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Abstract

In this paper, we report a specific application of a semiconductor thin films based sensor array for the discrimination of
different olive oils. The active elements of the sensor array were undoped and Ni, Pd, Pt, Os-doped SnO thin films prepared by2

sol–gel technique. Olive oil samples were randomly selected. They included commercial olive oils of different qualities(extra-
virgin, virgin and husk oils) and non-commercial local olive oils(deriving from different zone of the Salento region in Apulia)
with different degrees of acidity. The sensor array coupled with a principal component analysis allows discrimination between
different olive oils. In particular good separation between commercial and local products was obtained.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Olive trees are mainly grown in the country of
Mediterranean basin and Italy ranks as the second olive
oil producer in the world, after Spainw1x. It has been
reportedw3x that only in 1987, Italy contributed approx-
imately 65% of world olive oil production. From 805
million olive trees worldwide, occupying some 24 mil-
lion acres of land, 98% are in the Mediterranean area
w2x. Almost 25% of the farming income in the Mediter-
ranean basin as a whole comes from olive products,
Spain and Italy being far and away the largest producers,
with Greece(with around half the production of the
major two countries) coming third.
Virgin olive oil is the oil extracted by purely mechan-

ical means from sound and ripe drupes of the olive
trees. It contains volatile substances and other minor
compounds responsible for the delicate and fragrant
taste and for the unique flavours that are highly appeal-
ing to consumersw4x. Extra-virgin olive oil requires no
refining before consumption. It is absolutely perfect in
flavour and odour and it has a maximum free fatty acid

*Corresponding author. Tel.:q39-832-320244; fax:q39-832-
325299.

E-mail address: antonella.taurino@ime.le.cnr.it(A. Taurino).

content in terms of oleic acid of 1 gy100 g w5x.
Moreover, compared to other edible oils, olive oil
contains a low percentage of saturated fatty acids and is
considered to have many nutritional features and health
benefitsw6x.
As a consequence of these benefits on the one hand,

in the past few years there has been a more widespread
consumption of virgin olive oil and on the other hand,
olive oil commands a much higher price than most of
other edible oils. This, in turn, means that there is a
great temptation to adulterate the oil with cheaper and
lower quality oils such as corn oil, sunflower oil, or
even lard or castor oilw7–9x.
In fact, sometimes oils that are labelled as extra-

virgin are obtained by means of suitable processing
carried out in order to reduce the acidity level and so
gain this classification. Italian olive oils, and in partic-
ular, Tuscan or Apulian olive oils are traditionally the
most favoured to be labelled as extra-virgin and there-
fore, it is not surprising that there are more oils labelled
as Tuscan or Apulian than could possibly be produced
elsewhere.
A common olive oil usually contains more than 100

volatile components that can be grouped in families
such as acids, alcohol, esters or carbonyls and their
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presence is modified by some aspects of the production
w10x. In particular flavour and aroma of the oils are
generated by a large number of volatile constituents that
are present at very low concentrations. The volatile
fraction of virgin olive oils has been abundantly studied
and includes saturated, unsaturated, aromatic and terpen-
ic hydrocarbons, as well as alcohol, aldehydes, esters
and ethersw11,12x. The volatile profiles of olive oils are
very much influenced by olive plant maturity, cultivation
practices and extraction proceduresw12x. According to
their organoleptic characteristics to degree of acidity
that is defined as percentage of free fatty acid and to
the EU Standard, olive oils can be classified into extra-
virgin (high quality), ordinary or semi-fine quality
(medium quality) and the so-called lampante(lower
quality). In the extra-virgin type, as mentioned above,
only a maximum acidity of 1% is permitted, but in the
ordinary or the lampante ones, a higher acidity is usually
found. Moreover, this last type shows unpleasant aro-
matic notes, which make it unsuitable for the human
consumption, and has to be refined by chemical methods
w10x.
Taking all these reasons into account, it is important

to supervise and control all, the olive oil productive
process, the quality of used materials, the refining
process when necessary and the quality of final products.
This is important, in particular, for regions that have or
want to reach the so-called Protected Origin Denomi-
nation label, that is, an index of the quality of the
product. Nowadays, it is an important label in food
quality control policy.
In this context, a new system calledElectronic Nose,

