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Abstract: The substitution of extra virgin olive oil with other edible oils is the primary method for
fraud in the olive-oil industry. Developing inexpensive analytical methods for confirming the quality
and authenticity of olive oils is a major strategy towards combatting food fraud. Current methods
used to detect such adulterations require complicated time- and resource-intensive preparation steps.
In this work, a comparative study incorporating Raman and infrared spectroscopies, photolumines-
cence, and thermal-conductivity measurements of different sets of adulterated olive oils is presented.
The potential of each characterization technique to detect traces of adulteration in extra virgin olive
oils is evaluated. Concentrations of adulterant on the order of 5% can be detected in the Raman,
infrared, and photoluminescence spectra. Small changes in thermal conductivity were also found
for varying amounts of adulterants. While each of these techniques may individually be unable
to identify impurity adulterants, the combination of these techniques together provides a holistic
approach to validate the purity and authenticity of olive oils.

Keywords: edible oils; Raman; photoluminescence; FTIR; thermal conductivity; PCA; 2DCOS

1. Introduction

Olive oil is considered to be one of the best edible oils and an essential component in the
Mediterranean diet due to extraordinary organoleptic qualities and a large number of health
benefits. According to the Codex alimentarius of the Food and Agriculture Organization
of the United Nations (FAO) [1], olive oils are classified in three categories: virgin olive,
refined olive, and refined olive-pomace oils. These, in turn, are divided into different
grades depending on their organoleptic qualities, median defects, and color, among other
attributes. From the hierarchy list of grades among these categories, extra virgin olive oil
(EVOO) is considered to have the highest nutritional value with various health benefits.
Among its nutritional properties, EVOO possesses high antioxidant activity [2,3], exhibits
anti-inflammatory effects [3,4], improves the metabolism of carbohydrates in patients
with type-2 diabetes [5–8], reduces blood pressure and the risk of hypertension [7,9], and
improves vasodilation [10,11], to name a few. These many health benefits have boosted the
popularity of olive oil in recent decades [12], although this popularity has also brought
about other problems associated with the adulteration and/or deliberate mislabeling of
EVOO [13,14]. One of the principal motivations for olive-oil fraud is the large price gap
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between EVOO and other non-olive oils or even between EVOO and other types of olive
oils. Due to its relative scarcity and high production/selling price, unscrupulous processors
have been fined for adulterating EVOO with large amounts of cheaper oils. EVOO itself
is a vegetal fat with high levels of monounsaturated fatty acids (e.g., 78%) and low levels
of saturated acids (e.g., 14%), in contrast to cheap seed oils (e.g., sunflower, corn, and
soybean), which have high levels of polyunsaturated fats [1]. Consequently, adulteration
with other oils results in the loss of many of the healthy properties of EVOO.

There is a long list of properties that can be tested to ensure the quality of EVOO [15–17].
The standard and official methods to characterize EVOO are gas chromatography (GC) and
high-performance liquid-chromatography (HPLC). GC is mainly used to determine the
composition of the saponifiable fraction, which contains fatty acids and their derivatives, as
well as the unsaponifiable fraction, which contains waxes, aliphatic alcohols, tocopherols,
and phenolic compounds, among others. On the other hand, HPLC is mainly used to
determine the structure of triglycerides, the quantity of pigments such as chlorophylls
and carotenes, and other quality parameters (other than purity). Apart from these offi-
cial methods, there are a number of alternative and complementary methods that have
been suggested over the past decade. Among them, infrared and Raman spectroscopy are
gaining attention [18–22].

This work aims at evaluating the ability to detect traces of adulteration in EVOO with
three spectroscopic techniques: Raman, photoluminescence (PL), and Fourier-transform
infrared (FTIR) spectroscopies. In addition, we explore the use of thermal conductivity as a
potential new parameter to be used as a detection tool. Despite its relative measurement
simplicity, thermal conductivity has, to date, been overlooked as a figure of merit to
determine food purity. The combination of all of these techniques provides an easy method,
free of sample pre-processing, to ascertain the quality and authenticity of food.

