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Abstract

An original kinetic study of the transformation phenomena of phenolic compounds in
olive paste was carried out at different malaxation time-temperature conditions under
exposure to air, using Abencor lab equipment to process olives (Frantoio cv) of a known
degree of ripeness.

Empirical kinetic models and the relevant apparent kinetic constants were determined
for the following significant indices: total phenolic compound content in vegetation
water samples using the Folin-Ciocalteu method; verbascoside and B-OH-verbascoside
contents in olive paste samples using HPLC-UV; and 3,4-DHPEA-EDA contents in
olive oil samples using HPLC-UV. Two opposite phenolic compound transformation
phenomena were proposed to explain the kinetic models: (i) enzymatic oxidative
damage of phenolic compounds; (ii) physical and enzymatic release of phenolic
compounds from cellular tissues. It was possible to propose a reference optimization
chart to predict “selective” time-temperature conditions to maximize the apparent
EVOO extraction yield while minimizing the degradation phenomena of phenolic

compounds during malaxation.

Keywords:

Kinetics, Malaxation, Modelling, Olive oil, Phenolic compounds, Yield



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

Oxidation is the most frequent degradation behaviour of food after microbial spoilage
phenomena. Oxidative damage to food consists of oxidation reactions in lipids, proteins
and minor compounds, causing a negative effect on food, particularly in terms of
sensory and nutritional qualities. Oxidative reactions involve enzymatic or non-
enzymatic phenomena and they are proportionally related to food temperature (Diplock
etal., 1998).

One of food technology’s missions is to minimize oxidative damage in food processing
where exposure to oxygen and, in general, operating conditions with high potentials of
redox can occur. Therefore, it is necessary to select effective indices to both monitor
and optimize operating conditions to control oxidative damage in food.

Extra virgin olive oil (EVOQ) extraction processing can be an interesting example of
how this approach can be applied in consideration of effects on the phenolic compounds
in olive fruits. The phenolic profile has a critical role in the quality of EVOO. The
amount of the different phenolic compounds is positively related to the preservation of
oil quality from oxidation during shelf life, and it is responsible for EVOQO’s “bitter”
and “pungent” sensory descriptors. Moreover, these compounds prevent ageing
phenomena and several chronic diseases in humans (Clodoveo et al., 2014).
Biochemical, chemical and physical phenomena that affect EVOQO’s phenolic profile,
including enzymatic oxidative reactions, occur during the ripening of the olive fruits
and the oil extraction process (Zanoni, 2014).

An impressive number of phenolic compounds (i.e. particularly oleoside compounds)
are present in Olea europaea fruits. Secoiridoids, such as oleuropein,

demethyloleuropein and ligstroside represent the predominant phenolic oleosides,
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whereas verbascoside is the main hydroxycinnamic derivative of olive oil fruits.
Simpler phenolic compounds such as hydroxytyrosol and tyrosol are also present. The
olive cultivar, geographical area of production, climatic conditions during the crop
season, crop load and olive health conditions affect the phenolic profile of olive oil
fruits (ElI Riachy et al., 2011). The concentration of oleuropein declines with the
physiological development of the fruit, whilst the concentration of verbascoside and
demethyloleuropein increase with ripening (Ryan et al., 2002). Artajo et al. (2007)
noted a significant decrease in phenolic compounds in the Arbequina cultivar in relation
to the harvest period; in the study by Trapani et al. (2016) oleuropein and oleoeuropein
aglycone (3,4-DHPEA-EA) contents showed a linear decrease during olive ripening for
the Frantoio and Moraiolo cultivars. Water availability has a considerable effect on
phenolic composition and the literature has supported that fruit moisture negatively
affects the phenolic content of oil (Talhaoui et al., 2016); some studies have also
reported an increase in secoiridoids in water-stressed olive trees (Artajo et al., 2006;
Caruso et al., 2014).

However, the phenolic profile of olive oil fruits is not the same as the phenolic profile
of extractable EVOO, since numerous transformation phenomena occur during the oil
extraction process. Phenolic compounds are distributed greatly between the water and
oil phases of olive paste, obtained by crushing the olive fruits. The greater affinity of
phenolic compounds towards the water phase means that only 0.3% - 2% of the phenols
available in the olive fruits are transferred to the oil (Rodis et al., 2002). Secoiridoids
are the compounds with the highest transfer rate from fruits to oil, followed by simple
phenols; due to its structure, no verbascoside is found in EVOO (Klen and Vodopivec,

