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The characteristic resistance to oxidation of virgin olive oil is related to its unique fatty
acid composition in addition to several minor components that have antioxidant pro-
perties. Among the latter, phenols are the most important. Several factors can
influence the chemical or enzymatic oxidative processes that extend or shorten the
shelf-life of olive oil. Furthermore, the amount of phenolic compounds extracted
during production is fundamental for the oxidative and nutritional quality of the oil. In
fact, it is well known that different steps used for preparation of virgin olive oil may
determine differences in the quantities of phenol. At present, various analytical
methods are available to analyze the hydrophilic components, including spectropho-
tometric assays (traditional) and high resolution chromatographic techniques (HRGC,
HPLC, HPCE). In this review we summarize these different methodologies and
demonstrate that the amount of phenolic compounds in virgin olive oil as determined
by both traditional and high resolution techniques can be influenced by different fac-
tors including the olive cultivar and degree of ripeness, as well as by production and
extraction technologies.
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1 Introduction

1.1 A short history of the qualitative/quantitative
determination of phenolic compounds in
virgin olive oil

In 1906 Canzoneri [1] was the first researcher to demon-
strate the presence of phenolic compounds in virgin olive
oil (VOO), although the first qualitative/quantitative study
was carried out by Cantarelli and Montedoro more than
forty years ago [2–3]. Many different methods have been
applied to determine the qualitative/quantitative content of
phenolic compounds. For routine determination and legal
purposes (European Protected Origin Denomination)
spectrophotometric assays have been widely used. At
present however, both traditional and high-resolution
techniques are applied for determination of the qualitative/
quantitative phenolic profile. The first high-resolution tech-
nique used was HRGC [4–6], followed by HPLC [6–12]
andmore recently HPCE [12–16].

1.2 Influence of phenolic content on the oxidative
stability of VOO

The oxidative quality of VOO depends primarily on the
characteristic fatty acid composition (mainly monounsatu-
rated) and on the presence of minor components having a
marked antioxidant activity, namely phenolic compounds,
improperly referred to as polyphenols. These molecules,
extremely characteristic of unrefined olive oil, are also
valuable for their functional, biological, and nutritional
roles [17–19].

VOO contains different groups of phenolic compounds
including derivatives of benzoic (e.g. vanillic acid) and cin-
namic (e.g. caffeic and p-coumaric acids) acids, phenyl
ethyl alcohol such as tyrosol and hydroxytyrosol, flavones
like apigenin and luteolin, lignans such as (+)-pinoresinol
and (+)-1-acetoxypinoresinol, and secoiridoids including
oleuropein and ligstroside derivatives. Among these, the
phenolic components belonging to the class of secoiri-
doids are characteristic of olives and VOO of Olea eur-
opeae L. Oleuropein aglycone and its derivatives (o-
diphenols) are present in high quantities in fresh olive oil
and have a demonstrated antiradical activity [14].
Through chain breaking and radical scavenger mechan-
isms, these molecules can play an important role in
extending the VOO shelf-life by slowing down the induc-
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tion step of the oxidative process. The amount and com-
position of the phenolic fraction is related to the olive culti-
var [20–26], the agricultural method [27–29], the degree
of ripening [21–23, 25, 30–31], and the extraction tech-
nology [32–37]. In particular, the evaluation of technologi-
cal variables is of great interest in order to maximize the
phenolic content in VOO. These compounds are naturally
present in large amounts in olives and are very important
for preserving the oil from oxidation. Modification and
degradation of the phenolic fraction can occur when the
oil is extracted and then separated from the aqueous frac-
tion, altering the shelf-life of the product.

1.3 Influence of agricultural parameters on the
oxidative stability of VOO

The agricultural factors that affect the oxidative stability of
VOO can be classified into three major groups: environ-
mental (soil, climate), agronomic (olive cultivar, irrigation,
fertilization), and cultivation (harvesting, ripeness). While
pedoclimatic conditions cannot be controlled, agronomic
and cultivation factors, however, depend on human
choices. In fact, the olive cultivar influences both the fatty
acid composition, and in particular the ratio of oleic to lino-
leic acid (C18:1/C18:2), the triglyceride profile, and the
phenolic content [20–27]. Irrigation, a factor that has
been adequately studied, can produce a decrease in the
oxidative stability of VOO due to a simultaneous reduction
in the oleic acid and phenolic content [27–29]. Ripening
has been studied by several authors [21–23, 25, 30–31]
and can produce several changes in the chemical compo-
sition of fruit with significant influences on the properties
and quality of the extracted oils. Studies conducted on the
changes in phenolic substances during ripening have indi-
cated that the concentration of phenolic components pro-
gressively increases, reaching a maximum level at the
“half pigmentation” stage and then decreases sharply as
ripening progresses [21–23, 25, 30–31].

