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Abstract

Discrimination between virgin olive oils and pure olive oils is of primary importance for controlling adulterations. Here, we show the
potential usefulness of two multiway methods, unfold principal component analysis (U-PCA) and parallel factor analysis (PARAFAC), for the
exploratory analysis of the two types of oils. We applied both methods to the excitation–emission fluorescence matrices (EEM) of olive oils
and then compared the results with the ones obtained by multivariate principal component analysis (PCA) based on a fluorescence spectrum
recorded at only one excitation wavelength. For U-PCA and PARAFAC, the ranges studied wereλex = 300–400 nm,λem = 400–695 nm and
λex = 300–400 nm,λem = 400–600 nm. The first range contained chlorophylls, whose peak was much more intense than those of the rest
of species. The second range did not contain the chlorophylls peak but only the fluorescence spectra of the remaining compounds (oxidation
products and Vitamin E). The three-component PARAFAC model on the second range was found to be the most interpretable. With this model,
we could distinguish well between the two groups of oils and we could find the underlying fluorescent spectra of three families of compounds.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Olive oil, obtained from the fruit of the olive tree (Olea
europaea L.), is an economically important product. The In-
ternational Olive Oil Council (IOOC) has established crite-
ria for classifying of olive oil into various grades: namely
virgin, refined and pure. The best quality oil is called “ex-
tra virgin” and is derived from the first, cold pressing of the
olive. Refined olive oil is obtained from virgin olive oil using
refining methods that do not lead to alterations in the initial
glyceridic structure, whereas pure olive oil (or simply olive
oil) consists of a blend of virgin and refined olive oil[1–4].

Because of its high price, fraudulent practices have led to
olive oil being adulterated with small amounts of seed oils or
olive-pomace oil[3,5–7]. Ultraviolet spectroscopy is widely
used to detect the adulteration of extra virgin olive oil with
refined oil[1,5–7]. Other analytical techniques used are gas
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chromatography (GC) and liquid chromatography (HPLC),
but these are time consuming and involve the use of solvents
[1,3–7]. More recently, the use of spectroscopic techniques
such as Fourier transform infrared (FTIR)[1,5–7], Raman
spectroscopy[5–7] and nuclear magnetic resonance (NMR)
spectroscopy[5–7] combined with multivariate techniques,
have been shown to have potential for discriminating be-
tween extra virgin olive oils and seed oils.

Olive oils exhibit strong fluorescence[8–10]and it is pos-
sible to distinguish between virgin and pure olive oils on
the basis of their fluorescence emission spectra. Kyriakidis
and Skarkalis[8] pointed out that the fluorescent spectra
of virgin olive oils at excitation wavelength 365 nm have a
peak around 681 nm, due to chlorophylls, and three other
peaks (two of low intensity at 445 and 475 nm, and one
more intense at 525 nm), which can be attributed to Vitamin
E, whereas refined oils have one wide peak at 400–550 nm,
produced by oxidation products.

Factors such as oxygen, temperature, light, ionising ra-
diations and metals accelerate oxidation, which involves
the addition of oxygen to the double bonds of unsaturated
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fatty acids and formation of hydroperoxides that later are
degraded to aldehydes and ketones[2,11]. Hence, the fluo-
rescence emission spectra of olive oils will be related to its
composition and stability. Virgin olive oils are quite stable
to oxidation because of their low fatty acid unsaturation
and the antioxidant activity of phenolic compounds and Vi-
tamin E (�-tocopherol)[2,12,13]. In addition, chlorophylls
protect oils in the darkness. They have a synergic effect
with Vitamin E as a free radical scavenger, but act as a
photosensitiser in the presence of light (photooxidation)
[2,11]. So the fluorescence emission spectra of virgin olive
oils contain peaks related to Vitamin E and chlorophylls,
as indicated above[8]. However, refining processes de-
crease the antioxidants, such as Vitamin E, and pigments,
such as chlorophylls. As a result, refined oils are more
liable to undergo oxidation processes. These changes are
reflected in their fluorescence spectra, in which these oxi-
dation products give a wide peak between 400 and 500 nm
[8]. This is why the fluorescence spectra of virgin and pure
olive oils are quite different, even though in some cases
virgin olive oil is added to pure olive oils to improve their
quality.