2012; Talhaoui et al., 2016). Moreover, rupturing of the olive cell tissues activates a
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series of enzymatic and non-enzymatic phenomena in the phenolic compounds. New
phenolic compounds, which are hydrolytic forms of oleoeuropein and ligstroside,
appear in the olive paste, whereas some fruit phenols disappear after crushing; therefore,
the dialdehydic form of decarboxymethyl oleuropein aglycone (3,4-DHPEA-EDA) is
often EVOQ’s most abundant phenolic compound (Zanoni, 2014; Klen et al., 2015a).
Three main steps in the oil extraction process affect the EVOQ’s phenolic profile: the
crushing of the olive fruits, malaxation of the olive paste, and mechanical separation of
the oil. The crushing step causes the initial physical partition of the phenolic compounds
into the oil and water phases of the olive paste and activates the enzymatic (i.e. B-
glucosidase activity) and non-enzymatic hydrolytic phenomena that transform
oleoeuropein and ligstroside into their respective aglycones and decarboxymethylated
forms (Clodoveo et al., 2014; Leone et al., 2015). The malaxation step consists of slow
and continuous kneading of the olive paste to induce physical phenomena (i.e. oil
droplet coalescence, rising of oil to the surface) that improve the oil process yield
(Trapani et al.,, 2017); in general, malaxation is expected to continue the above
hydrolytic phenomena without any enzymatic oxidative degradation (i.e. polyphenol
oxidase and peroxidase activities) of the phenolic compounds (Clodoveo, 2012).
Finally, the processing parameters during separation of the oil by centrifugation (i.e. use
of a horizontal centrifuge with screw conveyor, namely “decanter”’) from the solid and
water phases of olive paste have to be planned and controlled to maximize phenolic
compound dissolution in the extractable EVOO (Altieri et al., 2013; Caponio et al.,
2014).

In view of the various possible combinations of operating conditions, such as time,

temperature, oxygen exposure and kneading tools, several studies on the effect of
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malaxation on the phenolic profile of EVOO can be reported (Angerosa et al., 2001;
Ranalli et al., 2001; Parenti and Spugnoli, 2002; Ranalli et al., 2003; Kalua et al., 2006;
Migliorini et al., 2006; Artajo et al., 2007; Parenti et al., 2008; Servili et al., 2008;
Boselli et al., 2009; Gomez-Rico et al., 2009; Migliorini et al., 2009; Espinola et al.,
2011; Migliorini et al., 2012; Catania et al., 2013; Taticchi et al., 2013; Tamborrino et
al., 2014a; Klen et al., 2015a). The literature data shows that the malaxation behaves in
a more complex way than the one described above. The secoiridoid profile depends on a
combination of the following three kinds of opposite phenomena: (i) enzymatic
oxidative degradation catalyzed by polyphenol oxidases (PPOs) and peroxidases
(PODs), which cause a decrease in the phenolic compound content; (ii) enzymatic (i.e.
B-glucosidase activity) and non-enzymatic hydrolytic phenomena that transform
oleoeuropein and ligstroside into their respective aglycones and decarboxymethylated
forms, especially the 3,4-DHPEA-EDA compound; (iii) physical and enzymatic (i.e.
pectinase and cellulase activities) phenomena which promote the release of phenolic
compounds from cellular tissues and then cause an increase in the phenolic compound
content. Among the cinnamic acids, verbascoside content decreases, whereas its
derivatives, such as the [-OH-verbascoside diastereoisomers, increase during
malaxation.

The literature data shows an incomplete and not uniform overview of the overall effect
of the above phenomena on the phenolic profile of EVOO (relevant remarkable data are
presented as supplementary material in Table S1). However, two common behaviours
seemed to be observed: the content of the most representative phenolic compounds
tends to decrease with malaxation time at a constant temperature, while it tends to

increase with malaxation temperature at a constant time. These effects inversely depend
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on the oxygen exposure of the olive paste during malaxation: the higher the partial
oxygen pressure, the greater the above decrease in phenolic compound content with
time and the smaller the above increase in phenolic compound content with
temperature.

No modelling based on pseudo n-order kinetics has been carried out on either the
phenomena involved or the relationships of relevant rate constants with temperature.
Therefore, the lack of quantitative time-temperature relationships makes it more
difficult to apply the literature data to control olive paste malaxation. A kinetic approach
to phenolic compound transformation phenomena may also link up to our previous
time-temperature kinetic study to predict the potential effect of malaxation on extraction
yield (Trapani et al., 2017), in order to strike a balance between oil yield and oil quality
characteristics.

The aim of this work is to apply a kinetic approach to phenolic compound
transformation phenomena in order to select technological indices for the

implementation of olive paste malaxation optimization charts.