1.4 Influence of technological extraction
processes on the oxidative stability of VOO

The technological operations related to olive oil extraction,
include preliminary steps (leaf and soil removal, washing),
followed by crushing, malaxation, separation of the oil
(and water) from olive paste, and final separation of the
virgin oil from the residual water [4]. The extraction of the
oil from paste can be carried out by pressing (the oldest
system), centrifugation (the most widespread continuous
system), or percolation (a method, infrequently used,
based on the different surface tensions of the liquid
phases in the paste). Olive crushing is a fundamental step
during which olive breakage determines the release of oil.
Crushing can be achieved by granite millstones (from two
to six) or by metal crushers (mobile or fixed hammers,
toothed discs, cones, or rollers) that are more commonly

used on-line in conjunction with continuous centrifugation
systems. The two methods differ in the length of crushing
time (around 20–30 min for the granite millstones com-
pared to a few seconds for metallic crushers), type of
crushing action (more violent for metal crushers), and
working capacity (lower for the granite millstones). All
these parameters affect the characteristics of the pastes
and the final oils [32]. The following step is malaxation,
which maximizes the amount of oil to be extracted from
the paste by breaking up the oil/water emulsion and form-
ing larger oil droplets. The efficiency of this operation
depends on the time and temperature used. Finally, the
liquid and solid phases are separated by pressing, perco-
lation, or centrifugation. The latter can be carried out using
a two-phase (no addition of lukewarm water) or a three-
phase centrifugation system (requiring the addition of
lukewarm water, where the water can also be recycled).
Moreover, in the last few years, small-scale and inexpen-
sive mills are becoming increasingly widespread, espe-
cially in Italy, due to their suitability for processing small
quantities of typical oils.

2 Experimental survey

2.1 Varietal characterization of VOOs based on
minor components with phenolic
structure [38]

Twelve VOO samples, obtained from seven olive cultivars
(Bosana, Carolea, Nocellara del Belice, Pizz’e Carroga,
Semidana, Tonda, and Zinzala cvv.), have been chemi-
cally characterized. The olives came from different orch-
ards located in Sardinia (Italy) and Corsica (France) and
were processed by various continuousmills.

2.2 Effect of the degree of olive ripening on the
oxidative stability of VOO [23]

This study was carried out in an olive orchard of Nostrana
di Brisighella cv. located in the Emilia-Romagna region.
Ten adult 50-year-old olive trees were identified and care-
fully marked. Olive samples were hand-picked at four
different stages of ripeness (RII, RIII, RIIII, RIIV) based on
the degree of skin and pulp pigmentation [39].

2.3 Effect of crushing time and temperature of
malaxation on the oxidative stability of a VOO,
obtained from different industrial processing
systems [34]

The oil samples were from Peranzana cv. (year 2002–
2003), processed by two different technological plants
using pressing and centrifugation (three phase decanter).
In the pressing system the crushing time was fixed (15
and 30 min), while in the centrifugation system the
malaxation temperature was fixed at 25 or 358C. Due to
the climatic conditions, the olives employed had been
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attacked by the olive fruit fly Bactrocera oleae (level of
attack 70%).

2.4 Comparison of oils obtained from both a
continuous industrial plant and a small-scale
mill [36]

Olives from Nostrana di Brisighella and Ghiacciolo cvv.
(year 2002–2003) were processed by a continuous indus-
trial plant (Alfa Laval s.p.a.; Sambuca Val di Pesa-FI, Italy)
and a small-scale mill (Olio Mio Baby 50; Toscana Enolo-
gica Mori, Tavernelle Val di Pesa-FI, Italy). The industrial
plant was equipped with a toothed disc crusher, a horizon-
tal malaxator, and a decanter in the water saving mode
[35], whereas the small-scale mill was equipped with a
hammer crusher, a vertical malaxator, and a two-phase
decanter.

2.5 Effect of addition of citric acid on the oxidative
stability of the unrefined olive oil during
malaxation [37]

An olive oil sample obtained from Colombaia cv. using a
small-scale mill (Oliomio 120, Toscana Enologica Mori,
Tavernelle Val di Pesa-FI, Italy) was processed. The
extraction process was carried out with and without addi-
tion of a saturated solution of citric acid during malaxation.

2.6 Evaluation of oxidative stability by the
oxidative stability instrument

The oxidative stability of the samples was evaluated by an
eight-channel oxidative stability instrument (OSI)
(Omnion, Decatur, IL, USA). The instrument was set at
1108C with an air flow rate of 120 mL min– 1. The OSI was
determined four times for each sample and the mean
value expressed as the OSI time in hours.

2.7 Liquid/liquid extraction of the phenolic
fraction

The phenolic fraction was extracted from oil following the
protocol of Pirisi et al. [11], as modified by Rotondi
et al. [23]. The dry extracts were redissolved in 0.5 mL of
methanol:water (50:50, v:v) and filtered through a 0.2 lm
nylon filter (Whatman Inc., Clifton, NJ, USA) before anal-
ysis by HPLC-DAD/MSD and UV-VIS spectrometry. The
extracts were stored at –188C before use.