The aim of this paper is to show that excitation–emission
matrix (EEM) fluorescence spectroscopy and three-way
methods of analysis, concretely unfold principal component
analysis (U-PCA) and parallel factor analysis (PARAFAC),
can be used for distinguishing between commercial samples
of virgin and pure olive oils. These methods provide more
information about the fluorescent species in these oils than
the fluorescence emission spectra measured at only one
excitation wavelength.

2. Experimental

2.1. Samples

Forty-nine olive oils (29 virgin and 20 pure) were acquired
in a shopping centre. The samples were stored at room tem-
perature and protected from light until they were analysed.
The oils were analysed without any prior treatment.

2.2. Instrumentation and software

EEMs were measured with an Aminco Bowman series
2 luminiscence spectrometer equipped with a 150 W xenon
lamp and 10 mm quartz cells. The detector was operated
with a high voltage of 600 V and in a ratio mode, i.e., the
fluorescence intensity was related to the lamp source signal
in order to minimise the effect of lamp fluctuations. The
excitation and emission ranges wereλex = 300–400 and
λem = 400–700 nm. The step size and bandpass of both
monochromators were set to 5 and 4 nm, respectively. Scan
rate was set to 30 nm s−1. The instrument software was used
to correct the EEMs from deviations of ideality of the lamp,
monochromators and detector[14,15].

Data were processed with Matlab software (version 6.0)
[16] and the PARAFAC algorithm was obtained from the
N-way toolbox[17]. The NIPALS algorithm for double cross
validation (DCV) was obtained from the Multi-block Tool-
box [17].

3. Results and discussion

3.1. EEMs and pre-processing

Fig. 1 shows the EEMs of virgin and pure olive oils in
the rangeλex = 300–400 nm,λem = 400–695 nm. The very
intense peak atλem = 600–695 nm is attributed to chloro-
phylls [8,9] while the rangeλex = 300–400 nm,λem =
400–600 nm mainly shows peaks due to oxidation products
and Vitamin E[8] (Fig. 2).

Studies were carried out first in the full measured range.
In order to avoid the decomposition being dominated by the
chlorophylls peak, autoscaling was used in PCA and U-PCA,
and scaling in PARAFAC. Secondly, a more focused study
about the contribution of oxidation products and Vitamin E
was carried out without considering the chlorophylls peak
In this case, column mean-centring was used in PCA and
U-PCA. No pre-processing was used in PARAFAC.

3.2. Deterioration of virgin olive oil

In order to determine whether the peaks in the fluores-
cence spectra of virgin olive oils were related to Vitamin E
and chlorophylls, as indicated by Kyriakidis and Skarkalis
[8], the effect of oxidation on the fluorescence spectra of
virgin olive oils was studied. Fifty millilitres of virgin olive
oil were placed in a beaker and heated at 70–95◦C for 3 h.
A stream of air from an air source was directed to the oil
surface through a Pasteur pipette at regular intervals so as
to accelerate oxidation. EEMs were measured in the range
λex = 300–400 nm,λem = 400–695 nm, before and after
deterioration.Fig. 3 shows the total component spectra of
the oil, i.e., the sum of all the fluorescence emission spec-
tra that constituted the total EEMs. It can be seen that oil
degradation caused by heat and oxygen decreased the peak
between 650 and 700 nm (Fig. 3a), which is due to chloro-
phylls [8], and those around 440, 475 and 525 nm (Fig. 3b),
which can be attributed to Vitamin E[8]. Because of the
high stability of virgin olive oils to oxidation, peaks formed
by oxidation products were not detected.