2. Material and methods
2.1. Malaxation trials

The olive fruits were harvested in a high-density (513 trees ha™), fully productive olive

(Olea europea L., cv. Frantoio) orchard located at the experimental farm of University

of Pisa (Caruso et al., 2013). A sample of approx. 40 kg of fruits was harvested by hand

from two adjacent trees on 21 October 2015 and quickly transported to the laboratory.
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The kinetic study was performed using Abencor lab equipment (Abencor analyser, MC2

Ingegneria Y Sistemas S.L., Seville, Spain) following Trapani et al. (2017). With
respect to its usual use, the equipment was utilized both for the olive crushing and olive
paste malaxation, but not for the olive paste centrifugation. The equipment consisted of
an “MM-100" hammer mill (with 5.5 mm-diameter crusher holes) and a thermostated
water bath (Thermo-mixer TB-100), with eight work sites; the work sites consisted of
eight stainless steel mixing jars (speed of mixing blades: 50 rpm) under exposure to air,
so that several olive paste malaxation treatments could be simulated in parallel. It was
deliberately decided to perform the malaxation in this manner to make the oxidative
degradation phenomena more evident.

The malaxation trials were carried out in triplicate at 22, 27, 32 and 37°C for 0, 20, 40,
60, 80 and 100 minutes; the water and paste temperatures were monitored using a type
T thermocouple thermometer (Testo 926, Milan, Italy). Approximately 2.1 kg of olive
paste, separated into six mixing jars each containing 350 g of olive paste, were used for
each malaxation trial.

The olive paste samples were partly used to measure the phenolic compound content
and partly to measure the apparent oil extraction yield, as reported below in the

description of the analysis methods.

2.2. Analysis methods on olive oil fruits
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The olive samples were analysed for weight, pulp/stone ratio and Maturity Index
(Anonymous, 2011). The Maturity Index was based on the evaluation of the olive skin
and pulp colours. The values ranged from 0 (deep green skin colour) to 7 (black skin
colour with all the flesh purple to the stone).

A homogeneous batch of olives (i.e. approx. 300 g) were crushed in a laboratory crusher
(Zeutec, Rendsburg, Germany), and the olive paste was used to make chemical analyses
of the water and oil contents. The water content of the olive paste was measured by
heating 60 g of the sample in an oven at 105°C until a constant weight was reached. The
total oil content was determined on 5 g of dried olive paste (see the above oven
method). Samples were extracted using hexane in an automatic extractor (Randall
mod.148, VELP Scientifica, Milan, Italy), following the method of Cherubini et al.
(2009). The characteristics of the processed olive oil fruits are given as supplementary

material in Table S2.

2.3. Chemical analysis methods on the olive paste, olive oil and vegetation water

The phenolic compound content was extracted and determined on olive paste,
vegetation water and olive oil samples. The olive oil and vegetation water samples were
obtained by centrifugation (type 4239R, Alc Int. s.r.l, Milan, Italy); the olive paste
samples, in 50 mL screw-cap tubes, were centrifuged at 4000 rpm (1800 G) for 15 min
followed by a second centrifugation at 7000 rpm (5400 G) for 10 min. The oil and water
phases were collected separately using a Pasteur pipette and then put into 15 mL test
tubes for the following chemical analyses.

Phenolic compound content by Folin-Ciocalteu (Singleton and Rossi, 1965)
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Olive paste. A 4.0 g olive paste sample was weighed in a 100 mL screw-cap tube and 80
mL of MeOH/H,O solution (60/40, v/v) was added. The tube was shaken for 30 min
and then was centrifuged at 4000 rpm for 15 min; the MeOH/H20 phase was collected.
The above extraction method was repeated and the collected MeOH/H20 phases were
brought to volume with MeOH/H-O solution (60/40, v/v) in a 200 mL flask, which was
stored in a freezer at least for 2 hours; then, the above solution was filtered (FN 7
Munktell, Ahlstrom Falun AB, Falun, Sweden). 1.0 mL of the filtered phenolic extract
was added to 5 mL of Folin-Ciocalteu reagent and 20 mL of Na>COsz solution (20%
w/V); the solution was brought to volume with purified water in a 100 mL flask and was
stored for 1 hour at room temperature. The total phenolic compound content was
detected at 765 nm (Lambda 35 UV/Vis Spectrometer, Perkin Elmer, Waltham, MA)
and quantified using a gallic acid calibration curve (r> = 0.997) as mg gallic acid kg* of
olive paste.

Olive oil. A 5.0 g olive oil sample was weighed in a 100 mL screw-cap tube and 10 mL
of MeOH/H20 solution (80/20, v/v) was added. The tube was shaken for 30 min and
then was centrifuged at 4000 rpm for 10 min; the MeOH/H>0 phase was collected. The
above extraction method was repeated and the collected MeOH/H,O phases were
brought to volume with MeOH/H20 solution (80/20, v/v) in a 25 mL flask, which was
stored in a freezer at least for 5 hours; then, the above solution was filtered. 1.0 mL of
the filtered phenolic extract was added to 10 mL of Folin-Ciocalteu reagent (1/10
diluted) and the solution was brought to volume with Na>COs solution (7.5% wi/v) in a
20 mL flask; it was stored for 2 hours at room temperature. The total phenolic
compound content was detected at 765 nm and quantified using a gallic acid calibration

curve (r> = 0.997) as mg gallic acid kg™ of olive oil.
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Vegetation water. The vegetation water sample was filtered and 1.0 g of the filtered
vegetation water sample was weighed and then it was brought to volume with purified
water in a 20 mL flask. 1.0 mL of the phenolic extract was added to 50 ml of purified
water, 5 mL of Folin-Ciocalteu reagent and 20 mL of Na>COs solution (20% w/v); the
solution was brought to volume with purified water in a 100 mL flask and was stored
for 1 hour at room temperature. The total phenolic compound content was detected at
765 nm and quantified using a gallic acid calibration curve (r> = 0.997) as mg gallic acid
kg of vegetation water.

