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Abstract

Recent decades have seen the development of many effective and innovative technologies for extra virgin olive oil (EVOO)
extraction. Various solutions have been proposed to remove dissolved oxygen from the oil. Given these issues, we have
designed and developed a system that can be added to the centrifuges that are already used in the olive oil industry. The
system reduces the oxidative impact through the release of a technical gas inside the separator, and consequently delays the
onset of defects related to oxidation. The experiment tested different N, flow rates, directly into the vertical centrifuge, and
four levels of N, were tested—a control level (no N, injection); low (20 L/min), medium (40 L/min), and maximum (80 L/
min)—in order to evaluate the effectiveness of this new technique on EVOO quality. This experiment demonstrates that the
objectives have been achieved. The EVOO produced using our system had lower dissolved oxygen content with N, injection,
along with an enriched volatile fraction, and higher biophenol concentrations. The chemical analyses were confirmed by a

sensory analysis, with an increase in fruity intensity and bitter taste.
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Introduction

Extra virgin olive oil (EVOO) is obtained from olives by
mechanical means. It is one of the few vegetable oils that can
be consumed without refining, and is an important contribu-
tor to the economy, especially in Mediterranean countries.
Consumption is increasing worldwide, due to its nutritional
value and characteristic aroma, together with the presence of
a large number of beneficial chemical compounds (Morrone
et al., 2017; Pérez-Jiménez et al., 2007). The best EVO oils
are obtained by the correctly application of the best prac-
tices operative, for example, by early harvesting the drupes,
working the product promptly, reducing the process water
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as much as possible, and limiting the heating of the olive
pasta to be able to maintain a content of bioactive phenolic
substances useful for the application of the health claim
(Bellumori et al., 2019).

EVOO quality is closely related to the extraction process
(Di Giovacchino et al., 2002; Fregapane & Salvador, 2013;
Guerrini et al., 2017). Extraction consists of crushing olives
to a paste, which is malaxated and centrifuged, resulting in
an oily must (oil that contains small amounts of residual
vegetative water and impurities). The must requires further
cleaning, which is performed by washing the oil in a vertical
centrifuge (Masella et al., 2009).

EVOO producers aim to guarantee that product quality
remains stable over time. Typical operations to achieve this
include vertical centrifugation and filtration. Filtration, when
applied, is an efficient way to completely remove water in
emulsion and solids in suspension; together with other oper-
ations, it transforms the appearance of the oil from veiled to
limpid (Fortini et al., 2016; Fregapane et al., 2006; Guerrini
et al., 2020a, b).

Olive paste is kneaded during malaxation to increase
extractability, before oil is separated from the pomace with
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a decanter centrifuge (Inarejos-Garcia et al., 2011; Trapani
et al., 2017) in consecutive steps: horizontal centrifugation
separates the water and pomace, while vertical centrifuga-
tion clarifies the oil by removing part of the suspended solids
and water (Guerrini et al., 2018).

The current standard method used to finish and clarify
the oil is vertical or disc centrifugation at 5000-7000 rpm
(Baccioni & Peri, 2014). This method is preferred because it
has high operating capacity and requires a limited workforce.
However, several studies have established that using a verti-
cal centrifuge after decanting allows oxygen to dissolve into
the olive oil. The increase in dissolved oxygen is reflected
in a worsening of the oxidative state, measured as a signifi-
cant increase in the peroxide value. Oxidation shortens the
product’s shelf-life, due to a decrease in antioxidant com-
pounds and biophenols and an increase in oxidation-related
parameters—moreover, it can compromise EVOO quality due
to the presence of the rancid defect (Masella et al., 2009;
Rodis et al., 2002; EFSA Panel on Dietetic Products and
Allergies, 2011).

Oxidative stability is an important indicator of EVOO
quality and its shelf-life (Hamilton & Allen, 1994; Silva
et al., 2001). Low molecular weight, off-flavor compounds
are produced during oxidation, which can make the oil less
acceptable (or even unacceptable) to consumers, or unsuit-
able for industrial use as a food ingredient (Choe & Min,
2006). Autoxidation of food lipids affects molecules with
one or more allyl groups, via a free-radical mechanism, and,
once degradation begins, reactions with the formed hydrop-
eroxides significantly increase the number of volatile oxygen-
ated compounds (Choe & Min, 2006). As EVOO is mainly
composed of unsaturated fatty acids, rancidity can occur dur-
ing storage. The rancid attribute is a widely studied sensory
defect. It is due to lipid auto-oxidation molecules, generally
heptane, E-2-heptenal, 2,4-heptadienal, 2-heptanol, nona-
nal, 2,4-nonadienal, and decanal volatile compounds (Kalua
et al., 2007; Morales et al., 2005). Finally, it is well-known
that EVOO antioxidant phenolic compounds (notably secoiri-
doids) are able to slow down the formation of the rancid
defect (Angerosa et al., 2004).