3.3. Principal component analysis (PCA)

PCA was calculated from the emission spectra of oils be-
tweenλem = 400 and 695 nm measured atλex = 365 nm,
on the basis of the work of Kyriakidis and Skarkalis[8]
(Fig. 4). Two pre-processing methods were tested. Column
mean-centring led to PCA being dominated by the chloro-
phylls peak, which is much more intense than the peaks of



F. Guimet et al. / Analytica Chimica Acta 515 (2004) 75–85 77

Fig. 1. EEMs of a virgin (a) and a pure (b) olive oil betweenλex = 300 and 400 nm,λem = 400 and 695 nm.

the rest of species. This decomposition was outperformed
by PCA after column autoscaling, which could also make
use of the contributions of the other species. For autoscaled
data, the number of significant principal components (PCs)

Table 1
Percentage of explained variance of the PCA, U-PCA and PARAFAC models

λex (nm) λem (nm) PCA (λex = 365 nm) U-PCA PARAFAC (non-negativity
constraints on all modes)

PC1 PC2 PC1 PC2

300–400 400–695 81.8 11.6 (a) 60.5 18.7 (c) 98.7 (four components)
300–400 400–600 97.0 2.6 (b) 94.9 2.3 (d) 99.0 (three components)

Matrix and cube dimensions: (a) 49× 1260; (b) 49× 861; (c) 49× 21× 60; (d) 49× 21× 41. In (c) data were scaled within the emission mode.

was five (99.1% of explained variance), when DCV[18]
with random cancellation matrix with 11 cancellation groups
was applied. Only the first PC (81.8% of explained variance,
Table 1) could differentiate the two classes of oils (Fig. 5a).
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Fig. 2. EEMs of a virgin (a) and a pure (b) olive oil betweenλex = 300 and 400 nm,λem = 400 and 600 nm.

400 450 500 550 600 650 700
0

200

400

600

Emission wavelength  (nm)

400 450 500 550 600
0

5

10

15

20

Emission wavelength (nm)

F
lu

or
es

ce
nc

e 
in

te
ns

ity
F

lu
or

es
ce

nc
e 

in
te

ns
ity

(a)

(b)

Fig. 3. Total component spectra of a virgin olive oil. (a) Fluorescence emission spectra between 400 and 695 nm; (b) fluorescence emission spectra
between 400 and 600 nm. Continuous line: before oxidation; dotted line: after 3 h heating. Two replicates were measured.
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Fig. 4. Fluorescence emission spectra (λem = 400–695 nm) of the 49 olive oils, measured atλex = 365 nm.

This PC combines the contribution of the chlorophyll (λem =
650–695 nm) and oxidation products (λem = 400–550 nm)
(Fig. 5b). It must be noted, however, that both groups of oils
overlapped slightly. Virgin olive oils 1, 25, 26 and 28 are
similar to pure olive oils. In particular, sample 25 was com-
mercially labelled as a virgin olive oil. However, its fluores-
cence emission zone of chlorophylls (λem = 650–695 nm)
is much less intense than for the rest of virgin olive oils. It
also has abnormal high intensity at the oxidation products
zone (λem = 400–550 nm). Hence, this sample was more
deteriorated than virgin olive oils usually are.
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Fig. 5. (a) Score plot from PCA calculated of the emission spectra of the oils (λem = 400–695 nm) atλex = 365 nm. (�) Virgin olive oils; ( ) pure
olive oils. (b) Loadings plot. Continuous line: PC1; dotted line: PC2. Column autoscaled data.

In order to avoid the influence of chlorophylls, we ap-
plied PCA on the fluorescence emission spectra between
λem = 400 and 600 nm. In this case, data were column
mean-centred. The two first PCs accounted for 99.6% of
variance (Table 1). Again, only PC1 contributed to differ-
entiate between virgin and pure olive oils (Fig. 6a). This
separation is mainly due to oxidation products[8], as it can
be seen from the large loadings aroundλem = 400–550 nm
(Fig. 6b). The pure olive oil samples are more scattered
than the virgin olive oils. This is to be expected because
pure olive oils are mixtures of different olive oils and their
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Fig. 6. (a) Score plot from PCA calculated of the emission spectra of the oils (λem = 400–600 nm) atλex = 365 nm. (�) Virgin olive oils; ( ) pure
olive oils. (b) Loading plot. Continuous line: PC1; dotted line: PC2.
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Fig. 7. Arrangement of the EEMs in a cube and unfolding by combining the spectral modes.
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Fig. 8. Score plot from U-PCA of the 49 × 1260 matrix (column autoscaled). (�) Virgin olive oils; ( ) pure olive oils.
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compositional variability is much larger than for virgin
oils. Moreover, the virgin olive oils group are now less dis-
perse than when chlorophylls are considered in the model
(Fig. 5a). This might be due to the varying amount of
chlorophyll in these samples. Vitamin E is the main con-
tribution in PC2, because of the similarity between PC2
loadings and the fluorescence spectrum of this compound
[8]. The content of Vitamin E is not related to the type of
oil. This explains why the two types of olive oils can not
be distinguished along PC2. It is to note that sample 25
still remained close to pure olive oils. In order to check if
this sample could have a strong influence on the PCA, we
calculated the model again without sample 25. The results
were almost identical than when the sample was included.