Phenolic compound content by HPLC-UV

Olive paste. The phenolic compounds were extracted from the olive paste using the
Cecchi et al. (2013) method. An 8.0 g olive paste sample was added to a test tube
together with 0.500 mL of an internal standard (i.e. syringic acid, 1.5 mg mL™? in a
MeOH/H20 80/20, v/v solution) and 30 mL of EtOH/H,0O solution (80/20, v/v). The
mixture was homogenized with ULTRA-TURRAX at 11,000 rpm in an ice bath for 3
min and centrifuged (type PK121R, Alc Int. s.r.l, Milan, Italy) at 4,000 rpm (2000 G) at
0°C for 10 min. Then the supernatant was added to a 100 mL flask and it was stored in a
freezer. The extraction procedure was repeated with 30 mL of EtOH/H.O solution
(80/20, v/v), and the obtained supernatant was added to the flask.

The obtained solution was concentrated in a vacuum at approx. 35°C, added to 2.5 mL
of Milli-Q-Water (Millipore SA, Molsheim, France), washed twice with 25 mL of
hexane in a separating funnel to remove lipid component, centrifuged at 14,000 rpm
(24540 G) at 0°C for 5 min, and poured into a 10 mL flask. Five mL of methanol was

added to the solution, which was brought to volume with Milli-Q-Water. The
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MetOH/H.O solution of the phenolic extract was immediately used for the
chromatographic analysis.

Chromatographic analyses were carried out using an HP1200L Liquid Chromatograph
(Agilent Technologies, Palo Alto, CA), equipped with an autosampler, a column heater
module, a quaternary pump, and coupled with DAD and MS detectors.

A Poroshell 120 EC-C18 column (3.0 mm, internal diameter; 150 mm, length; 2.7 um,
particle size) (Agilent Technologies, Palo Alto, CA) was used. It was equipped with a
pre-column of the same phase. Elution was performed at a flow rate of 0.4 mL min?
with a multistep linear gradient, using H20 brought to pH 3.2 by formic acid (solvent A)
and acetonitrile (solvent B). The three-step linear gradient of both solvents A and B
changed as follows: from 95% A/5% B to 60% A/40% B in 40 min, with isocratic
elution for 5 min, to 0% A/100% B in 5 min, with isocratic elution for 3 min, then to
95% A/5% B in 2 min. The total time of analysis was 55 min. All the solvents used
were of HPLC grade. Syringic acid was chosen as the internal standard. The phenolic
compounds were quantified at 280 nm; syringic acid and tyrosol were chosen as
external calibration standards to evaluate the relative response factor (i.e. RRF = 4.74)
and phenolic compound content values were expressed as mgyr kgt of olive paste.
Verbascoside and p-OH-verbascoside diastereoisomers were also quantified at 330 nm;
syringic acid and verbascoside were chosen as external calibration standards to evaluate
the relative response factor (i.e. RRF = 3.04) and verbascoside and B-OH-verbascoside
diastereoisomers content values were expressed as mgverb kg™ of olive paste.

Olive oil. The extraction, identification and determination of phenolic compounds were
performed on the olive oil samples in agreement with the official I0C method

(Anonymous, 2009). The hydrophilic phenolic compound was extracted from the oil

12
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using a MeOH/H20 (80/20, v/v) solution. The phenolic compounds in the mixture were
separated and determined by an HPLC series 200 LC (Perkin Elmer Inc., Waltham,
MA) consisting of a Perkin Elmer series 200 autosampler and a quaternary pump,
coupled with a 9050 UV-Vis detector (Varian Inc, Palo Alto, CA). The analytical
conditions were: pre-column: LiChroCART® 4-4 Purospher® STAR RP-18E, 5 um
(Merck KGaA, Darmstadt, Germany); HPLC column: LiChroCART® 250-4.6
Purospher® STAR RP-18E, 5 um (Merck KGaA, Darmstadt, Germany); injection
volume: 20 pl; solvent: acid H2O (0.2% HsPOs)/acetonitrile/methanol gradient as
described in the official method; wavelength: 280 nm.

Syringic acid was used as the internal standard; syringic acid and tyrosol were chosen as
the external calibration standards to evaluate the relative response factor (i.e. RRF =

5.40). The phenolic compound content values were expressed as mggyr kg of olive oil.