consisting of a sensor array and pattern recognition
techniques, can be used as a helpful and very powerful
method to control and classify different olive oils. The
traditional methods, used in this field are GCyMS
analysis and panel test. The judgement of a panel of
human assessor trained for this specific task provides
information on the overall organoleptic quality of an
alimentary product. It complements traditional chemical
analysis, which is more accurate and precise, but it
cannot take into account the consumer’s expectations or
the sensoring impact. In addition to that, the use of
panels for olive oils certification is under debate, mainly
due to problems of non-uniform judgement among
different panels for psychological and physical reasons.
On the contrary, GCyMS analyses are expensive and
time-consuming w13x. According to the end-user’s
demands, the implementation of anElectronic Nose for
olive oil should be more advantageous, mainly in terms
of low cost and being straightforward to train and use
w14x.
In this work, to characterise theElectronic Nose for

this kind of applications, first of all, we selected an
array of five sensors, choosing from sol–gel SnO based2

sensors. The selected sensors were initially tested with
different commercial olive oil samples in order to set
some parameters like working temperature and time
protocol. Then, these sensors were used to discriminate
five non-commercial local olive oils in which the degree
of acidity was analysed at the moment of extraction.
We used static sampling of the headspace and statistical
data analysis was performed by means of principal
component analysis(PCA).

2. Experimental

2.1. Sensors

The sensors, used in this work were prepared by
using sol–gel technology. They were pure SnO and Ni,2

Pd, Pt, Os-doped SnO based thin film sensors. Pure2

SnO sols had been prepared starting from anhydrous2

SnCl as precursor. For the doping solution preparation,4

the prescribed amount of NiClØ6H O, OsCl , PtCl or2 2 3 2

Pd (OOCCH ) had been dissolved in suitable solvents3 2

and added to SnO sols. The different sols(5 wt.% for2

all dopants) had been deposited by spin coating at 3000
rpm onto an alumina substrate(35=35 mm ) pre-2

arranged for cutting and obtaining(3=3 mm ) single2

samples. After spinning the films, they were dried at
100 8C and calcinated at 5508C. The deposition process
had been carried out twice in order to deposit two layers
of sensing material, reaching in this way, a final thick-
ness of approximately 200 nm. After the thin film
deposition, TiyAu interdigitated electrodes were evapo-
rated on the front, and a meander platinum resistance
type heater, on the back of the sensorsw15x. Finally,
sensors were mounted onto TO-8 sockets, positioned in
a test chamber and exposed to the volatile compounds
from oils.

2.2. Instruments and protocol

The sensor response(electrical current variation)
measured towards the volatile compounds of olive oils
was carried out by applying a constant d.c. voltage of 2
V to the electrodes of each sensor. The electrical current
was, then, measured by an electrometer(Keithley
6517A), equipped with a multiplexer(Keithley 6522),
operating in current mode, which acquires the signal
from each sensor, in the test cell in a consecutive way.
A PC, via Labview National Instruments software,
controlled all the process.
We used an experimental set-up for static headspace

measurements. In this method, it is important that the
liquid and the gas phases of the volatile compounds of
samples are well balanced, for them to reach a stable
equilibrium w16x. Thus, to perform this type of measure-
ments, samples were introduced into a vial kept at room
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Table 1
Commercial oils used in the test classified by commercial brands and
quality label

Trade-mark Quality label

Carapelli Extra-virgin
Coricelli Extra-virgin
De Santis Extra-virgin
Del Papa Virgin
Dentamaro Husk

Table 2
Non-commercial local oil characteristics used in the test

Local Provenance Acidity
oils areas degree

Oil 1 Town: Scorrano 1
Zone: Mustazzola

Oil 2 Town: Scorrano 1.2
Zone: Mustazzola

Oil 3 Town: Taviano 0.2
Zone: 1

Oil 4 Town: Taviano 1.5
Zone: 2

Oil 5 Town: Scorrano 2.2
Zone: Suriani

Fig. 1. Example of a typical dynamic array response to oil vapours. The zone labelled 1 represents the sensor responses to the aroma(in this
case air, nitrogen and the volatile compounds of oil collected in the headspace flow in the test chamber). The zone labelled 2 represents the
sensor responses to the carrier gas(air and nitrogen).