2.8 Chromatographic analysis by HPLC-DAD/
MSD

HPLC analysis were carried out in reverse phase by a C18

LunaTM column (5 lm, 25 cm63.00 mm ID; Phenomenex,
Torrance, CA, USA) according to Rotondi et al. [23]. Phe-
nolic compounds were quantified using a calibration curve
made with 3,4-dihydroxyphenylacetic acid (Sigma-Aldrich
Inc., St. Louis, MO, USA) (r 2 = 0.999). The phenolic com-

pounds were grouped into three classes: hydroxytyrosol
and tyrosol for simple phenols (SPs), (+)-pinoresinol and
(+)-1-acetoxypinoresinol for lignans (Ls), and deacet-
oxyoleuropein aglycone, oleuropein aglycone, and ligstro-
side aglycone for secoiridoids (SIDs). The analysis was
repeated three times for each type of extract.

2.9 Spectrophotometric determination of total
phenols

The total phenol (TP) content of the extracts was deter-
mined spectrophotometrically using Folin-Ciocalteau
reagent (Shimadzu Spectrophotometer UV-VIS 1204,
Kyoto, Japan) at 750 nm [33]. Total phenols were quanti-
fied using a gallic acid (Sigma-Aldrich Inc., St. Louis, MO,
USA) calibration curve (r 2 = 0.996). The spectrophoto-
metric analysis was repeated three times for each type of
extract.

2.10 Spectrophotometric determination of
o-diphenols

A 0.5 mL sample of each phenolic extract was dissolved
in 20 mL of methanol:water (1:1, v:v). Next, 4 mL of the
resulting solution was added to 1 mL of a 5% solution of
sodium molybdate dihydrate in ethanol:water (1:1, v:v)
and shaken vigorously. After 15 min, the absorbance at
370 nm was measured using gallic acid for the calibration
curve (r2 = 0.998). The results were expressed in mg gallic
acid/kg oil. The spectrophotometric analysis was
repeated three times for each type of extract.

2.11 Fatty acidmethyl esters analysis by CGC

Fatty acid methyl esters (FAME) from oil samples were
obtained by alkaline treatment with 1 M KOH in methanol.
Gas chromatographic analyses were carried out accord-
ing to Rotondi et al. [23]. The average of four replicate
runs for each sample was calculated.

3 Results
The high stability of VOO towards oxidation is due to
many factors, although the fatty acid composition and
phenolic compound content play a principal role [23, 40].
Technological processes can significantly affect the phe-
nolic content, whereas agricultural choices such as olive
cultivar and harvest period can also modify the fatty acid
composition. At present, all extraction processes can
influence the transfer of phenolic compounds in the oil
phase during crushing, malaxation, and separation. The
use of more violent metallic crushers, compared to a tradi-
tional stone mill, can produce oil with a higher total phenol
content [32]. The phenolic content and the induction time
(e.g. the time necessary to reach the final step of induc-
tion of the oxidative reaction) of VOO are generally
reduced by an increase in the malaxation time [32]. The
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water added during the separation phase can lead to a
loss of phenols present in the final oil [35, 41]. The use of
co-adjuvants results in enhanced incorporation of minor
components (phenols, tocopherols, volatiles, carotenes,
xanthophylls, and chlorophylls) into the oily phase, with a
consequent improvement of analytical parameters related
to typicality, flavor, and shelf-life [42]. However the EC
Commission has prohibited the use of technological co-
adjuvants in olive oil mills [43], since they are difficult to
control and impair both the definition and the overall
image of VOO.

3.1 Varietal characterization of VOOs based on
minor components with phenolic
structure [38]

The fatty acid composition of the oils obtained from differ-
ent olive cultivars has been shown to be different with par-
ticular regard to the ratio of oleic acid to linoleic acid
(C18:1/C18:2), with values within 3.58–7.82. The OSI
time values were highly variable among the samples ana-
lyzed (8.58–30.98). The OSI index is very useful because
it gives a good estimation of the susceptibility of the oil to
oxidative degeneration. An interesting positive Pearson’s
correlation between C18:1/C18:2 ratio and OSI time
(r = 0.71, p a 0.001) in agreement with other reports [23,
31, 40] was found.

The total tocopherol content of the samples can be con-
sidered as medium-high compared to literature data [44–
45] and ranged from 212.3 to 377.5 mg of tocopherols per
kg of oil. A positive Pearson’s correlation between these
values and oxidative stability, expressed in OSI time, was
not found. However, a very good value of Pearson’s corre-
lation (r = 0.87, p a 0.001) was seen between the latter

and the total amount of phenol as determined by a spec-
trophotometric assay. Moreover the spectrophotometric
determination of o-diphenols positively correlated with
OSI.