2.4. Physical analysis methods on the olive paste, olive oil and vegetation water

Partition coefficient

Partition coefficients (P) were determined in order to compare the difference in
solubility of the phenolic compound content in the different phases during malaxation.
The ratio between the total phenolic compound content in olive oil and vegetation water
(Pow) and the ratio between the total phenolic compound content in olive oil and olive
paste (Pop) were determined using analytical data from the Folin-Ciocalteu and HPLC-
DAD methods, respectively.

Apparent oil extraction vield

An apparent Extractability Index (Elapp) of oil during malaxation was measured

following Trapani et al. (2017). This method permitted a quick measurement of the
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potential extraction performance by centrifugation of an olive paste malaxation
treatment; hence, at increasing values this index would increase the effect of the
malaxation on the olive paste, thus making the oil easier to extract industrially by way
of centrifugation using a “decanter”.

The apparent Extractability Index (Elapp) was calculated using the following ratio:

EY (%)
EYmax (%)

El oy (%) = +100 [1]

where the extraction yields are expressed as percentage ratios of the mass of extracted
oil and the mass of centrifuged olive paste; EY (%) is the percentage extraction yield

and EYmax (%) is the percentage maximum oil extraction yield (Table S2).

2.5. Data processing

The analytical data were statistically processed according to a multifactor ANOVA
using Statgraphics Centurion software (ver. XV, Statpoint Technologies, Warrenton,
VA). Type Il sums of squares were chosen and the contribution of each factor (i.e.
time, temperature and replication) was measured after removing the effects of all of the
other factors. The P-value test measured the statistical significance of each of the
factors.

Time-temperature models were set up following the common Kkinetic approach to
express the relationships between data and time as pseudo-chemical kinetics and then to
correlate the relevant rate constant of the reactions with temperature. The kinetic data
were processed using Table Curve 2D Version 4 software (Systos Software Inc.,

Richmond, CA).

3. Results and discussion
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In our study the choice of which phenolic compounds to measure was based on criteria
of both analytical effort and the relevance of the compounds in the literature in order to
study the effect of malaxation on EVOO quality (Klen et al., 2015a). Therefore,
measurements using the Folin-Ciocalteu method were carried out on olive paste, olive
oil and vegetation water samples to determine the total phenolic compound content in a
simple way; measurements using HPLC-UV methods were carried out both to
determine the total phenolic compound content, as well as the verbascoside and 3-OH-
verbascoside diastereoisomer contents in the olive paste samples, and to determine the
total contents of phenolic compounds and oleuropein and derivatives in the olive oil
samples.

In order to determine the kinetic models a prior assessment was performed of the
statistic significance of the time-temperature variations of the measured indices (Table
1). Significant chemical indices were highlighted for every type of sample; among these
were indices of known importance (i.e. total phenolic compounds by Folin-Ciocalteu
and 3,4-DHPEA-EDA) and indices about which less is known (i.e. verbascoside and f3-
OH-verbascoside diastereoisomers). Of the physical indices, the apparent Extractability
Index proved to be significant, confirming what was reported by Trapani et al. (2017).
Instead, the partition coefficients did not prove to be significant. These indices assumed
values on average between 4 and 5%, similarly to the studies by Artajo et al. (2007).
The fact that there were no variations suggests that the transformations of the phenolic
compounds during malaxation did not display significant mass transfer phenomena
between the water and oil phases of olive paste. The mean values of all the above

significant indices are presented as supplementary material in Table S3.
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3.1 Kinetic models of phenolic compound transformation phenomena

Table 2 shows the kinetic models of the phenolic compound transformation phenomena,
which were produced by normalizing the data in Table S3, that is, by processing the
data to determine their relative variation in relation to the data measured at time t = 0
(Arer). In the case of the B-OH-verbascoside diastereoisomers it was preferred to
determine the kinetic model relating to the sum of their contents. As they are complex
phenomena all the kinetic models are empirical and the Kinetic constants are apparent.

In the vegetation water samples the normalized total phenolic compound content by
Folin-Ciocalteu decreased linearly with time at the different tested temperatures (Fig.
1); a maximum decrease of approx. 40% occurred at 27°C after 100 min of malaxation.
The apparent decreasing rates (K (9)) showed an irregular trend with temperature: they
increased from 22 to 27°C, then they decreased, at 37°C reaching a similar value to
what was seen at 22°C. A polynomial model with a maximum point was suitable to
describe this relationship (Table 2). Figure 1 shows an agreement between the
experimental and predicted data.

The normalized verbascoside content in the olive paste samples strongly decreased with
time; verbascoside disappeared almost completely at 27°C after 100 min of malaxation
(Fig. 2). Nevertheless, this decrease assumed a different trend as a function of
temperature, with a clear concave curve at 22 and 37°C, but an exponential curve at
27°C. The general trend modelled by kinetics combined an apparent lag phase of
verbascoside decrease with an apparent decreasing exponential phase (Table 2). The
relationships of the apparent kinetic constants of the above phases (t;qq r(9), Kr9)) With
temperature were described by polynomial models with a minimum point (Table 2).

