggbdimilar results being the CAR fraction with
a higher loss than CHL fraction, such as the degaltmn test using rancimat method at 100 ° C
where the pigment loss calculated for oxidized wifss 67% for the carotenoid index and 58%
for the chlorophyll index (Ceballos, Moyano, ViaariAlba & Heredia, 2003). Also, an
autoxidation study of the stability of VOO reportad®20% and 10% of loss of carotenoids and
chlorophylls to noncoloured products respectiveélggmiadou, & Tsimidou, 2001).

Furthermore, it is obvious that the CHLs/CARscatata increased from its initial state,
since carotenoids decolouration was more pronoundédn chlorophylls during
thermodegradation. For example, sample N at 12Gfa@ed with a CHLS/CARs ratio of 0.94

and reached a 1.4 value after 18 hours of heaimerd. The last data is the maximum value

12
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obtained for the CHLs/CARs ratio of Spanish VOO ri@a-Rojas et al. 2000). Thus, this ratio
could lead us to a good parameter as a markereofrtudulent heat treatment of VOOSs, in
addition to those that we have proposed in previmager as % phyropheophytin a (Aparicio-
Ruiz, Roca & Gandul-Rojas, 2012), (E)/ (Z) lutsomers ratio (Aparicio-Ruiz et al. 2011) and
neoxanthin / neochrome ratio (Aparicio-Ruiz & GahkRojas, 2012).

It also shows that, in both pigment fractions, tkieetic constant increased with
temperature of the experiment, regardless of tta¢ poggment content of the samples studied (N,
D, J). From the mean values calculated from the canstantsTable 2), it was evident that
there was no overlap between these constantsfatatif temperatures studied.

3.2 Thermodynamic study.
Thermodynamic analysis using total concentratidnshtorophyll and carotenoid pigments will
reveal which pigment fraction exhibits greater taaty.

Table 3 displays the values estimated for the thermodyoaparameters (entropy,
enthalpy, activation energy, and Gibbs free energyth their respective standards errors for
each matrix and reaction analyzed.

The thermodynamic parameters of the decolouraigantion of the CAR fraction did not
show significant differences (@ 0.05), except for sample N in enthalpy, entropg aativation
energy. However, in the case of CHL fraction, thertnodynamic parameters did not show
significant differences (g 0.05), except for sample D (t-test<p0.05) in parameters such as
enthalpy, entropy and activation energy.

Finally, the mean value of the thermodynamic patans corresponding to the three oil
matrixes (N, D, J) for CHL and CAR fractions didtrshow significant differences (t-testp
0.05) in any of its parameters except for the atiton energyta) that has slightly higher value

in CHL than CAR fraction. This difference indicatibst the chlorophylls are less reactive (and

13
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more stable) than the carotenoid pigments studsed #tal fraction but a smaller temperature
change is needed to increase the kinetic const&ib fraction.

In all cases, values for tHEAS' term were negative (due to the negative values of
entrophy); however, enthalpy valuesH() were positive, as were the Gibbs free energyeslu
(AG"), making the reactions nonspontaneous.

3.3 Isokinetic ratio.

The isokinetic ratio was studied along the sameslias previous studi€dparicio-Ruiz et al.
2010; Aparicio-Ruiz et al. 2011; Aparicio-Ruiz & @#ul-Rojas, 2012), where the degradation
of chlorophyll and carotenoid pigments, studiedivitiially, have not , in general (except for
13%-OH-pheophytira andb), an isokinetic relationship between the oily rxas studied, so, no
isokinetic temperature exist.

Therefore, it is possible to study the existendean isokinetic relationship and
temperature between oily matrixes when considettiegtotal concentration of chlorophyll and
carotenoid pigments.

Figures 3A and 3Bshow the lines of the Arrhenius equation obtaif@deach of the
oily samples in a temperature range of 250 to Kodor CAR and CHL fractions, respectively.

We could not conclude that there was an isokinetio for decolouration reaction in
CAR fraction as the Arrhenius straight lines foe tihree samples (N, D, and J) did not present
any common cutoff pointd(gure 3A). These straight lines were almost parallel, beteralso
very close to one another (all points lie withire teame interval of confidence). They are,
therefore, isoenthalpic and isoentropic straighesi This observation is consistent with the
thermodynamic parameter$able 3), which did not show significant differencesstéstP <
0.05) between the various oily matrixes, exceptsfmmple N. Consequently, the CAR fraction

degradation to colourless products was not affelojetthe type of oily matrix.
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In the case of CHL fraction decolouratiofigure 3B), samples N and J had almost
parallel straight lines and very close one to aggtiwhile the D straight line showed slightly
deviation to lines N and J and cut off those linéhin the temperature range studied, 336.5 K
(63.5 ° C). However, the confidence limits of theelJ included the corresponding Arrhenius
straight lines of the others (Samples N and D), emalsequently, all the experimental points
were within the three confidence limits. Regardingrmodynamic parameters, as also indicated
in the section on thermodynamic study, samples dNJadid not show significant differencds (
testP < 0.05) between them, but they did with the samplex@ept forAG",9s Similarly to the
case of CAR fraction, degradation of CHL fractiorcblourless products was not affected by the
type of VOO matrix.