However, as previously reported by Cerretani et al. [38],
the total tocopherol content together with the phenolic
components determined by spectrophotometric and chro-
matographic methods have been subjected to a discrimi-
native study by principal component statistical analysis
(PCA). The a-tocopherol content, similar to the phenolic
content (both the total phenol amount determined by tradi-
tional assays and the single phenolic components quanti-
fied by HPLC), appeared to depend on the varietal origin
of oils. The total variance observed was 84%. The quali-
quantitative phenolic composition of samples as deter-
mined by HPLC (Table 1 and Figure 1) was important in
order to differentiate the cultivar of oil samples.

3.2 The effect of olive ripening degree on the
oxidative stability of VOO [23]

The phenolic content (TP) of VOO significantly decreased
(47.4% in six weeks) during ripening as demonstrated
(Table 2) by a negative correlation (r 2 = –0.88) between
TP and the ripeness index (RI). The o-diphenol family can
be identified as the main source of the overall antioxidant
activity of extra virgin olive oils [46–48]. Nostrana di Bri-
sighella olive oils showed high initial levels of o-diphenols,
which underwent a significant decrease at the III stage of
olive ripening to a value of 127.47 mg kg–1 of oil. This cor-
responds to a decrease of 60% from the content observed
at the first stage of ripening.

The secoiridoid (SID) content also decreased as ripening
progressed (Figure 2), as shown by the spectrophoto-
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Table 1. Chemical parameters in virgin olive oils produced in Sardinia and Corsica.

s1 s2 s3 s4 s5 s6 s7 s8 S9 s10 s11 s12

Free acidity [%] 0.28e,f) 0.26e,f,g) 0.30d,e,f) 0.38c,d) 0.27e,f) 0.24f,g) 0.48b) 0.42b,c) 0.34d,e) 0.27e,f,g) 0.20g) 1.34a)

POV [meqO2/kg] 4.94d,e) 3.91d,e) 5.43d,e) 9.41b) 5.27d,e) 6.56c,d) 9.52b) 16.15a) 9.33b,c) 9.36b) 13.85a) 3.28e)

C18:1/C18:2 7.15b) 7.82a) 6.44c) 6.39c) 4.62f) 4.48f) 4.36f) 3.58g) 5.84d,e) 7.79a) 6.20c,d) 5.63e)

OSI Time [h] 22.85d) 29.05b) 26.60c) 17.55f) 14.98g) 20.81e) 15.48g) 12.66h) 21.45e) 30.98a) 14.84g) 8.58i)

TP spectr1) 441.22a) 444.26a) 418.66a) 293.28c,d) 398.41a,b) 286.23c,d) 249.23d) 117.70e) 323.58b,c,d) 359.26a,b,c) 108.51e) 136.88e)

o-diph1) 149.09d) 177.13a) 164.12b) 84.941) 152.65c) 104.83h) 119.93g) 51.24m 92.36i) 136.47e) 50.72m 123.18f)

SPs2) 16.00d,e,f) 17.10d,e,f) 28.08b,c) 11.24f) 14.25e,f) 28.64b,c) 25.27c,d) 22.33c,d,e) 44.90a) 23.30c,d,e) 9.52f) 35.82a,b)

SIDs2) 84.63d,e,f) 91.83d,e,f) 28.27f) 124.70b,c,d,e) 162.87b,c,d) 216.14b) 98.85d,e,f) 207.41b,c) 446.08a) 209.17b,c) 61.27e,f) 116.58c,d,e,f)

Ls2) 23.41e,f) 60.24c,d) 21.41e,f) 36.80c,d,e,f) 54.97c,d,e) 113.63b) 25.71d,e,f) 63.88c) 204.86a) 52.97c,d,e) 13.83f) 52.75c,d,e)

TP HPLC2) 124.04d,e) 169.16c,d,e) 77.75e) 172.75c,d,e) 232.08b,c,d) 358.41b) 149.83d,e) 293.61b,c) 695.84a) 285.44b,c) 84.62e) 205.15c,d,e)

POV, peroxide values; OSI, oxidative stability index; TP spectr, total phenols determined by spectrophotometry; o-diph, o-diphenols determined by
spectrophotometry; SPs, simple phenols analyzed by HPLC; SIDs, secoiridoid derivates (HPLC); Ls, lignan derivates (HPLC); TP HPLC, total phe-
nols (HPLC). For the description of samples see Table 6. a-b)Different letters in the same row indicate significantly different values (HSD Tukey’s
test, pa0.05). 1) mg of gallic acid/kg of oil; 2) mg of 3,4-dihydroxyphenylacetic acid/kg of oil. Olive oil samples were produced by different olive culti-
vars: s1, s2, s3 and s4 were from Bosana cv. (with olives grown in Sassari, in the same area but destoned before oil production, in Alghero, and in
Cuglieri-OR respectively); s5 and s6 were from Semidana cv. (with olives grown in Seneghe-OR and Narbolia-OR respectively); s7 and s8 were
from Tonda cv. (with olives grown in Seneghe-OR and Dolianova-CA respectively); s9 is from Nocellara del Belice cv. (with olives grown in
Cuglieri-OR); s10 is from Carolea cv. (with olives grown in Cuglieri-OR); s11 is from Pizz’� Carroga cv. (with olives grown in Dolianova-CA) and
finally s12 is from Zinzala cv. (with olives grown in Bonifacio-Corsica).
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metric values found in the evaluation of TP and o-diphe-
nols (Table 2). Moreover, the trend in the content of SID
showed a high positive correlation with the OSI time
values (r 2 = 0.95) and at the same time also demonstrated
an negative correlation with the RI (r 2 = –0.92) (see
Table 2). The levels of Ls did not show significant differ-
ences during the ripening stage (Figure 2). Regarding the
amount of simple phenols (SPs), the highest value was
found in samples taken at the second harvest.