Figure 2 shows an agreement between the experimental and predicted data.
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A similar behaviour compared with verbascoside content was evidenced for normalized
3,4 DHPEA-EDA content in the olive oil samples (Fig. 3). As a result, the relevant
kinetics were comparably modelled (Table 2). Figure 3 shows an agreement between
the experimental and predicted data.

The normalized sum of the B-OH-verbascoside diastereoisomer content increased
linearly with time at the different tested temperatures (Fig. 4); an increase of four times
occurred at 37°C after 100 min of malaxation. It was possible to significantly describe
the experimental data using a pseudo zero-order kinetics with a rate constant (K s)) that
was temperature dependent through the Arrhenius equation (Table 2). Figure 4 shows
an agreement between the experimental and predicted data.

The overall vision of the above kinetics can coherently suggest that the phenolic
compound transformation phenomena were caused by two opposing phenomena during
olive paste malaxation, in line with the literature data (Boselli et al., 2009; Clodoveo,
2012; Taticchi et al., 2013; Clodoveo et al., 2014; Klen et al., 2015a): (i) a decreasing
phenomenon probably due to enzymatic oxidative damage of the phenolic compounds;
(if) an increasing phenomenon probably due to a physical and enzymatic release of
phenolic compounds from the cellular tissues. The effects of the above combination of
phenomena were time-temperature dependent. In relation to the decreasing phenomenon
it can be assumed that, after an activation phase, the speed increases as the temperature
increases. In relation to the increasing phenomenon it can be assumed that it was absent
or limited to 22 and 27°C, to then become present, at an increasing speed, at 32 and
37°C, so much so that at 37°C it cancelled out the effects of the decreasing
phenomenon; this phenomenon tends to die out in time, seeing as at 37°C, even after a

long period of malaxation, the effects of the decreasing phenomenon were seen. Hence,
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the irregular variation of the apparent decreasing rates with the temperature of the total
phenolic compounds by Folin-Ciocalteu reflected the combination of the different
speeds of the two aforesaid phenomena (Fig. 1). Similarly, the apparent lag phases of
verbascoside and 3,4 DHPEA-EDA Kkinetics reflected either a slow decreasing
phenomenon or an increasing phenomenon which disguised the effects of the decreasing
phenomenon (Fig.e 2 and 3). The upshot is also that the different kinetics between the
verbascoside and its B-OH diastereoisomers must be related to the aforesaid
transformation phenomena resulting from the verbascoside (Figs. 2 and 4). The linear
and exponentially temperature-dependent increase in B-OH  verbascoside
diastereoisomers could just be the expression of the decreasing phenomenon; that is,
these diastereoisomers could be considered products of the verbascoside degradation
due to a hydroxylation reaction, probably of an enzymatic nature. This consideration

can be added to what was reported by Klen et al. (2015b).

3.2 Apparent oil extraction yield kinetic models

According to Trapani et al. (2017), the modelling of the evolution of the oil extraction
yield, expressed as an apparent Extractability Index (Elapp), by pseudo first-order
kinetics was statistically significant at every malaxation temperature (Table 2). It was
reasonably assumed that for t = 0, Elapp = 0 and that Elapp tends in time to
asymptotically reach a maximum value of 100% (Elappmax). The rate constant (Kg(y))
was also significantly temperature dependent through the Arrhenius equation (Table 2).
Figure 5 shows an agreement between the experimental and predicted data.

Compared to the data of Trapani et al. (2017), the kinetic models were characterized by

lower values of Arrhenius constants: Ko = 3500 min™ vs. Ko = 7.50 10’ min™ and Ea =
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28064 J mol? vs. Ea = 54512 J mol™. As a result, there was a faster increase in the
apparent extraction yield during malaxation. It is thought that this was possible thanks
to the greater oil content (24%) and the greater Maturation Index (3.2) of the olive oil
fruits (Table S2) compared to those referring (i.e. oil content = 20%; Maturation Index
= 1.1) to the olives used in the experiment by Trapani et al. (2017). The data of Espinola

et al. (2011) tend to confirm this hypothesis.

3.3. A malaxation time-temperature optimization chart

The direct application of the above kinetics enabled the construction of a synoptic chart
to predict the potential effect of malaxation on phenolic compound content in isothermal
conditions.