2. Materials and Methods

Twenty samples of EVOO were intentionally adulterated using five different types
of edible oils: sunflower (La Masia, “masiasol”, Sevilla, Spain), high oleic (HO) sunflower
(Carrefour, “Aceite refinado de girasol”, Madrid, Spain), 95–5% soybean–nut blend (La
española, “Soy plus”, Jaen, Spain), corn (Coosol, “Maiz”, Jaen, Spain), and olive-pomace
(Carrefour, “Aceite refinado de orujo de oliva”, Madrid, Spain), in volume concentrations
of 5%, 10%, 20%, and 50%. A single type of EVOO (Salvatge “Les Garrigues”, Lleida, Spain)
was adulterated, and the oil was provided directly from the factory to guarantee its purity.
All samples were stored in a dry place protected from light to preserve their quality (see
Figure S1a, Supplementary Materials).

The Raman and photoluminescence spectra were recorded using the same equipment
(a T64000 Raman spectrometer using a liquid-nitrogen-cooled Symphony CCD manufac-
tured by HORIBA Jobin Yvon, Chilly-Mazarin, France) optimized in the visible regime
(400–800 nm). It was used in single-grating mode with 2400 and 300 lines per mm and
a spectral resolution of at least 0.4 cm−1 and 0.2 nm for Raman and photoluminescence,
respectively. The use of 2400 lines for Raman measurements provides a very high frequency
resolution at the cost of a small frequency window. On the other hand, 300 lines allow for a
larger spectroscopic window which is ideal for the broad PL signal. The measurements
were performed by focusing a diode laser (532 nm) onto a transparent quartz cuvette with
a 10× long working distance microscope objective (see Figure S1b,c, Supplementary Mate-
rials). The power of the laser was kept as low as possible (<0.5 mW) to avoid any possible
damage from self heating of the samples. For the photoluminescence measurements (also
known as fluorescence spectroscopy), all samples were measured using 3 accumulations
with the same integration time of 0.3 s with a fixed focal plane, to allow for direct compari-
son between each sample. For each sample, 5 to 10 spectra were recorded at positions on
the sample.

FTIR spectra were recorded (64 co-added scans) by a Hyperion 3000 infrared (IR)
microscope coupled to a Vertex 70 spectrometer manufactured by Bruker (Billerica, MA,
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USA) at the infrared beamline MIRAS of the ALBA synchrotron [23]. Data was recorded
with a liquid-nitrogen-cooled MCT detector. A 2–5 µL drop of oil was placed on the center
of a piece of ZnSe glass and pressured with a second slide to create a homogenous oil film.
The setup was used in the transmission configuration with a spectral resolution of 4 cm−1

with a Globar as the infrared light source. The IR light was focused onto the ZnSe slide
using a 30× Schwarzschild condenser and collected with a matching objective.

Principal component analysis (PCA) was used to treat the FTIR spectra using the soft-
ware Orange Data Mining [24]. For each sample, 50 spectra at different sample positions
were recorded and concatenated in a large matrix, as displayed in Table S1 in the supple-
mentary information. Prior to the calculation, baseline corrections, spectral normalization,
and Savitzky–Golay filters (for smoothing) and derivatives (to reduce scatter effects), were
applied to process the spectra (see Figure S2, Supplementary Materials).

The thermal conductivity (k) was determined by the bidirectional three-omega (3ω)
method [25,26] over the temperature range T = 298–400 K. The bidirectional 3ω method
is based on the measurement of a rise in temperature that is produced by an alternating
current (AC) passing through a metallic strip via the Joule heating effect. The metal line
is composed of four rectangular pads connected by pins to a narrow wire that is used
simultaneously as both a heater and temperature sensor (see Figure S1d, Supplementary
Materials). The two outer pads are used to apply the AC current while the inner pads are
used to measure the third component voltage (3ω-voltage), which contains the information
regarding the temperature rise ∆T. Metal heaters (Cr:Au, 5:95 nm) were deposited by
physical vapor deposition onto quartz substrates (5 × 5 × 0.5 mm3). For the measurement,
a drop of oil (~10 µL) was placed on top of the 3ω heater. First, an empty 3ω cell was
measured (reference). Then, a second measurement took place using the same cell after the
sample to be studied was placed on top of the heater. Assuming that heat transfer occurs
only across sample-heater-substrate interfaces, the total measured temperature change of
the heater (∆TTotal) is given by [25]:

1
∆TTotal

=
1

∆TSample
+

1
∆TSubstrate

(1)

where ∆TSample and ∆TSustrate correspond to the temperature fluctuations induced by the
sample (oil) and substrate (reference) located at the top and the bottom of the heater, respec-
tively. Lubner et al. [26] showed that the error associated with this interface assumption
(Equation (1)) can be as small as 1% if three experimental conditions are fulfilled: (i) the
ratio of the thermal diffusivities of the sample (αoil) and the substrate (αSub), αoil/αSub > 10−1;
(ii) the ratio of the thermal conductivities is in the range 10−2 < koil/kSubstrate < 1; and (iii) the
excitation frequencies are <100 Hz (low frequency limit). In our case, the room-temperature
thermal diffusivity of the oils fluctuated within the range of (0.5–0.8) × 10−7 m2 s−1 [27,28],
while that of the quartz fluctuated within the range of (0.8–1) × 10−7 m2 s−1 [29], i.e.,
1 > αoil/αSub > 0.5. The k of quartz is ~1.2–1.4 W m−1 K−1 [29,30], and the k of oils was
~0.15–0.17 W m−1 K−1 [31,32], i.e., koil/kSubstrate < 1. The frequency range used here was
(5–100) Hz, which falls within the low frequency limit.

The relationship between the temperature rise and the heat generation rate can be
expressed as [33,34]:

∆T =
P

lπk

∫ ∞

0

sin2(xb)

(xb)2√x2 + iq2
dx (2)

q =
√

4π f /α=
√

4π f CV/k (3)

∆T = ∆TX + i∆TY (4)

where ∆T is the complex temperature rise oscillation; b and l are the heater’s half width
(5 µm) and length (1 mm), respectively; q is the inverse of thermal penetration depth;
CV is the volumetric heat capacity; i =

√
−1 is the imaginary number; f is the excitation
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frequency; and P is the AC power. The real and the imaginary parts are proportional to the
in-phase (‘X’) and quadrature (‘Y’) components of three-omega voltage.

Finally, the thermal conductivity of the oils was found by least square fitting of the in-
phase signal using k and CV as fitting variables. A detailed description of the bidirectional
technique and the full development of the equations can be found in the supporting
information of our previous works [35,36].

3. Results
3.1. Photoluminescence

The photoluminescence (PL) spectra acquired from pure and adulterated EVOO with
different amounts of olive-pomace oil adulterant is depicted in Figure 1a. PL spectra for all
of the different adulterated EVOO samples that were adulterated with different oils are
depicted in Figure S3a–e, Supplementary Materials. Pure adulterant oils (HO sunflower,
sunflower, corn, and soy–nut) do not present any PL activity under this 532 nm excitation.
In the case of pure olive-pomace oil, which is a common adulterant oil, the PL is very weak
with a clear blue shift in its PL peak relative to that of pure EVOO. Despite the fact that
both EVOO and olive-pomace oil are derived from olives, their PL spectra present large
differences from one another due to the low concentration of compounds with luminescent
properties, such as pigments (e.g., chlorophyll, carotenes, and derivatives), phenols, and
tocopherols in the adulterant oils [37]. For EVOO, the strong luminescence around 670 nm
and 720 nm is mainly associated to the photosystem of chlorophyll [38]. The first peak
is attributed to photosystem I (PSI) and the second peak is due to the combination of
photosystems I and II [38]. The strong photoluminescence can be seen even by naked eye
(Figure S1b,c, Supplementary Materials).
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Figure 1. (a) Photoluminescence spectra of EVOO adulterated with different concentrations of olive-
pomace oil. (b) Integrated photoluminescence spectra of the different oil mixtures as a function of the
adulterant-oil concentration. The light-grey shaded region represents the 95% range of confidence
region around the best-fit line. (Inset) peak position of the PL spectra as a function of adulterant-
oil concentration.

The numerically integrated PL intensity of all of the spectra as a function of the
adulterant-oil concentration of different adulterant oils is shown in Figure 1b. The light-
grey shaded region represents the 95% range of confidence region around the best-fit line.
We note that the best-fit line passes through pure EVOO, but a clear linear decrease and vari-
ation in the integrated intensity is observed due to the negligible luminescent activity of the
adulterant oils. Additionally, we observe a small blue shift of the chlorophyll/pheophytin
peak as the concentration of adulterant oil increases (see inset Figure 1b). The origin of this
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blue shift is even more pronounced when comparing the PL spectra of pure EVOO with
pure adulterant oil, since the PL peak in pure adulterant oil sits at lower wavelengths (see
Figure S3, Supplementary Materials).