Recent decades have seen the development of many
effective and innovative technologies for EVOO extraction
(Clodoveo, 2013). Various solutions have been proposed to
remove dissolved oxygen from the oil. One example is the
rapid removal of oxygen using a nitrogen stripping tech-
nique (Guerrini et al., 2018). Another example in the food
industry is the use of centrifuges with inert technical gases.
However, these techniques are not widely used in EVOO
production, due to the cost, and cost is the reason why the
olive oil industry uses open centrifuges, in which the oil is in
continuous contact with the air. Given these issues, we have
tested a system that can be added to the centrifuges that are
already used in the olive oil industry. The system reduces

the oxidative impact through the release of a technical gas
inside the separator, and consequently delays the oxidation.

This system could protect EVOO quality during the two
centrifugations, which increase both the shelf-life of the oil,
and the period during which it can be marketed as extra vir-
gin. It aims to avoid or reduce the addition of dissolved oxy-
gen to the EVOO, reducing the oxidation of phenolic com-
pounds and unsaturated fatty acids present in the product,
thus delaying the potential appearance of the rancid defect,
causing it to downgrade. As the device can be installed on
open vertical separators, there is no need to replace machines
currently in use, and existing open equipment is able to per-
form as well as the closed separators already on the market.

This study reports the results of tests of the performance
of the system, at different gas flow rates.

Materials and Methods

The Gas Injection Device, Design,
and Implementation

A device was designed and built to simulate a real industrial
process. The device, which allows the introduction of a tech-
nical gas, can be added to most existing centrifuges as an
accessory. The gas selected for the experimental trials was
nitrogen. Nitrogen (N,) is widely used, pure or mixed, to
preserve industrial food products. The principal mechanism
is the replacement of O, in the headspace (Mannheim &
Soffer, 1996). N, is available in cylinders or can be produced
directly by the company. The device, reported in Fig. 1, con-
sists of the following:

e A system that seals the rotation chamber of the centrifuge

e A 3-way connection for the introduction of water, the
olive oil to be treated, and the technical gas

e Appropriate systems for measuring and regulating the
flow rates of the three fluids

The apparatus can modulate the entry of the three work-
ing elements to the centrifuge—in particular, oil coming from
the decanter, water (necessary for correct operation), and the
technical gas used to prevent contact between the oil and the
air—and thus reduce the concentration of dissolved oxygen.

Olives

Olive (Olea europaea) cultivar Frantoio were manually
picked in Tavarnelle Val di Pesa (Firenze, Italy, approx.
43°33"N/11° 10" E) in early November 2020. Fruits were
in good sanitary/physical condition (assessed by visual
inspection by company technicians), with no signs of
insect or pest infestation, or mechanical damage. The
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Fig. 1 The gas injection device
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ripening index was assessed as 4 (Uceda & Frias, 1975),
the exterior color of the skin was consistently almost
entirely purple or black, while the flesh was white.

Experimental Conditions

The pilot device was tested in experiments carried out in
an industrial-scale olive oil extraction plant. The experi-
ment tested different N, flow rates, directly into the verti-
cal centrifuge. Trials were conducted in November 2020
at Tavarnelle Val di Pesa, Firenze (Italy). A homogeneous
batch of 3000 kg of Frantoio cultivar was split into sub-
batches, in order to test four levels of gas injection in three
replicates.

Olives were de-leafed, washed, and milled with a con-
tinuous crusher (theoretical capability 2500 kg/h) composed
of a hummer/blade crusher working at 2800 rpm, followed
by a 4000 kg/h malaxer (MORI-TEM srl Via Leonardo da
Vinci 59, 50028 Barberino Tavarnelle (FI), Italy). The paste
obtained was first malaxed for 20 min at 25 °C, and then
sent, at a flow rate of 1800 kg/h, to a two-phase horizon-
tal centrifuge which separated the oil from the water and
pomace at a rate of 750 kg/h, and a liquid/ liquid vertical
centrifuge with a capability of 1500/1800 kg/h. The oily
must was cleaned by a vertical centrifuge operating at 6500
rpm, fed with 15 L tap water/h.