temperature by a thermostatic tank. We used a mass
flow control system(MKS mod 647B) in order to adjust
the different mixtures’ composition through mass flow
meters. The conditioning of sensors was performed by
using a mixture of dry air(flow 100 sccm) and nitrogen
(flow 100 sccm) as reference gas for acquiring the
baseline. The organic volatile compounds of oils were
then allowed to equilibrate between the liquid samples
and the gas phase. The flavours of the sample were
transferred by collecting them by means of a deviation
of the only nitrogen line(flow 100 sccm) as carrier gas
into the array chamber but keeping the total flow at 200
sccmw17x.
Throughput of samples is related not only to the

acquisition time of the responses but also to the sampling
time, headspace equilibration time and recovery time
w18x. Thus, after some preliminary studies concerning
the response time, the baseline stabilisation and the oil
headspace equilibrium, we set the sampling protocol as
following: the headspace exposure time at 15 min, the
purging time at 20 min in synthetic air–nitrogen mixture.

Many responses for each sample were acquired of
repeated exposure.

2.3. Substances

We used two different groups of olive oils. The first
group consisted of commercial olive oils: three extra-
virgin, one virgin and the last one husk oil, that is very
low quality oil. Their commercial brand and quality
label are summarised in Table 1. The second group of
samples consisted of five non-commercial local oils,
coming from different parts of the Salento zone, which
is the southern zone of Apulia region. Their region of
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Fig. 2. Polar plot of the responses of the sensors through the commercial oils at different working temperatures:(a) Ts200 8C; (b) Ts250 8C;
(c) T s300 8C.

provenance and the degree of acidity, as measured at
the moment of extraction are summarised in Table 2.

3. Results and discussion

With the first group of olive oils we performed
preliminary tests concerning the study of sensor
responses at different working temperatures. From some
previous calibration studies we deduced the appropriate
voltage for the heaters in order to obtain the required
working temperatures for each type of sensor. In this
experiment, we fixed the working temperature of sensor
array atTs200, 250, and 3008C. In every one of these
cases, the aroma of all commercial oils were allowed to
flow into the test chamber in order to be analysed by
the sensor array. As an example, Fig. 1 shows a typical
plot of the dynamic response of the sensor array exposed
to the olive oil headspace. It deals with the array current
variation to five consecutive exposures to Coricelli oil,
acquired at a working temperature of 2008C. The

sensors showed good reproducible responses with a
response time of approximately 1 min and recovery time
of approximately 8 min. The response of each sensor
for each experiment was calculated in terms of relative
variation of the current defined asDIyI , DI being the0

electrical current variation measured for the stabilisation
response value through the flavour stimulus to the
baseline andI the baseline level.0

Fig. 2 illustrates the polar plot of the responses of the
array for all commercial oils at three different working
temperatures. The radial parameter, reported along the
axis is of each sensor, the calculated average value of
the relative variation expressed in percentage of the
current in the set of performed measurements. The final
result is a specific response characteristic for each
working temperature. In particular, a higher response is
observed in the case of the temperature ofTs250 8C.
Moreover, it is possible to observe a negative response
of some sensors of the array for Dentamaro oil
headspace.
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Fig. 3. PCA plot obtained from the data of the repeated exposure of
the five commercial oils to the sensor array working at the temperature
of 200 8C.

Fig. 5. PCA plot obtained from the data of the repeated exposure of
the five commercial oils to the sensor array working at the temperature
of 300 8C.

Fig. 4. PCA plot obtained from the data of the repeated exposure of
the five commercial oils to the sensor array working at the temperature
of 250 8C.