Fig. 9. Refolded loadings from U-PCA of the 49 × 1260 matrix (column autoscaled). (a) PC1; (b) PC2.

3.4. Unfold principal component analysis (U-PCA)

Two three-dimensional structures (cubes) of data were
built with the EEMs of the 49 samples considering the two
ranges shown in Figs. 1 and 2 (with and without chloro-
phylls). As the signal had been measured every 5 nm, the
dimensions of the cubes were 49×21×60 and 49×21×41
(samples × λex × λem). Later the cubes were unfolded by
combining the spectral modes (Fig. 7). Hence, two matri-
ces of dimensions 49 × 1260 (with chlorophyll peaks) and
49 × 861 (without chlorophylls peaks) were obtained. Then
PCA was calculated on the unfolded matrices [19,20].

As in Section 3.3, when the fluorescence emission zone
of chlorophylls was included in the model, the most remark-
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able results were obtained for column autoscaled data. DCV
was carried out as in Section 3.3. The first eight PCs were
significant and accounted for 97.6% of variance. Again, the
first PC (60.5%, Table 1) was the most important for sepa-
rating the two types of oils. The score plot (Fig. 8) is sim-
ilar to the one obtained when a single emission spectrum
for each sample is used (Fig. 5a), but the two types of oils
are less overlapped. Hence, considering additional emission
spectra in the analysis had a positive effect on differentiating
between the two groups. Again sample 25 has an abnormal
behaviour since it is closer to pure olive oils. For a better
visualisation, loadings were refolded, i.e., each loading vec-
tor was reshaped to the same dimensions as the measured
EEM (Fig. 9). The loadings of PC1 and PC2 are similar
to those found when PCA was applied to the fluorescence
spectra at λex = 365 nm. However, a larger contribution of
oxidation products can be observed on PC1 (the peaks at
low emission wavelengths in Fig. 9a). As we have explained
above, these species enabled a good differentiation between
the two types of oils. On the other hand, PC2 has less in-
fluence of chlorophylls (the slow peak between λem = 600
and 695 nm, Fig. 9b).

In order to avoid the contribution of chlorophylls, we
applied PCA on the 49 × 861 unfolded matrix. As in
Section 3.3, data were column mean-centred. The two first
PCs accounted for 97.2% of the variance (Table 1). In
the score plot (Fig. 10), the group of virgin olive oils was
less scattered than when chlorophylls were included in the
model and the two groups appeared more separated. Sample
25 remained closer to the group of pure olive oils because
of its PC1 value. Hence, the same pattern observed in PCA
is repeated in U-PCA. The refolded loadings (Fig. 11)
show that the wavelengths that most influence PC1 were
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Fig. 10. Score plot from U-PCA of the 49 × 861 matrix (column centred). (�) Virgin olive oils; ( ) pure olive oils.

between λex = 300–400 and λem = 400–500 nm (Fig. 11a).
The peak observed in this region was attributed to oxida-
tion products and hydrocarbons formed during the refining
process of olive oils [8,9]. The low scores in the PC1 of
the virgin olive oils indicate that these samples have a low
content of oxidation products, unlike pure olive oils. The
position and shape of loadings indicate that Vitamin E was
the most influential species in PC2 [11]. Unlike PC1, PC2
does not distinguish well between the two types of oils,
meaning that the model cannot distinguish the oils on the
basis of their Vitamin E content.