Four levels of N, were tested: a control level (no N, injec-
tion); low (20 L/min), medium (40 L/min), and maximum
(80 L/min). All trials were performed in triplicate, making a
total of 12 samples. After gas injection, the oxygen concen-
tration was measured. Control samples were also monitored.

Finally, the oil that was produced was immediately fil-
tered using a filter press.

@ Springer

Olive Oil Analysis

Oil samples obtained from trials were analyzed for several
parameters.

Dissolved oxygen concentration (mg/L) was measured at
the same olive oil temperature (20 °C) by a portable oxy-
gen analyzer model InPro 6850i (Mettler-Toledo S.p.A,
Italy) and with calibration of the instrument with reference
to the atmospheric pressure before each new measurement
(Masella et al., 2009).

Turbidity was measured in nephelometric turbidity units
(NTU), using a Hach Model 2100 turbidimeter (Hach, Love-
land, CO). About 25 g of sample oil was taken from a bottle
that had been shaken for 1 min, and put in a standard clean
glass vessel, which was then inserted into the closed ves-
sel chamber of the turbidimeter. Turbidity was measured at
equilibrium after approximately 1 min.

Water content (% w/w) was calculated by weighing the
difference after 10 g of olive oil was dried for 24 h at 105
°C. The effects of the treatment were evaluated immediately
post-production, and after 6 months of storage. For shelf-
life tests, each oil pair was sampled in triplicate, stored in a
separate dark can, at room temperature in the dark.

Free fatty acids (% oleic acid), peroxide value (meq O, per
kg of oil), and UV spectroscopic indices (K232, K268, and AK)
according to official methods (EC, 2008) have been determined.

Biophenolic fractions were extracted and identified
following the International Olive Council (IOC) official
method (International Olive Council, 2017). Phenolic
compounds were extracted using a methanol:water 80:20
(v/v) solution. HPLC analysis was performed using a HP
1100 coupled with both a DAD and MS detector, the latter
equipped with an HP1100 MSD API-electrospray interface
(Agilent Technologies, Palo Alto, CA, USA). A Poroshell
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120 EC-C18 column (150 mm X 3.0 mm id, 2.7-pm parti-
cle size; Agilent Technologies, Palo Alto, CA, USA) was
used for separation. According to the official method, ace-
tonitrile, H,O, and methanol were adopted as elution sol-
vents following the elution gradient described by the IOC.
The chromatogram was recorded at 280 nm, using syringic
acid as internal standard, while the phenolic concentration
was expressed as mg kg~! of tyrosol.

Identification and quantification of VOCs were per-
formed by headspace solid-phase microextraction cou-
pled with gas chromatography-mass spectrometry
(HS—-SPME-GC-MS) using the multiple internal standard
method, as described by Fortini et al. (2017).

Analyses involved weighing 4.3 g of an oil sample and 0.1
g of an internal standard (ISTD mix) into 20-mL screw cap
vials fitted with a PTFE/silicone septum. After 5-min equi-
librium at 60 °C, a SPME fiber (50/30 um DVB/CAR/PDMS,
Supelco, St. Louis, USA) was exposed for 20 min in the vial
headspace under orbital shaking (500 rpm). Then, the fiber
was immediately desorbed for 2 min in a gas chromatograph
injection port operating in splitless mode at 260 °C.

Compounds were identified and quantified (mg/kg) by
comparison of their mass spectra and retention times with
those of the ISTD mix, consisting of the following 11 com-
pounds: 3,4-dimethylphenol, 4-methyl-2-pentanol, hexa-
noic acid-d11, 1-butanol-d10, ethyl acetate-d8, toluene-d8,
ethyl hexanoate-d11, acetic acid 2,2,2-d3, 6-chloro-2-
hexanone, 3-octanone, and trimethyl acetaldehyde. The
same amount of ISTD mix was added to calibration scales
to normalize each analyte concentration of the calibration
curve to that of the respective ISTD mix.