Additionally, the OSI has been applied to oil samples in
order to evaluate the sensitivity to oxidative phenomena.
Several authors found a clear correlation between the
phenol content and the OSI time [21, 26, 40, 49]. The high
levels of phenols that protect extracted oils from oxidation
during storage is characteristic of Nostrana di Brisighella
olives. Nostrana di Brisighella oils obtained from olives
harvested at the first RI, corresponding to an RII = 2.3,
show the highest stability of any of the oils tested in this
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Figure 1. HPLC chromatograms of extracts from virgin olive oils obtained from several olive cvv. (see Table 1 for sample descrip-
tion). Peak identification: 1, hydroxytyrosol; 2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 4, (+)-1-acetoxypinoresinol, 5,
oleuropein aglycone, 6, ligstroside aglycone. Detection was at 280 nm.

Table 2. Chemical parameters determined in oils of Nostrana di Brisighella extracted from olives at different indexes of ripe-
ness [23].

I II III IV

Harvest date 10-22-2002 11-07-2002 11-19-2002 12-03-2002

Ripeness index 2.38 4.21 4.86 5.11

Free acidity [%] 0.19b) 0.26a) 0.26a) 0.27a)

POV [meqO2/kg] 6.03b) 7.39a,b) 7.94a) 6.22b)

C18:1/C18:2 19.66a) 14.54b) 13.45c) 13.33c)

OSI time [h] 47.09a) 43.10b) 38.43c) 35.30d)

TP spectr1) 441.43a) 379.51b) 277.43c) 209.57d)

o-diph1) 212.19a) 228.06a) 153.50b) 127.47c)

SPs2) 17.6c) 41.46a) 29.62b) 30.82b)

SIDs2) 191.79a) 132.25b) 113.67b) 65.29c)

Ls2) 61.44a) 61.17a) 57.84a) 63.12a)

TP HPLC2) 270.83a) 234.88a,b) 201.13b,c) 159.23c)

Ripeness Index, ripeness index values of olive fruits; POV, peroxide values; C18:1/C18:2, oleic acid and linoleic acid ratio; OSI, oxidative stability
index; TP spectr, total phenols determined by spectrophotometry; o-diph, o-diphenols determined by spectrophotometry; SPs, simple phenols ana-
lyzed by HPLC; SIDs, secoiridoid derivates (HPLC); Ls, lignan derivates (HPLC); TP HPLC, total phenols (HPLC); I, II, III, and IV, different harvest
dates. Different letters in the same row indicate significantly different values (pa0.05). 1) mg of gallic acid/kg of oil; 2) mg of 3,4-dihydroxyphenylace-
tic acid/kg of oil.
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Figure 2. HPLC chromatograms of extracts from Nostrana di Brisighella cv. virgin olive oils at four ripeness indexes (RSI-IV).
Peak identification: 1, hydroxytyrosol; 2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 49, (+)-pinoresinol; 4, (+)-1-acetoxy-
pinoresinol; 5, oleuropein aglycone, 6, ligstroside aglycone. Detection was at 280 nm.

Gino Celletti
Figure 2. HPLC chromatograms of extracts from Nostrana di Brisighella cv. virgin olive oils at four ripeness indexes (RSI-IV).Peak identification: 1, hydroxytyrosol; 2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 49, (+)-pinoresinol; 4, (+)-1-acetoxypinoresinol;5, oleuropein aglycone, 6, ligstroside aglycone. Detection was at 280 nm.
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study, with an OSI time of 47.09 hours. This value gradu-
ally decreased during subsequent ripeness stages, with a
75% decrease at the RIIV stage, the highest level of olive
pigmentation (RI = 5.11). Even at this high RI, the corre-
sponding OSI = 35.30 hours was still very high compared
to the average OSI values of commercial extra virgin olive
oil. Although the ripening process of Nostrana di Brisigh-
ella olives was slow and gradual, it is important to note the
marked decrease of total phenol content, and conse-
quently the decrease of OSI, as ripening progressed.

The fatty acid composition of olive oil is an important
parameter affecting the length of shelf-life and can be
related to two main factors, namely the olive variety used
for production of the oil and the ripening stage at which the
olives are harvested [20]. From the first harvest to the last
the oleic/linoleic acid ratio showed a decreasing trend,
which was also confirmed by a good negative correlation
(r 2 = –0.99) between this ratio and the RI (Table 2).