A deeper understanding of the collective behaviour
of the sensors can be achieved by considering data
analysis by means of PCA method. PCA is a well-
known statistical method for analysing data. Its aim is
to find a set of orthogonal vectors in the data spaces
that accounts for as much possible of the data’s variance
w19x. In this way, a two- or three-dimensional reduction
that retains most of the intrinsic information in the data
can be obtained and plottedw14x. This analysis was
performed on raw data of the sensor responses of
different oils through correlation matrix. The PCA score
plots, reported in Figs. 3–5 show different discrimina-
tion capabilities of the array dependent on the different

working temperatures corresponding toTs200, 250,
300 8C, respectively. The relation among extra-virgin,
virgin and husk appear to be the same in either of the
score plots. In the three cases, the sensors system
correctly separates the three classes of oils while in the
cases of working temperature of 200 and 3008C, the
system cannot allow to separate the commercial brands.
On the contrary, as shown in Fig. 4, in the case of the
working temperature of 2508C the sensor system gave
a good separation between clusters, not only for the
different oil qualities, but also for the separation between
different oil brands. In fact, in this case the PCA plane
is divided in three different zones: one for extra-virgin
oil, one for virgin oil and the last one for husk oil and
in the zone of extra-virgin the three different brands are
well separated. In these three figures, we can also note,
that over 99% of the total variance within the data is
contained in the first two principal components, so these
two components are sufficient to discriminate among
the classes and, as we can see in Fig. 4, the third
component is not relevant. As a consequence of all
these results, for the subsequent measurements we set
the working temperature at 2508C.
In the second set of measurements we analysed five

local non-commercial olive oils. Fig. 6 shows the PCA
results. The score plot shows good separation among
clusters. It highlights theElectronic Nose capability to
distinguish oils that have different provenance. More-
over, we note that although the samples 1 and 2 were
tested by the array at different times(during the first
and the second olive harvest) their corresponding PCA
clusters are partially overlapped. This could be due to
their similar degree of acidity and to their same prove-
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Fig. 6. Results of PCA of the sensor array for five non-commercial local olive oils. The sensors were at the working temperature of 2508C.
Olive oil 1 and 2 were two samples of the same provenance. The numbers in the brackets are the degree of acidity of the relative oil.

Fig. 7. PCA plot dealing with all the examined oils when the sensors array was at the working temperature of 2508C.

nance. In fact as we can see in Table 2, they come from
the same zone, i.e. from the same cultivator.
A complete discrimination of the whole oil samples

can be obtained by a PCA of either data as we can see
on the score plot in the PC1–PC2 plane reported in Fig.
7. Apart from the case of local oils 1 and 2 that was
explained above, this figure indicates that all the samples
can be clearly separated from each other with a high
variance in the first two principal components: 99%. By
inspection of the graph, the clusters of commercial oils
are located in the negative semi-plane and separated by
clusters of local olive oils that are in the positive semi-
plane. Moreover, commercial oils are still distinguished
into three sections extra-virgin, virgin oil and husk, and
the local non-commercial olive oils are still separated

by the different cultivators of olive. This last result is
completely coherent with the previous one.

4. Conclusions

Sensory analysis is one of the branches of food
analysis, which should mostly benefit from the introduc-
tion of Electronic Nose as an analytical tool. In the
experiments performed in this paper, a sensor array
based on pure and Ni, Pd, Pt, Os-doped SnO thin film2

sensors was used for the detection of olive oil aroma.
The obtained results have shown, first of all, that the

working temperature of sensors has a key role in the
performance of the sensors and in particular in the
discrimination capability of the system. In this case, best
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results have been obtained in the case of the working
temperature of 2508C. In this case, in fact, we can
easily distinguish not only among the quality of different
oils but also between oils of the same quality from
different commercial brands.
Due to the different behaviour of the observed

response in the case of Dentamaro oil further investi-
gations are needed.
Another important result obtained, in this work, is the

capacity of theElectronic Nose to discriminate oils on
the basis of their areas of provenance. Finally, a good
separation of the PCA clusters regarding the whole set
of samples, commercial and non-commercial, has also
been obtained.
Moreover, the next step of this activity will be the

systematic comparison ofElectronic Nose results with
traditional analysis carried out by GCyMS analysis and
panel tests. The combinations of these different tech-
niques will allow a full analysis of the headspace of the
olive oils analysed in this work. The identification of
the headspace chemical species will be correlated with
the sensor responses and this will be the first step for
the better understanding for the flavour–sensor interac-
tion and the calibration of the olfactory artificial system.
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