GM-MS identification of VOCs was performed using a
Trace CG-MS Thermo Fisher Scientific, equipped with a
ZB-FFAP capillary column (Zebron) 30 m X 0.25 mm ID,
0.25 pum df. The temperature of the column was controlled
as follows: 36 °C for 10 min, increase to 156 °C at 4 °C per
min, increase to 260 °C at 10 °C per min, decrease to 250
°C at 10 °C per min, with a hold time of 2 min. Helium
was used as the carrier gas at a constant flow of 0.8 mL/
min. The temperature of both the ion source and transfer
line was 250 °C. The mass detector operated in scan mode
within a 30-330 Th mass range at 1500 Th s~! with an
ionization energy of 70 eV.

VOC quantification was carried out by comparing each
mass spectra and retention time with those of injected
authentic standards. The stock external standard mix con-
tained 71 analytes in refined oil, which was previously veri-
fied to be free of any interferent. The analytes and their con-
centration ranges were chosen based on previous works on
Italian virgin olive oils.

Sensory Analysis

Sensory evaluation of EVOO samples was performed by a
panel of eight assessors, who had been trained according
to the IOC’s method for organoleptic assessment, which is
described in EEC regulations (EC, 2008). Sensory evalua-
tion was performed in three separate sessions, and samples
were randomized between assessors.

Statistical Analysis

A two-way ANOVA tested for significant differences
between the samples treated (or not) with N,, at three injec-
tion rates, and two storage times. The significance level was
set to p < 0.05. The post hoc Tukey HSD test was applied
to assess differences among means, where appropriate. All
statistical analyses were performed using the R software
package (version 3.6.2).

Results and Discussion

A device that enables the injection of a technical gas dur-
ing EVOO centrifugation was tested in an industrial plant,
in order to demonstrate its applicability and establish the
effects of this system on EVOO quality.

Physical and Chemical Characterization of Samples

All olive oil samples were immediately characterized in
order to evaluate the initial effects of the device. As reported
in Table 1, dissolved oxygen was the first parameter to be
monitored in the produced EVOO, with and without treat-
ment. As expected, we found a significant difference between
treatments. There was a decrease in the concentration of

Table 1 Mean and standard

i . Gas flow rate  Dissolved oxygen (mg/L.) Water content (%w/w) Turbidity (NTU)
deviation of the chemical
parameters of sampled oils Untreated 507 + 051 a 022 =+ 007 a 111722 =+ 8637 a
20 L/min 347 £ 025 b 012 + 010 a 106378 + 29.55 ab
40 L/min 267 = 006 ¢ 019 =+ 002 a 91922 + 10387 b
80 L/min 080 <+ 010 d 020 =+ 0.01 a 55522 + 61.62 c