3.2. Raman Spectroscopy

The Raman spectra of pure EVOO, olive-pomace, HO sunflower, corn, and soy–nut
blend oils are depicted in Figure 2. Four common bands can be observed in all of the oils,
located at ~1265, 1305, 1440 and 1656 cm−1, which correspond to the common Raman
modes of unsaturated fatty acids such as: oleic (OA, C18:1), linoleic (LA, C18:2), and
linolenic (ALA, C18:3) acid [39]. These molecules are all 18-carbon carboxylic acids with
one, two, and three cis-double bonds, respectively. Each of the oils under study has a
comparable fatty-acid composition (see Table S2 in the supplementary information), which
leads to these common carboxylic acid peaks in their Raman spectra. These characteristic
Raman bands have already been previously studied by El-Abassy et al. and Lv et al. [39,40].
The attribution of each of the observed peaks to their associated vibrational mode for all
spectra in Figure 2 is summarized in Table 1. The remaining two Raman bands located
at ~1155 and 1523 cm−1, which are unique to EVOO, have previously been associated
with C–C and C=C stretching vibrations of the main polyene chain of carotenoids [41,42].
These additional two bands are not detected in any of the adulterant oils, including the
olive-pomace oil. As was the case with the photoluminescence, Raman spectroscopy clearly
distinguishes a spectroscopic difference between EVOO and all of the other edible oils,
including olive-pomace oil, which shares a common derivation from olives. The absence
of carotenoids in refined oils results from the degradation that they suffer during food
processing, storage, and thermal treatment. Thermal treatment during the refinement
process leads to the isomerization of the carotenoids and a consequent change in their
molecular structure [43].
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Table 1. Assignment of the Raman bands of the edible oils.

Frequency [cm−1] Vibrational Mode

1155 C–C stretching (carotenoid)
1265 =C–H bending scissoring
1305 C–H bending twisting
1440 C–H bending scissoring
1523 C=C stretching (carotenoid)
1656 C=C stretching

Figure 3a shows the normalized Raman spectrum of pure EVOO adulterated with
different amounts of HO sunflower. As the HO sunflower concentration increases, the
intensity at 1523 cm−1 (carotenoid peak) decreases. Similar results were also found for the
rest of the adulterant oils (see Figure S4, Supplementary Materials). A summary of these
results are shown in Figure 3b, which presents the ratio of the numerical integration of the
areas of the Raman peaks at 1523 cm−1 and 1656 cm−1. A clear decrease in I1523/I1656 ratio
can be observed as the adulterant oil content increases. This effect comes from the zero
Raman activity for carotenoids peaks shown by all adulterant oils studied here. Notably,
the Raman spectra can be directly measured from as-packaged oil without opening and
manipulating the oil, allowing for non-invasive verification even from an unopened oil
bottle (see Figure S5, Supplementary Materials). Similar to the PL, the addition of adulterant
oils leads to a decrease in the I1523/I1656 integral ratio. Qui et al. recently observed a similar
result using the I1523/I1656 ratio to determine the free-fatty-acid (FFA) content of olive oils
and found that this intensity ratio decreases linearly with FFA content, although the FFA
content was obtained from the nutrition label of each of the oils [21]. Thus, the I1523/I1656
integral ratio is an additional useful figure of merit to quantify EVOO purity.
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3.3. Fourier-Transform Infrared Spectroscopy