The chart was outlined with a logarithmic scale on the y-axis showing the malaxation
time, and a linear scale on the x-axis showing the malaxation temperature (Fig. 6). On
the chart it was possible to plot different relationships between the times and
temperatures of malaxation, corresponding to defined quantitative levels of apparent
phenolic compound oxidative damage, represented by the above selected indices. As the
objective was to choose just one representative index for the vegetation water, the olive
paste and the olive oil samples, it was opted to show the following defined medium-low
levels of apparent oxidative damage by way of example in the synoptic chart: 10% and
20% apparent decrease in the total phenolic compound content using the Folin-
Ciocalteu method in the vegetation water, 10% and 20% apparent increase in the sum of
B-OH verbascoside diastereoisomers in the olive paste and 10%, and 20% apparent

decrease in 3,4 DHPEA-EDA in the olive oil.
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The malaxation time (t) to reach the above set of apparent oxidative damage levels as a
function of the olive paste malaxation temperature () was calculated according to the
relevant kinetics models in Table 2 as follows:

o for the total phenolic compound content using the Folin-Ciocalteu method:

1

t= (1 - Arel,ref) ) [2]

Ky
where A, -5 is the chosen normalized value of reference (i.e. in our case 0.9 or 0.8
corresponding respectively to a 10% and 20% apparent decrease value);

o for the sum of B-OH verbascoside diastereoisomer content:

1
Krw)

t= (Arel,ref - 1) ) [3]

where A, ¢ is the chosen normalized value of reference (i.e. in our case 1.1 or 1.2
corresponding respectively to a 10% and 20% apparent increase value);

e for 3,4 DHPEA-EDA content:

1+exp(—Kf(19)'tlag,f(a))_Arel,ref
ln( Arelref +Kf(9)tiag,f(9)
t = % [4]
f@)

where A, 5 is the chosen normalized value of reference (i.e. in our case 0.9 or 0.8
corresponding respectively to a 10% and 20% apparent decrease value);
The synoptic chart (Fig. 6) shows how together the three chosen indices give an overall
vision of the effects of the malaxation time-temperature conditions on the
transformation phenomena of phenolic compounds.
The sum of B-OH verbascoside diastereoisomer content proved to be the most sensitive
index among those chosen at the malaxation time-temperature conditions (i.e. levels of

damage reached in lower malaxation times at the same temperature). Forming a straight
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line, it can be considered the index that expresses the substantially oxidative damage of
the phenolic compounds only.

The total phenolic compound content using the Folin-Ciocalteu method proved to be the
least sensitive index among those chosen to the malaxation time-temperature conditions
(i.e. levels of damage reached in longer malaxation times at the same temperature).
Forming a convex curve, it can be considered the overall and simple measurement index
that expresses the combination of phenolic compound damage and release phenomena.
The trends of time as a function of malaxation temperature to reach set levels of
apparent degradation of 3,4 DPHEA-EDA took on the appearance of highly convex
curves; this is due to the kinetics dealt with in the previous paragraph which, thanks to
measuring a specific compound (and not a set of compounds like in the case of total
phenolic compound content by Folin-Ciocalteu) made it easier to separate the phenolic
compound degradation and release phenomena. As such, the 3,4 DPHEA-EDA content
proved to be the index that best represents the effect of the malaxation time-temperature
conditions on the phenolic compounds in the extractable oil.

The synoptic chart can also be used for optimization purposes, for example, if it plots,
using straight lines, the different relationships between the times and temperatures of
malaxation, corresponding to values of 60% and 80% (i.e. expression of insufficient and
satisfactory oil process yields, respectively) of the apparent Extractability Index (Fig. 7).
Please see Trapani et al. (2017) for the equation that expresses the malaxation time to
reach the above set of apparent extraction levels as a function of the olive paste
malaxation temperature, according to the relevant kinetic model in Table 2.

It is evident how in the adopted strong oxidative impact experimental conditions an

acceptable apparent yield is not compatible with a lower degradation of the sum of -
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OH verbascoside diastereoisomer content; from the synoptic chart it can be deduced that
a lower degradation is compatible with an apparent yield of less than 50% or that an
80% apparent yield determines degradation of around 50% of the sum of B-OH
verbascoside diastereoisomer content.

However, should the combination between phenolic compound degradation and release
phenomena be considered, an apparent acceptable yield appears compatible with lower
apparent degradation of the total phenolic compound content by Folin-Ciocalteu.
Instead, an acceptable apparent yield only seems compatible with a lower apparent
degradation of the 3,4-DHPEA-EDA content for some time-temperature combinations.
For example, by moving along the straight line corresponding to 80% of the apparent
yield, three zones can be seen with reference to the adopted experimental conditions: (i)
a zone with an approximate temperature of < 23°C for time = 40 min compatible with a
reduced apparent degradation of 3,4 DHPEA-EDA, (ii) a zone with an approximate
temperature of > 23°C for times between 40 and 30 min responsible for a high apparent
degradation of 3,4 DHPEA-EDA,; (iii) a zone with an approximate temperature of >
33°C for time < 30 min compatible with a lower apparent degradation of 3,4 DHPEA-

EDA.

4. Conclusions

This research is based on an original kinetic approach which enabled the prediction of
the effects of time-temperature conditions of malaxation treatment under exposure to air
on the transformation phenomena of phenolic compounds in olive paste.