Letters (a, b, ¢, d) indicate significant differences

p<0.05
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o dissolved oxygen as a function of the increase in gas flow
S| 2 2 2 2 2 rate. It was particularly important to monitor this parameter
- - o to validate the proposed solution, notably because control-
= = 2 ling the concentration of dissolved oxygen can limit oxida-
tive damage to the EVOO. Turbidity fell from 1117.2 + 86
o & y
el 2 4 4 = NTU to 555.2 + 62 NTU, and mean moisture was 0.20 +
- u o - 0.03. These results are consistent with the literature (Breschi
Q LA NS 3 et al., 2019; Guerrini et al., 2020a, b). The trend observed
= | ST T was that the turbidity decreased in relation to the addition on
Els 2 & 8§ & the inert gas. This result is confirmed by a patented solution
= | S o N 5 Lo -
S - - = reported in scientific paper (Lozano-Séanchez et al., 2010),
o s ° = - which have demonstrated that adding a constant flow of inert
R § g = o gas directly to the center of the olive oil mass generates a
E H HaH M circular movement of the oil mass which facilitates the pre-
2| % PR = cipitation of suspended solids (Lozano-Séanchez et al., 2010).
— — [ . . .
g « 3 The ANOVA found significant differences between the
o s ® = 2 following: samples treated with gas and control samples;
el S [ .
b R = samples treated at different gas flow rates; and between the
£l 4 HoH A H two storage times. The interaction between the two tested
(=)} 0 AN O [
E 3 Z a3 o variables (gas treatment and storage time) did not affect the
— — < . .
& @ chemical parameters reported in Table 2. On the other hand,
o S o = main effects were observed for each of the two variables.
2 = ffect b d f h of the t bl
g § § § § 5 The analysis found that decarboxymethyl oleuropein agly-
E H H oH H H cone dialdehyde (3,4-DHPEA-EDA) was the most abundant
“ E @ RN S biophenol (roughly 35% of total biophenols); together with
=z A oleuropein aglycone dialdehyde (3,4-DHPEA-EA), it is the
< 8 8 o S major contributor to olive oil oxidative stability (Servili
§. E § % g et al., 2014; Veneziani et al., 2017). The results showed that
£ H H H H + its concentration was very sensitive to the gas injection, not
o © <t O 0 A
E § NN § only when comparing treated and control samples, but also
8 @ between samples treated at different gas flow rates. This trend
- o 2 o = remained after 6 months of storage. Average 3,4-DHPEA-
g e E EDA content of untreated oil (i.e., samples that were fil-
= | % T35 Y tered directly after separation with no N, addition) was 25
E A 2 &8 bt mg/kg, compared to a mean total of 67 mg/kg for samples
g | 3 treated with N,. Concentrations increased as a function of
the increase in N, flow rate, reaching a maximum of about
o .
= 2 e: © 88 mg/kg at 80 L/min.
2 2 a3 a The ligstroside derivative p-HPEA-EDA followed the same
E ;' ;' .t' A M trend. Concentrations increased as the N, flow rate increased
N <+ = Q 8 and ranged from a minimum of 33.8 mg/kg (at 20 L/min) to
o “ 5 a maximum of 51 mg/kg (at 80 L/min). The lowest value was
© o « o - %’ found for the control sample, as reported in Table 2. Agly-
~— D <t o o© — .. .
S| < o o I o = cone secoiridoids such as 3,4-DHPEA-EDA, p-HPEA-EDA
2| o S & = S g i ’ ’
§ H H oH OH + § p-HPEA-EA, and 3,4-DHPEA-EA appear during crushing
[\ = . . . .
£ ﬁ E E § o ) due to the hydrolysis of oleuropein, dimethyl-oleuropein, and
gz & ° ligstroside. The experiment found that the content of oleuro-
= g g B . = pein, ligstroside, and their derivatives was proportional to the
53 S8 £ 3 g e . . . . ..
= S 2o _ Sz g = E intensity of bitterness and pungency. Statistically significant
= =0 = £ = . .
g FTE TR E 2 :f % differences were found for total biophenols (p = 0.001), as a
o ) = L o <« v . .. . .
= 23S =288 5|22 function of the addition of N,. In particular, biophenol con-
~ = - a2 . . . .
= g g E Eﬂ B E 2 =588 3 centration increased in treated samples, and as a function of
K FPESI"FEH R0 the increase in gas flow rate.
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The result confirms that the modified vertical centri-

B . fuge can modulate olive oil characteristics, especially com-
Cf = pounds related to sensorial characteristics, such as phenols,
" as reported in different studies (Funes et al., 2018; Masella
1= et al., 2009). Earlier work has demonstrated that varying the
oxygen concentration during processing could be a strategy
2 |O | &

to optimize the phenolic concentration in EVOO. In several
operative situations, oxygen can be regulated during mal-
axation either by treatment with inert gases, or using the
CO, that is naturally produced by the olive paste (Clodoveo,
2012). Inert gases like N, and Ar have been used with sealed
malaxers to increase antioxidant activity and extend the shelf-
life of EVOO (Vierhuis et al., 2001), while other studies have
found that the sterol and fatty acid composition of oil was not
affected by N, application (Yorulmaz et al., 2011).

It has been demonstrated that oleuropein, demethylole-
uropein, and ligstroside derivatives are very sensitive to the
oxygen concentration during malaxation (Migliorini et al.,
2006). The latter result is in agreement with Masella et al.
(2011), who confirmed that reduced oxygen concentrations
produced oils that were characterized by less oxidation and
greater antioxidant concentration.