The IR spectra of pure EVOO, corn, soy, and olive-pomace oils are depicted in
Figure 4. For ease of visualization, the spectra were separated in two wavenumber ranges:
(3150–2800) cm−1 and (1500–1000) cm−1. The first window shows the characteristic IR
peaks resulting from hydrogen stretching functional groups, while the second window
shows other bond deformations and bending that are primarily associated with vibrations
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of CHi groups (with i = 1, 2, 3) and C–O bonds [44]. Unlike the PL and Raman results, the
FTIR spectra shows remarkable similarities between the spectra of the studied samples,
making them difficult to differentiate. Therefore, a deep analysis using principal component
analysis (PCA), a technique that allows for patterns and variations within a dataset to be
readily visualized, was performed to allow for facile differentiation of each of the spectrum
from one another. PCA analysis is relatively common in food chemistry, as optical spectra
tend to be very similar within particular foods and their associated derivatives. The results
of this analysis are displayed in the inset of Figure 4a,b. Our results showed that EVOO
and olive-pomace oils could not be differentiated from one another in FTIR spectroscopy,
as the PCA scores were almost identical. However, the PCA scores of corn, soy–nut oil, and
sunflower oils showed clear differences when compared with EVOO.
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Figure 4. FTIR spectra of four oils: EVOO (pale green), olive-pomace (blue), corn (orange) and
soy (dark green) over two different wavenumber ranges focusing on the (a) hydrogen stretching
functional groups and (b) CHi (i = 1, 2, 3) functional groups present in each oil.

At the most superficial level, a quick differentiation of the IR spectra of the oils was
established via PCA, though a deeper analysis of the PCA scores of the adulterated EVOO
is possible. Figure 5 shows the subsequent PCA analysis of IR spectra of adulterated EVOO.
This rapid and simple PCA analysis highlights the impurities added to EVOO by showing
a shift in the scores of adulterated samples as the adulterant oil increases. The shift is
observed even with less than 5% of added adulterant (Figure 5a,b,d,e). Similar results have
been observed by Vanstone et al. [45], who demonstrated the potential of a combination of
near-infrared spectroscopy with PCA to detect EVOO adulteration at levels as low as 2.7%,
given an unadulterated reference sample (i.e., pure EVOO). However, we demonstrate
similar conclusions with FTIR in the mid-IR spectral range, which is advantageous as
molecular fundamental vibrational modes lie in the mid-IR, while spectral measurements
in the near-IR are measurements of molecular vibrational overtones. While the PCA alone
exhibits potential in its ability to discriminate similar spectra, the addition of a multivariable
regression model will be necessary to obtain true quantification of EVOO adulteration.
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Figure 5. PCA score plots of oil mixtures at the 3000 cm−1 and 1300 cm−1 window: (a,d) corn–EVOO,
(b,e) soy–nut–EVOO, and (c,f) sunflower–EVOO. The inset in (f) shows a zoom around the PCA
scores of the sunflower-based sample. The color gradient in each figure indicates the evolution of the
PCs from pure adulterant (darker colors) to smallest amount of adulterant (lighter colors).

As the PCA of FTIR spectra did not show significant differences between EVOO
and olive-pomace, we applied two-dimensional correlation spectroscopy (2DCOS) to gain
greater insight into the FTIR spectra. The 2DCOS technique is a mathematical method
for analyzing changes in a signal produced by an external perturbation (e.g., a change in
temperature, pressure, pH, concentration of mixtures, etc.). To calculate the 2DCOS map
we used the concentration of olive-pomace oil as an external perturbation and the spectra
dataset was ordered from pure EVOO (0% of oil adulterant) to pure pomace (100% of oil
adulterant), i.e., 0, 5, 10, 20, 50, 100%. The raw spectra were baselined and normalized
using the most-intense band for each frequency window in Figure 4. The average spectrum
was used as a reference spectrum following the same procedure as reference [46]. The
2DCOS analysis was performed with the Mat2dcorr Matlab toolbox [47]. Figure 6 shows
the synchronous 2DCOS map at the 3000 cm−1 (Figure 6a) and 1300 cm−1 (Figure 6b) FTIR
frequency windows. The respective autocorrelation and FTIR-averaged spectra are shown
above each frequency window. Autocorrelation spectra are defined by a diagonal line
along the 2DCOS map and their bands are known as autopeaks. The autopeaks represent
real changes between the FTIR spectra that are produced by the external perturbation
(such as the addition of olive-pomace oil, in this case). The autocorrelation spectra show
three autopeaks located at 2844, 2900, and 2974 cm−1 in the 3000 cm−1 window and
only one autopeak around 1330 cm−1 for the 1300 cm−1 window. The comparison of
the auto correlation and FTIR spectra show that the larger changes among the spectra
occur at wavelengths where the FTIR spectra is very weak, which indicates why the PCA
analysis was not able to find significant differences between the olive-pomace oil and
EVOO. Furthermore, a 2DCOS analysis of pure EVOO oils was also performed using the
same data treatment (Figure S6, Supplementary Materials) to verify that the observed
variations are not artificial variations resulting from the data treatment such as background
subtraction and/or normalization. In this analysis, the same large variation in autopeaks are
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in fact observed around 2844 and 2900 cm−1, indicating that such variations are dependent
not only on real significant differences in oil concentration, but also on experimental
fluctuations. Notably, autopeaks around 2974 cm−1 are only present in the EVOO/olive-
pomace 2DCOS map. Consequently, while this type of data processing enables even such
small fluctuations to be used as identifiers for authentication between oils of similar origin,
additional processing and identification of 2DCOS peaks may first be required.
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Figure 6. Contour map of the synchronous 2D FTIR correlation spectra of the EVOO–pomace
mixtures at the (a) 3000 cm−1 and (b) 1300 cm−1 frequency windows. The spectra above the 2D plots
provide the auto correlation spectrum (black solid lines) of each 2DCOS map. The average of the
FTIR spectra in each window is also included for comparison (grey dashed lines).