It is clear that the oil produced from olives at the initial ripe-
ness stage (RII), due to the higher absolute level of pheno-
lic compounds and the oleic acid/linoleic acid ratio,
ensures the highest quality considering its oxidative stabi-
lity. This was also demonstrated by the high correlations
(r 2 = 0.98 and r 2 = 0.89) observed between OSI index, TP
levels, and C18:1/C18:2 ratios, respectively (Table 2).

3.3 Effect of crushing time and temperature of
malaxation on the oxidative stability of a VOO
obtained from different industrial processing
system [5]

Table 3 shows the results obtained for oil samples pro-
duced by different extraction plants and by different tech-

nological parameters, crushing time, and temperature of
malaxation. The average values of the OSI time were sig-
nificantly lower when the pressure plant employed a
crushing time of 30 min compared with the other condi-
tions. The oil obtained from both the centrifugation pro-
cess and the lower malaxation temperature (258C)
showed a significantly lower peroxide value (POV). This
underlines that a longer crushing time and a higher
malaxation temperature can favor the oxidative process.
No significant differences between plants and other condi-
tions were evident from spectrophotometric and HPLC-
DAD/MSD analysis of total phenols (Table 3 and Fig-
ure 3).

Statistical evaluation of the sensory Quantitative Descrip-
tive Analysis (data not shown) confirmed the results of the
triangular test. Only 45% of correct responses were
obtained from the comparison of oils produced by using
different technological parameters (crushing time and
temperature of malaxation). In contrast, on the compari-
son of oils coming from different kinds of industrial proces-
sing (discontinuous and continuous), correct answers
were given by 100% of assessors. This clear discrimina-
tion was linked to the pressure system that, in the present
case, produced oil characterized by a lower intensity of
pleasant descriptors, with a clear predominance of wine-
like and fusty defects. According to Di Giovacchino et
al. [32], the type of extraction mill influences the sensory
profile of oils obtained by a discontinuous system, leaving
the presence of some defects such as wine-like and fusty,
as well as a greater quantity of volatile substances
responsible for off-flavors; moreover, these differences
were accentuated by the use of poor quality olives.
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Table 3. Analytical results of oil samples produced by different extraction plants (pressure and continuous, by three-phase
decanter) and by different technological parameters [5].

P15 P30 D25 D35

Free acidity [%] 0.54a) 0.55a) 0.34b) 0.40b)

POV [meqO2/kg] 17.87a) 18.81a) 15.06b) 16.80a)

OSI time [h] 23.17a) 21.06b) 22.94a) 22.89a)

TP spectr.1) 205.89a) 193.79a) 205.95a) 208.92a)

o-diph1) 118.33c) 140.00b) 149.17b) 185.83a)

SPs2) 22.53a) 22.33a) 13.89b) 12.47b)

SIDs2) 191.57a) 185.14a) 184.07a) 178.55a)

Ls2) n.d. n.d. n.d. n.d.

TP HPLC2) 214.11a) 207.47a) 197.96a) 191.01a)

POV, peroxide values; OSI, oxidative stability index; TP spectr, total phenols determined by spectrophotometry; o-diph, o-diphenols determined by
spectrophotometry; SPs, simple phenols analyzed by HPLC; SIDs, secoiridoid derivates (HPLC); Ls, lignan derivates (HPLC); TP HPLC, total phe-
nols (HPLC); P15 and P30, pressure extraction plant with crushing for 15 and 30 min; D25 and D35, centrifugation system with malaxation at 25
and 358C.
a – c) Different letters in the same row indicate significantly different values (HSD Tukey’s test, p a 0.05). 1) mg of gallic acid/kg of oil; 2) mg of 3,4-
dihydroxyphenylacetic acid/kg of oil.
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3.4 Comparison of oils obtained from a
continuous industrial plant and from a small-
scalemill [6]

Olives from Nostrana di Brisighella cv. and from Ghiac-
ciolo cv., processed by an industrial plant, produced two

oils (termed Nim and Gim, respectively) that showed
lower performance in terms of oxidative stability (express-
ed as OSI time) and lower contents of total phenols (TP)
and o-diphenols (o-diph) compared to those obtained in a
small-scale mill. A weak positive correlation between OSI
time and total phenols (r = 0.53 p a 0.05) and a high posi-
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Figure 3. HPLC chromatograms of extracts from Peranzana cv. virgin olive oils produced by two different industrial plants (P15
and P30, pressure extraction plant with crushing for 15 and 30 min; D25 and D35, centrifugation system with malaxation at 258
and 358C). Peak identification: 1, hydroxytyrosol; 2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 5, oleuropein aglycone, 6,
ligstroside aglycone. Detection was at 280 nm.