A clear trend was observed for the peroxide number,

40 L\min 80 L\min
040+ 0.16 a 034 +0.17a

20 L\min
0.36 +0.08 a

el = which was influenced by both the gas treatment and storage
E 2 time. This parameter played a key role in the differences
g observed (F related to storage time = 350.7, compared to F
) é S related to the gas treatment = about 7.9). While, in general,
it increased over time, the rate of increase was slower in
N treated samples, especially samples treated at higher flow
s b rates. This result was very interesting and was confirmed by
gl the trend observed for the concentration of antioxidant com-
; 2 pounds. It demonstrates the effectiveness of the treatment in
not only increasing the concentration of positive compounds,
5 but also during storage. Compound concentrations did not
= :;— decrease, and the resulting oil had less oxidative damage
E|lH than control samples.
é p Some compound concentrations were only affected by
¥ storage time. Specifically, concentrations of oleuropein,
= decarboxymethyl oleuropein aglycone oxidized dialde-
< | 3 hyde, and oleuropein aglycone, aldehyde and hydroxylic,
E H 8 decreased as a function of storage time. This decrease was
é i presumably due to their hydrolysis, as a correlation with an
“ %: increase in tyrosol and 5-hydroxytyrosol was noted.
g3 = VOC Concentrations as a Function of Gas Treatment
§ Al & and Storage Time
~13(2] ¢
S =1z g The analysis identified a significant increase in some VOCs
é ;i‘ 8 g as a function of the gas treatment and storage time, but no
g Z qé ; & interaction between the two parameters. Several statisti-
i’ § ; % gﬁ § cally significant differences (p < 0.05) were identified in
2 é‘ § g g ;&é the LOX pathway. In particular, Table 3 shows that signifi-
] olal 8 2z - cant differences were found for 1-penten-3-ol, E-2-hexenal,
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Z3-hexen-1-ol, and E2-esenol, and the sum of C5 and C6
compounds, due to the increased gas flow rate during sepa-
ration. In these cases, concentrations were higher in treated
samples, but storage time had no effect. Furthermore, sam-
ples treated at the higher flow rate had higher concentra-
tions of these compounds, which have a positive effect on
perceived aroma and flavor.

The greatest difference was observed for E-2-hexenal. This
compound provides the characteristic “green” note of olive
oil, and is the most abundant C6 aldehyde, representing about
90% of C6 compounds. It is a product of the LOX pathway,
and is inversely related to the degree of oxidation and matu-
rity of VOO (Kalua et al., 2007). Concentrations in control
samples were about 13.8 mg/kg; at the minimum tested level
of gas injection, this increased to 17 mg/kg, and reached a
maximum concentration of 21.6 mg/kg for samples treated at
the highest flow rate (80 L\min). As the odor threshold is 0.25
mg/kg, this compound was clearly perceivable in all samples.
Concentrations for samples treated at 40 L/min were between
the other two levels, at around 18.5 mg/kg. E-2-hexenal is
described as having “green leaves” and “green and sweet”
sensory notes (Aparicio & Luna, 2002), and its low odor
threshold means that it is one of the most important VOCs
in the LOX pathway (Polari et al., 2018), along with several
others that contribute to the fruity attribute.

These results are in good agreement with Tamborrino et al.
(2014), who saturated the malaxer with N,, and injected air
continuously into the olive paste. The latter study also observed
an increase in E-2-hexenal and Z-3-hexenal compounds.

The experiment did not detect an effect on compounds
defined as unpleasant. Only one significant difference was
found (for decanal), and the observed trend was in the
opposite direction. The highest concentration was found for
control samples, while there was no difference for treated
samples (or N, flow rates), and the concentration was lower.

Considering total VOC concentrations from C6 and C5
branches, we found a statistically significant lower concen-
tration in control samples (no N, addition) compared to
treated samples. The gas treatment had a significant effect
on fruity compound concentrations, especially for C6 com-
pounds, and the analysis found that 80 L/min was the value
that has generate major increment, thus to the highest flow
rate.

Another interesting result relates to compounds that are
perceived as unpleasant. Here, no significant differences
were found as a function of the gas treatment. Overall con-
centrations were very low with respect to positive attributes,
and were stable independent of the operative condition.

Finally, a few compounds were influenced by the stor-
age time. Heptanal and 2-heptanol concentrations, in

Table 4 Mean and standard deviation for sensory attribute scores for the different treatments (G) for the two storage times (T1 and T2)

T1 T2

p

No treatment 20 L\min 40 L\min 80 L\min No treatment 20 L\min 40 L\min 80 L\min G T GxT

3.92 4.64 5.00 5.14 3.83
Fruity + + + + +
0.34 0.59 0.42 0.65 0.76
b ab ab a b
3.96 4.12 4.69 5.57 4.25
Bitterness + + + + +
0.66 0.67 0.62 0.64 1.09
c be b a cb
4.54 4.55 5.45 5.95 6.00
Pungency + + + + +
0.56 0.59 0.72 0.74 0.87
b b ab a ab
Fusty ns ns ns ns ns
1.16
Rancid ns ns ns ns +
0.57

4.83 5.33 5.67
+ + + 0.00 ns ns
0.76 0.58 0.29
ab a a
5.33 4.67 5.67
+ + + 0.00 ns ns
1.44 1.04 0.76
ab ab a
6.50 5.67 6.08
+ + + 0.00 0.00 0.00
0.50 0.58 0.88
a ab a
ns ns ns ns ns ns
ns ns ns 0.00 0.00 0.00

Letters (a, b) indicate significant differences
ns not significant
p <0.05

@ Springer



Food and Bioprocess Technology (2022) 15:2456-2467

2465

particular 1-hexanol, fell during storage, independent of
the gas treatment. This compound is related to green notes.