3.4. Thermal Conductivities

The temperature dependence of the thermal conductivity (k) of pure oils and of
three adulterated mixtures are shown in Figure 7a,b, respectively. A monotonic decrease
in the thermal conductivity as the temperature increases can be observed in all of the
studied samples. A similar temperature dependence was also reported by Turgut et al. [31].
Interestingly, the temperature dependence of the k of the EVOO–soy–nut oil mixture
follows the same temperature dependence as the pure EVOO, even at 50% of soy–nut oil
concentration. A comparative analysis of the k values at room temperature (Figure 7c) and
at 400 K (Figure 7d) demonstrate noticeable differences between each pure oil and between
EVOO and its adulterated mixtures. This highlights the ability of the k—which, to date,
has tended to be overlooked as a useful figure of merit in food authentication—to provide
information that enables the distinction of pure and adulterated oils, or, more generally,
other food products as well.
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Figure 7. (a) Thermal conductivity of pure oils as a function of temperature. (b) Thermal conductivity
of adulterated oils as a function of temperature. (c) Room-temperature thermal conductivity as a
function of adulterant oil concentration. (d) Comparison of the thermal conductivity at 400 K for
different pure oils or adulterated EVOO.

4. Discussion

In this work, the potential of four different characterization techniques to detect
traces of adulteration in EVOO were analyzed. Photoluminescence, Raman, and Fourier-
transform infrared spectroscopies demonstrated the successful detection of small traces
of adulteration on the order of 5%, while the thermal conductivity analysis showed small
but constant fluctuations as a function of adulterant oil concentration. Notably, we demon-
strated four different characterization methods that are able to rapidly assess the purity of
EVOO. Photoluminescence showed a linear decrease in the peak intensity and position as
the adulterant oil concentration was increased due to a decrease in the amount of chloro-
phyll and pheophytin, which are naturally present in EVOO but absent in the adulterant oils.
Raman spectroscopy also presented a clear difference between the spectra of EVOO and
adulterant oils (even in olive-pomace oil, which is also derived from olives) was also found.
Notably, two peaks at ~1155 cm−1 and 1523 cm−1 were detectable only in EVOO. These
modes are associated with the polyene chain of the carotenoids that are naturally presented
in EVOO but absent in the adulterants. A clear decrease in the intensity ratio between the
peaks at 1523 cm−1 (only presented in EVOO) and 1656 cm−1 (a common mode presented
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in all the studied oils) was observed as a function of the adulterant-oil concentration. While
a rough comparison between the IR spectra did not show appreciable differences, a statis-
tical analysis showed grouping of the spectra and distinguished a remarkable difference
in the PCA scores between pure EVOO and adulterated oils, demonstrating detection of
as low as 5% adulterant concentration via FTIR spectroscopy. It is important to note that,
while even PCA did not show significant differences between EVOO and EVOO–pomace
mixtures, a deeper analysis using a two-dimensional correlation treatment was sensitive to
small fluctuations around 2900 cm−1. This result is a nascent effort that demonstrates the
potential of 2DCOS analysis for the detection of EVOO adulterated with oils of very similar
origin. Finally, an appreciable fluctuation in the thermal conductivity of EVOO was ob-
served for different amounts of adulterant oils. Thermal conductivity has previously been
overlooked as a simple but useful figure of merit for assessing food authenticity, but is also
a useful manner in which purity can be ascertained. These results highlight the potential of
these techniques to detect adulteration, and indicate that the results of the current study
can be used as a starting point for the development of spectroscopic methods that allow for
the effective and efficient detection of adulteration in olive oils by aiding in identification
and classification. While each technique independently may fail to reliably capture small
amounts of adulteration in EVOO given the complexity and chemical variability in the
oils, a combination of all of them together provides a more holistic base for authentication.
For example, as was observed in the case of the FTIR spectra, it is difficult to differentiate
EVOO from olive-pomace oils, due to their common origin, though other techniques such
as Raman can clearly distinguish the two. Future subsequent development of multiple
sensors incorporating and combining these techniques will allow for the acquisition of
complete spectral data sets that are critical for precise EVOO authentication. Beyond the
authentication of EVOO, the combination of spectroscopic and thermal techniques has the
potential to facilitate simplified authentication throughout the food industry.
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spectra of EVOO adulterated with different concentrations of: (a) ol-ive-pomace, (b) soy-nut blend,
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Table S2: Acid content of the studied edible oils [48].