From this point, it is interesting to compare tiweo groups of fractions (CHLs vs.
CARs), and see how they beha¥égure 3C shows the Arrhenius lines from average value of
the kinetic constants obtained in the three VOOrimeg for CAR and CHL fractions. These
lines cut at temperatures above 1000K, and thoss Ican be considered as parallel inside the
study interval (60 °C to 120 °C), as well as isbaific lines. Accordingly, these reactions are
classified as distinct or separate reactions greupsh have different degradation mechanisms.
Likewise, differences were appreciated in the digfian rates, which were higher in the
carotenoid pigments than in the chlorophylls.

3.4 Compensation effect.

Liu & Guo (2001) have demonstrated that the comgigms effect and the isokinetic effect are
not necessarily synonymous. A kinetically compesgasystem requires that the different
thermodynamic parameters obtained for the samedioeain different environments define an
isokinetic line. This theoretical line includes alf the different kinetic and thermodynamic
coordinates of a single reaction: with the isokmetmperatureTsy) being the line slope and the

increase in Gibbs free energy of all reaction®alk, the intercept, according to:
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Errors are inevitable in experiments and the deted are therefore estimators of the
corresponding variables. Consequently, it is péssibat the real values are not correlated,
although their estimators are. This would be theeda the so-called false compensation effect.
Krug, Hunter & Grieger (197@ropose that the straight line in the playie versusASis only a
manifestation of the statistical pattern of the pemsation, and this hypothesis can be ruled out
if the estimation of the line slope is sufficientifferent from the harmonic temperatuii),

defined as:

_ n
mT —n 1
Zi=l'|'i

Liu & Guo (2001)have proposed a method for distinguishing the ocemhpensation

T,

effects from the false ones, based on a graphegksentation of the experimental values of
enthalpies and entropies with their error barh@planeAH” versusAS'.

To apply this study to our experimental data ihedr regressions &’ versus A&’ has
been estimated for each of the reactidrable 4 shows the values obtained for the sldpeand
the corresponding determination coefficien®)( It can be observed a good correlation
coefficients B > 0.99) in the total degradation of CHL and CAR fi@es. This indicated the
existence of a compensation effect betweer” And AS". However, from the comparison
between the estimated isokinetic temperatiliig) (@nd theThy, under the study conditions (362
K) it is deduced that this compensation effect banreal only for the degradation of CHL
fraction, where the differences between the temperatures significant. Finally, application of
the method of error-bars proposed by Liu & Guo @0thowed that none of the reactions was a
real compensation effedtigure 4).

The analysis of the thermo-degradation of CHL aAdRGractions to colourless products

in virgin olive oil has established a marked effettemperature on the reaction mechanisms,
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where the CAR fraction was the most affected byt eabsence of oxygen and light. Neither
isokinetic and nor compensation effect have beandan both fractions of pigments.

4 Conclusions.

The kinetic constants for the CAR pigment fractitegradation were about 3.6 times higher than
the respective for CHL pigment fraction that showeahore stable structure to decolouration by
heat. As well, higher activation energy of CHLs .(3%0.26 kcal-mdt) as compared to CARs
(15.45+0.17 kcal-md) implies that a smaller temperature change is e@dd increase the
kinetic constant of CHLs. Consequently, the oilydmen did not significantly affect the
decolouration mechanisms, and moreover, the kinpitameters obtained as temperature
functions according to Arrhenius model, can be useatkvelop a prediction mathematical model
for CHL and CAR fractions decolouration in VOO ouane and depending on temperature in
absence of oxygen and light. Neither isokinetic aadcompensation effect have been found in
both fractions of pigments.

Kinetic models are becoming more popular for siugythe changes in the chemical
composition of food because are capable of predjcthelf life of them. For the first time in an
oily food matrix as virgin olive oil, the thermakdolouration of chlorophyll and carotenoid
pigment fractions by autoxidation has been studiedi this kinetic model provides the producer
and/or wholesaler and / or consumer with a toghredict the behavior of these phytochemical
fractions to thermal variables governing criticrgsiin processing and storage of this food. This
approach could be also used for the kinetic stufljoes in relation to other important
phytochemicals in virgin olive oils as polyphenaldich are subject to a nutrition claim

authorized for this food. We encourage the scientbmmunity to conduct studies in this aim.
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Table 1 Initial content of carotenoid and chlorophyll
compounds in virgin olive oifs

Carotenoid Chlorophyl Total
Samplé : . .
fraction fraction pigments’
N 18.99+0.36 17.93+0.19 36.91+0.55
D 18.21+0.49 10.02+0.31 28.23+0.80
J 11.86+0.16 3.44+0.10 15.30+0.26