Table 4. Analytical results of oil samples produced by a continuous industrial plant and a small-scale mill [6].

cv.Nostrana di Brisighella cv.Ghiacciolo

Industrial mill Small-scale mill Industrial mill Small-scale mill

Ripeness index 4.21 4.21 2.71 2.71

Free acidity [%] 0.27 0.26 0.22 0.23

POV [meqO2/kg] 7.86 7.39 10.91 10.04

C18:1/C18:2 14.54 14.54 11.37 11.37

OSI Time [h] 33.80b) 43.10a) 26.00b) 36.19a)

TP spectr1) 228.34b) 379.51a) 275.97b) 432.53a)

o-diph1) 101.59b) 228.06a) 85.53b) 177.77a)

SPs2) 11.47c) 31.78a) 9.30c) 19.63b)

SIDs2) 162.50b) 146.23b) 121.74b) 269.12a)

Ls2) 62.21a) 65.89a) 35.07b) 31.58b)

TP HPLC2) 236.18b) 243.90b) 166.11c) 320.32a)

RI, ripeness index values of olive fruits; FA, free acidity; POV, peroxide values; C18:1/C18:2, oleic acid and linoleic acid ratio; OSI, oxidative stabi-
lity index; TP, total phenols; o-diph, o-diphenols determined by spectrophotometry; SPs, simple phenols (hydroxytyrosol and tyrosol) analyzed by
HPLC; SIDs, secoiridoid derivates (dialdehydic form of deacetoxy-oleuropein aglycone, oleuropein aglycone and ligstroside aglycone) by HPLC;
Ls, lignan derivates ((+)-pinoresinol and (+)-1-acetoxypinoresinol) by HPLC.
a – c)Different letters in the same row indicate significantly different values (HSD Tukey’s test for p a 0.05). 1) mg of gallic acid/kg of oil; 2 mg of 3,4-
dihydroxyphenylacetic acid/kg of oil.

Gino Celletti
Figure 3. HPLC chromatograms of extracts from Peranzana cv. virgin olive oils produced by two different industrial plants (P15and P30, pressure extraction plant with crushing for 15 and 30 min; D25 and D35, centrifugation system with malaxation at 258and 358C). Peak identification: 1, hydroxytyrosol; 2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 5, oleuropein aglycone, 6,ligstroside aglycone. Detection was at 280 nm.
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tive correlation between OSI time and o-diphenol content
(r = 0.91 p a 0.001) were found. In contrast, for the same
samples obtained from a small-scale mill (termed Nlsm
and Glsm, respectively), the OSI times were particularly
high compared to those of commercial extra virgin olive
oils (Table 4). Moreover, the OSI times of Nlsm and Glsm
were ten hours (h) higher than those yielded by the oils
produced by an industrial plant. The higher oxidative sta-

bility of Nlsm and Glsm obtained from the small-scale mills
may be explained by the higher total phenol and o-diphe-
nol values.

From the data shown in Table 4 and the chromatograms
shown in Figure 4, a significant decrease of the simple
phenol class (SPs) is clear for both cvv., and of the secoir-
idoids (SIDs) fromGhiacciolo cv. for the samples obtained
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Figure 4. HPLC chromatograms of the extracts from Nostrana di Brisighella and Ghiacciolo cvv. oils processed by an industrial
mill (termed Nim and Gim, respectively) and by a small-scale mill (Nlsm and Glsm, respectively). Peak identification: 1, hydroxy-
tyrosol; 2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 5, oleuropein aglycone, 6, ligstroside aglycone. Detection was at
280 nm.

Gino Celletti
Figure 4. HPLC chromatograms of the extracts from Nostrana di Brisighella and Ghiacciolo cvv. oils processed by an industrialmill (termed Nim and Gim, respectively) and by a small-scale mill (Nlsm and Glsm, respectively). Peak identification: 1, hydroxytyrosol;2, tyrosol; 3, deacetoxy oleuropein aglycone zone; 5, oleuropein aglycone, 6, ligstroside aglycone. Detection was at280 nm.
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(r = 0.91 p a 0.001) were found. In contrast, for the samesamples obtained from a small-scale mill (termed Nlsmand Glsm, respectively), the OSI times were particularlyhigh compared to those of commercial extra virgin oliveoils (Table 4). Moreover, the OSI times of Nlsm and Glsmwere ten hours (h) higher than those yielded by the oils
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from the industrial plant compared to those processed by
the small-scale mill. On the other hand, no significant dif-
ferences have been found for secoiridoids (SIDs) in Nos-
trana di Brisighella cv. oils. As far as the lignans (Ls) are
concerned, no significant differences have been found
between the oils obtained from the industrial plant and
from the small-scale mill.

The lowest OSI times, found for Nim and Gim oils
obtained from the industrial plant, were positively related
to the decrease in simple phenols (r = 0.90, p a 0.001).
This can be attributed to the water addition to the olive
paste before the centrifugation step in the industrial plant
(decanter in the water saving mode). This step is absent
when the small-scale mill (two phase decanter) is
employed. In addition, the lower phenol content can be
related to the weaker action exerted by the toothed discs
during the crushing phase compared to the stronger
action exerted by the hammer crusher. This different
crushing can influence the enzymatic activity in the olive
paste and consequently the total phenolic content [32].