It was possible to identify and quantify two contrasting phenolic compound

transformation phenomena, which were measured on samples both of olive paste and its
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vegetation water and oil components: (i) a decreasing phenomenon probably due to
enzymatic oxidative damage of phenolic compounds; (ii) an increasing phenomenon
probably due to a physical and enzymatic release of phenolic compounds from the
cellular tissues. These phenomena could be significantly monitored by three different
but complementary technological indices. The sum of pB-OH verbascoside
diastereoisomer content in the olive paste samples proved to be a very sensitive index in
expressing the degradation phenomena. The total phenolic compound content by Folin-
Ciocalteu and the 3,4 DHPEA-EDA proved to express the combination of the two
aforesaid transformation phenomena in the vegetation water and oil samples,
respectively; of the two, the second appeared of particular interest as it specifically
refers to the most important phenolic component present in EVOO.

With regard to the experimental conditions adopted in this work, it was possible to
propose a reference optimization chart in order to predict “selective” time-temperature
conditions to maximize the apparent EVOO extraction yield while minimizing the
degradation phenomena of phenolic compounds during malaxation treatment when the
olive paste is exposed to oxygen. The chart shows how an acceptable apparent yield is
not compatible with a lower degradation of the phenolic compounds. Nevertheless, in
consideration of the presence of phenolic compound release phenomena too, time-
temperature combinations can be seen that are compatible for example with a
minimization of the apparent degradation of the 3,4 DHPEA-EDA content.

Our kinetic approach could be also a useful reference to understand and quantify the
potential efficacy on the optimization of malaxation treatment of several production
elements. The effects of cultivar and the degree of ripeness of the olive oil fruits

(Espinola et al., 2011, ]Caruso et al., 2013, Caruso et al., 2014\[Gc1]), of technological
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innovations in the pre-treatment of olive paste prior to malaxation based on ultrasound
or microwave techniques (Clodoveo et al., 2013; Tamborrino et al., 2014) and of
malaxation treatment under no or controlled exposure of the olive paste to oxygen
(Servili et al., 2008; Leone et al., 2014; Catania et al., 2016) could be compared with the
kinetic model devised in this work.

Lastly, the proposed approach to quickly heat the olive paste to a particular temperature
using a tubular heat exchanger, leave the paste in the malaxer for the desired time and
then send it for extraction in a “decanter” seems a good idea in order to best exploit
what is shown in this work (Veneziani et al., 2015; Leone et al., 2016). Such an
approach would pave the way towards real control of malaxation treatments in order to

achieve the desired phenolic profiles in EVOO.
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EYmax

Krg)

ko

tiag
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regression coefficients (min™ or min)
activation energy (J mol™)

apparent Extractability Index (%)
maximum apparent Extractability Index (%)
extraction yield (%)

maximum extraction yield (%)

apparent kinetic constants as a function of malaxation temperature
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frequency factor (min™)

gas constant (J mol™ K1)

malaxation absolute temperature (K)
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malaxation temperature (°C)
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FIGURE CAPTIONS

FIGURE 1. Kinetics of normalized total phenolic compound content using the Folin-

Ciocalteu method in vegetation water samples at 22°C (a), 27°C (b), 32°C (c) and 37°C

(d). The symbols m and are for experimental and predicted data, respectively.

FIGURE 2. Kinetics of normalized verbascoside content in olive paste samples at 22°C

(@), 27°C (b), 32°C (c) and 37°C (d). The symbols m and are for experimental

and predicted data, respectively.

FIGURE 3. Kinetics of normalized 3,4 DHPEA-EDA content in olive oil samples at

22°C (a), 27°C (b), 32°C (c) and 37°C (d). The symbols m and are for

experimental and predicted data, respectively.

FIGURE 4. Kinetics of the normalized sum of B-OH-verbascoside diastereoisomer
content in olive paste samples at 22°C (a), 27°C (b), 32°C (c) and 37°C (d). The

symbols m and

are for experimental and predicted data, respectively.

FIGURE 5. Kinetics of the apparent Extractability Index (Elapp) at 22°C (a), 27°C (b),

32°C (c) and 37°C (d). The symbols m and are for experimental and predicted

data, respectively.

FIGURE 6. Time-temperature synoptic chart of olive past malaxation in relation to

phenolic compounds: in green the curves referring to the total phenolic compounds, in
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red the curves referring to 3,4 DHPEA-EDA, in blue the curves referring to the sum of
[-OH verbascoside diasteroisomers. The unbroken curves show a variation of 20%, and

the dashed curves 10%.

FIGURE 7. Olive paste malaxation time-temperature optimization chart obtained by

overlapping the synoptic chart shown in Figure 6 with the black straight lines of

apparent yield, unbroken to indicate an 80% yield and dashed for a 60% yield.
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