3.5. Parallel factor analysis (PARAFAC)

PARAFAC models with a different number of compo-
nents and non-negativity constraints on all modes were cal-
culated on EEMs in the range λex = 300–400 nm, λem =
400–695 nm. Data were scaled within the emission mode:
EEMs were unfolded to a 60×1029 matrix (λem×(sample×
λex)) and each row was then divided by its standard devia-
tion [21]. Residual and split-half analysis [21] pointed out
that the four-component model (explained variance 98.7%,
Table 1) was the optimal. The score and loading plots are
shown in Fig. 12a–d. Emission loadings were rescaled, i.e.,
loadings at each emission wavelength were multiplied by
the standard deviation calculated above. The separation be-
tween the two types of oils was accomplished mainly along
the third and the fourth component (Fig. 12a). This separa-
tion was clearer than the one obtained from PCA and U-PCA
applied to the same range (Figs. 5a and 8). Again sample 25
was closer to the pure olive oil group. The first component
was mainly related to Vitamin E, because of the peaks at
λem = 440, 475 and 525 nm (Fig. 12d). The second compo-
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Fig. 11. Refolded loadings from U-PCA of the 49 × 861 matrix (column centred). (a) PC1; (b) PC2.

nent is due to chlorophylls (Fig. 12c) and its emission pro-
file is much more intense than the rest. The third component
has contribution of oxidation products (λem = 400–600 nm)
and chlorophylls. Finally, the fourth component is related to
oxidation products.

The same procedure was repeated but this time on the raw
EEMs in the range λex = 300–400 nm, λem = 400–600 nm.
Residual and split-half analysis [21] suggested that a
three-component model (explained variance 99.0%, Table 1)
was the optimal. Again, the group of pure olive oils was
more scattered than the virgin olive oils (Fig. 13a–c), espe-
cially in the first two components (Fig. 13a). Most virgin
olive oils do not contain component one, which is related
to oxidation products, since its emission profile has a wide
peak around 450 nm (Fig. 13d) [8,9]. The reason why com-

ponent one is zero for most of virgin olive oils is due to
the non-negativity constraint applied on the concentration
mode. Without this constraint, scores would be slightly neg-
ative although very little scattered. Therefore, the low value
of virgin olive oils on this component is consistent with
the knowledge that this type of oil has very low amounts
of oxidation products. The second component is thought to
be another family of oxidation products, because it was ob-
tained from the decomposition of the component related to
oxidation products in a two-component PARAFAC model.
Virgin olive oils have low values on this component as well
(Fig. 13a and c). On the contrary, virgin olive oils vary
considerably along the third component. This component
was attributed to Vitamin E, because of its shape and posi-
tion [8]. All PARAFAC score plots in this range provided
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a rather good distinction between the two classes of oils
studied. However, sample 25 was still close to pure olive
oils, which confirmed that it is an outlier.

4. Conclusions

EEM fluorescence spectroscopy has been shown to be a
very useful technique for discerning composition differences
between olive oils. Both U-PCA and PARAFAC applied to
the EEMs of the two main groups of olive oils (virgin and

pure) show clear differences between these types of oils.
Chlorophylls had a strong influence on the models because
of their high fluorescence intensity. As a result, data have
to be scaled when its fluorescence region is included in the
models. If the chlorophyll peak is not considered, column
mean-centring is enough for U-PCA and no pre-processing
is needed in PARAFAC. Differentiation between the two
types of oils is better when the chlorophylls fluorescence
region is not included in the models. In this case, oxidation
products are the species that most contribute to the separation
between the two groups.
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The main advantage of using PARAFAC instead of
U-PCA is that the output loadings are more interpretable,
since they correspond to the underlying spectra of the
fluorescent compounds or mixtures of compounds.

The encouraging results of this exploratory analysis sug-
gest that the study could be extended to the development
and application of three-way clustering and classification
methods to EEM fluorescence and other second-order
data.
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