Sensory analysis did not show any significant differences
in the profiles from oil samples obtained from the two
extraction modes, even if the increase in overall orthona-
sal aroma perceived in Nim and the increase of the bitter
attribute in Glsm should be mentioned. The latter had a
higher content of SPs and SIDs (total phenols and o-
diphenols). However, the triangular test permitted the
identification of oils obtained by the different systems; in
reality, 90% of the assessors correctly identified all sam-
ples provided during the panel tests, demonstrating that
there are perceptible differences in terms of intensity or
other secondary attributes.

3.5 Effect of addition of citric acid, during
malaxation, on the oxidative stability of the
produced and unrefined olive oil [37]

Addition of a saturated solution of citric acid during
malaxation causes a pH drop (from pH 4.7 to pH 3.3), a
lower acid dissociation of phenols, a color change of pig-
ments (from green-violet-blue to red-purple), and may
also lead to a greater amount of water-in-oil emulsion and
partial inhibition of the activity of polyphenol-oxidase. All
these factors may be responsible for the elevated level of
phenols in oil. Compared to the control sample, samples
treated with the adjuvant had higher free acidity, higher
oxidative stability (lower peroxide values and higher OSI
time), and a higher phenol content (Table 5). Moreover, a
higher secoiridoid content as measured by HPLC-DAD is
evident (Figure 5). However, this technological advan-
tage cannot be used in products such as “extra-virgin olive
oil”, although it could be proposed with the aim of produ-
cing a unrefined oil product or food supplement that is par-
ticularly rich in olive phenols.

4 Concluding remarks

The major objective of this review was to compare several
analytical methods (traditional and high-resolution tech-
niques) for determination of phenolic compounds. The
results of our research using the same analytical
approaches on different VOO samples were also consid-
ered. Various authors [14, 20, 23] have reported that oxi-
dative stability is due to several factors, including the fatty
acid composition, the level of unsaturation, and the quan-
tity of phenolic compounds. In our experimental studies,
the oxidative stability was evaluated by OSI and was posi-
tively linked to the spectrophotometric assay values of
phenolic components (total phenols and o-diphenols). In
particular, the correlation between OSI and PT values
was high, showing an r value of 0.66 (p a 0.001). The two
spectrophotometric tests also demonstrated a good corre-
lation with an r value of 0.73 (p a 0.001). On using HPLC
to determine the phenolic content, neither the single class
of phenolic compounds (SPs, SIDs, and Ls) nor the total
phenolic amount (phenol total HPLC) were positively cor-
related with OSI values. Both in the former and in the lat-
ter, many phenolic compounds are present; these mole-
cules differ in their functional groups and, consequently, in
their antioxidant properties. It has been noted that the o-
diphenols show the highest antiradical activity. Both in the
simple and in the complex phenol groups the o-diphenolic
and non-o-diphenolic molecules were considered. For
example, in the simple phenol group there is both hydro-
xytyrosol, an o-diphenol compound, and tyrosol, which is
not really an o-diphenolic molecule and does not have
antioxidant activity [31, 46]. On the other hand, both spec-
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Table 5. Analytical results of two unrefined olive oil samples
(control and sample obtained by the use of citric acid, as co-
adjuvant) [9].

Sample Control Coadjuvant

Free acidity [%] 0.50a) 0.60b)

POV [meqO2/kg] 8.80a) 6.58b)

OSI time [h] 22.48b) 27.28a)

TP spectr.1) 510.79a) 588.72a)

o-diph1) 191.04a) 189.59a)

SPs2) 67.20a) 48.96a)

SIDs2) 158.37b) 540.26a)

Ls2) 40.05a) 50.15a)

TP HPLC2) 267.53b) 641.29a)

POV, peroxide values; OSI, oxidative stability index; TP spectr, total
phenols determined by spectrophotometry; o-diph, o-diphenols deter-
mined by spectrophotometry; SPs, simple phenols analyzed by
HPLC; SIDs, secoiridoid derivates (HPLC); Ls, lignan derivates
(HPLC); TP HPLC, total phenols (HPLC). a – b)Different letters in the
same row indicate significantly different values (HSD Tukey’s test,
pa0.05). 1) mg of gallic acid/kg of oil; 2) mg of 3,4-dihydroxyphenylace-
tic acid/kg of oil.



Oxidative stability and phenolic content of virgin olive oil 869

trophotometric assays proved to be more selective for the
evaluation of phenolic components that express the high-
est redox capacity. The high-resolution techniques for the
evaluation of qualitative/quantitative phenolic profiles are
valid for research studies, but are not very suitable for use
by less experienced operators for routine quality control of
VOO, as confirmed by other authors [50–51].
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