®Data, expressed as pmol/kg, represent mean val&s +
for three determinationsCV < 2.8%."The sample codex
corresponds to the harvesting date of the oliviesfrused to
obtain the virgin olive oils studied, November (N),
December (D), January (JfTotal of chlorophyll and
carotenoid pigments.
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Table 2. Rate constantk) and determination coefficient®y) estimated for the kinetic mechanism of the thémezolouration of chlorophyll and carotenoid
pigment fractions in virgin olive dil

Decolouration 120 °C 100 °C 80 °C 60 °C
reaction g kx10(h™)  SE R? kx10'(h™)  SE R kx10(h™)  SE R? kx10'(h™)  SE R?
Carotenoid fraction
K, N 3058 + 0.76a 0.99 951+ 0.46¢c 0.97 3.09+ 123e 0.99 0.76 £+ 0.04f 0.96
K, D 2820 + 1.12b 0.98 833+ 291cd 0.99 3.39+ 0.8le 0.99 0.77 £ 0.03f 0.98
K, J 2718 + 131b 0.98 8.21+ 0.28d 0.99 3.72+ 0.14e 0.99 0.73 £+ 0.02f 0.99
K2 (Average” 2865 + 1.06a 868+ 121b 340 + 0.73c 0.75 + 0.03d
Chlorophyll fraction
Ky N 9.53 + 0.6la 0.95 219 + 0.18d 0.92 0.80 + 0.07e 0.92 0.20 + 0.01f 0.95
Ky D 756 + 0.43b 0.96 230 + 0.31d 0.83 0.90 + 0.10e 0.85 022 + 0.04f 0.87
Ky J 13.89 + 1.67c 0.87 2.09 + 0.24d 0.89 0.64 + 0.17e 0381 0.33 + 0.05¢ 0.82
K1 (average)” 10.33 + 0.90a 219 + 0.24b 0.78 = 0.1l1c 025 + 0.03d

®/alues are obtained from a minimum of 16 experimedata points analyzed in duplicate, SE, staneéardr; For each pigment fraction, different lettbetween rows
indicate significant differences €p0.05);"Reactions according to the kinetic mechanism shawdggure 1;°S, Sample codex as in Table“Averagevalues of the three
samples (N, D, J).
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Table 3. Thermodynamic parameters for the thermal decolmurataction ofchlorophyll and

carotenoidpigment fractions in Virgin Olive Gil

Decolouration AS' + SE AH" + SE Ea+ SE AG595t SE
reaction” [cal/(mol x K)] (kcal/maol) (kcal/mol) (kcal/mol)
Carotenoid fraction
N  -43.44 + 0.42* 15.17 + 0.15* 15.93 + 0.09* 28.12 + 0.15
D 4522 + 1.18 1455+ 0.42 15.34 + 0.21 28.02 + 0.42
J -45.50 + 1.69 14.45+ 0.61 15.07 + 0.22 28.01 + 0.61
A®  -44.72 £ 1.10 14.72+ 0.39 15.45+ 0.17 28.05+ 0.39
Chlorophyll fraction
N -4473 + 147 15.66+ 0.53 16.72 + 0.21 28.99 + 0.53
D -48.35 + 0.86* 14.34 + 0.31* 15.32 + 0.11* 28.75 + 0.31
J -4523 + 481 1540+ 1.74 16.06 + 0.46 28.88+ 1.74
A°®  -46.10 £ 2.38 15.13+ 0.86 16.03+ 0.26 28.87+ 0.86

°AS’, activation entropy;AH, activation enthalpy; Ea, activation energys’, Gibbs free energy;
PReactions according to the kinetic mechanism shawédgure 1°S, Sample codex as in Table 1;
SE, standard errorIndicates significant differences for a parametetween different samples
(p<0.05).°A, average values of the three samples (N, D, J).
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FIGURE CAPTIONS

Figure 1. Kinetic mechanisms for thermal decolouration reatgiof pigment fractions:
chlorophylls and carotenoids.

Figure 2. Evolution of concentration-time of chlorophyll pignt fraction © ) and
carotenoid pigment fraction{ ) in VOO (sample #)ring 42 hours at 120°C and
corresponding fits< ) to a first-order kinetic imamatical model (Egs. 3-4).

Figure 3. A, Arrhenius plot for the decolouration reactioh @arotenoid pigment
fraction in three samples of VOOs (No ; B;0; J, —< ).B, Arrhenius plot for the
decolouration reaction of chlorophyll pigment fiaotin three samples of VOOs \No
; D-0O ; J;+© ). C, Study for isokinetidicabetween Arrhenius plot of decolouration
reactions of chlorophylls (—o ) and carotenoidsr] ) pigment fractions in VOOs
(average values of three samples (N, D, J). Condieéntervals (95%).

Figure 4. Graphic representation oftK versus /' by error bars method (Liu & Guo
2001): false compensation effect for the decoleomateactions of the (A) carotenoid

pigment fraction and (B) chlorophyll pigment friact in VOO samples.
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