Sensory Analysis as a Function of Gas Treatment
and Storage Time

A sensory test was run to assess whether the observed increase
in concentrations (especially of compounds associated with
positive notes) was perceptible to the consumer. Here, the
aim was to understand if our proposed solution could increase
(desirable) perceptions of green notes, and, more importantly,
avoid the appearance of rancidity. Table 4 reports the inten-
sity of the main descriptors. Overall, judges were unable to
detect any sensory defects in any of the samples. The sensory
evaluation found a value of O for all defect attributes (except
one sample), and values greater than O for fruity attributes.

The N, treatments influenced the perception of fruity
and bitterness. Table 4 shows that for these two attributes,
control samples (independent of storage time) were per-
ceived as less bitter and less fruity, while samples treated
at the maximum flow rate were perceived as more fruity
and more bitter. This result confirms the trend observed
in the VOC analysis. The mean fruity intensity registered
for samples treated at high N, levels was 5.4, compared
to 3.85 for the other samples (on a 10-point scale). Here
again, 40 L/min was the critical flow rate that induced
a change in fruity perception. Increased bitterness was
detected not only for treated samples compared to con-
trol samples, but also between treatments. An interaction
between gas treatment and storage time was found for the
pungent attribute; intensity increased both in the treatment
condition, and after storage.

These sensory results confirm the chemical analyses.
Samples treated with N, had higher concentrations of sev-
eral biophenolic compounds, and bitterness and pungency
are mainly related to the quali-quantitative presence of phe-
nolic compounds in EVOO (Genovese et al., 2020). A strong
correlation between secoiridoid concentration and bitterness
and pungency has been observed in previous studies (Garcia
et al., 2001; Tovar et al., 2001). Furthermore, Andrewes
et al. (2003) reported that bitterness is likely to be a com-
mon feature of the majority of VOO phenols, but that the
key source of pungency is probably p-HPEA-EDA. These
results confirm these earlier findings, as we found higher
concentrations of these compounds in samples perceived as
more bitter and more pungent.

Results for the negative rancid attribute were different.
Rancid was only perceived by the panelists for the control
sample after 6 months of storage. An interaction was found
between storage time and gas treatment, reflected in the
appearance of this negative attribute. The presence of this
attribute compromised the oil’s quality, and, consequently,
its product class.

Conclusions

This study reports the results of an evaluation of one sys-
tem to consistently reduce the addition of oxygen dissolved
in olive oil during the production process. The aim was to
create an apparatus that makes it possible to obtain an
olive oil that has a longer shelf-life than the oils currently
on the market, and, therefore, to increase the period during
which it can be marketed as EVOO. This device can be
easily adapted to the industrial scale and has been shown
to be technically feasible. The system has been tested with
different flow rate configurations and N, dosage.

This experiment demonstrates that the objectives can
be achieved. The EVOO produced using this system had
lower dissolved oxygen content with N, injection, and the
turbidity value lower at the maximum gas dosage, along
with an enriched volatile fraction, and higher biophenol
concentrations. The chemical analyses were confirmed by
a sensory analysis, with an increase in fruity intensity and
bitter taste.

Concerning storage time, after 6 months of storage,
treated samples had high biophenol content, specifically
secoiridoid derivatives. Storage also affected a few other
compounds, including oleuropein, and some volatile com-
pounds. There was an important interaction between the
gas treatment and storage time, observed by the sensory
test. Notably, the rancid defect was detected in the control
sample after 6 months of storage. This result demonstrates
that the application of an inert gas during the separation
stage could support the development of positive notes and
mitigate the appearance of defects.

This innovative device can be easily configured to pro-
duce EVOO with specific characteristics that are a func-
tion of operational conditions, and with better, more diverse
chemical and organoleptic characteristics.
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