Author Contributions: Conceptualization, E.C.-A., C.M.S.T. and A.C.-A.; Data curation, E.C.-A., B.P.,
M.K. and R.C.N.; Formal analysis, E.C.-A., B.P. and M.K.; Funding acquisition, C.M.S.T. and A.C.-A.;
Investigation, E.C.-A., B.P. and R.C.N.; Methodology, E.C.-A. and A.C.-A.; Software, E.C.-A. and
A.C.-A.; Supervision and validation R.S.F. and C.M.S.T.; Writing—original draft, E.C.-A., R.S.F. and
R.C.N.; Writing—review and editing, E.C.-A., R.C.N. and R.S.F. All authors have read and agreed to
the published version of the manuscript.

Funding: ICN2 is supported by the Severo Ochoa program from the Spanish Research Agency (AEI,
grant no. SEV-2017-0706) and by the CERCA Programme/Generalitat de Catalunya. ICN2 authors
acknowledge the support from the Spanish MICINN project SIP (PGC2018-101743-B-I00). A.C.-A.
acknowledges the support from Fondecyt Iniciación 11200620. R.C.N. acknowledges funding from
the EU-H2020 research and innovation program under the Marie Sklodowska Curie Fellowship
(Grant No. 897148).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data can be provided by the corresponding author (ECA) on
reasonable request.

https://www.mdpi.com/article/10.3390/foods11091304/s1
https://www.mdpi.com/article/10.3390/foods11091304/s1


Foods 2022, 11, 1304 12 of 13

Acknowledgments: The infrared-spectroscopy measurements were performed at MIRAS beamline
at ALBA Synchrotron with the collaboration of ALBA staff.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FAO Codex Standars for Fats and Oils from Vegetable Sources. 1999. Available online: http://www.fao.org/docrep/004/y2774e/

y2774e04.htm (accessed on 18 October 2021).
2. Dairi, S.; Carbonneau, M.-A.; Galeano-Diaz, T.; Remini, H.; Dahmoune, F.; Aoun, O.; Belbahi, A.; Lauret, C.; Cristol, J.-P.; Madani,

K. Antioxidant Effects of Extra Virgin Olive Oil Enriched by Myrtle Phenolic Extracts on Iron-Mediated Lipid Peroxidation under
Intestinal Conditions Model. Food Chem. 2017, 237, 297–304. [CrossRef] [PubMed]

3. Bucciantini, M.; Leri, M.; Nardiello, P.; Casamenti, F.; Stefani, M. Olive Polyphenols: Antioxidant and Anti-Inflammatory
Properties. Antioxidants 2021, 10, 1044. [CrossRef] [PubMed]

4. Fernandes, J.; Fialho, M.; Santos, R.; Peixoto-Plácido, C.; Madeira, T.; Sousa-Santos, N.; Virgolino, A.; Santos, O.; Vaz Carneiro, A.
Is Olive Oil Good for You? A Systematic Review and Meta-Analysis on Anti-Inflammatory Benefits from Regular Dietary Intake.
Nutrition 2020, 69, 110559. [CrossRef] [PubMed]

5. Schwingshackl, L.; Lampousi, A.-M.; Portillo, M.P.; Romaguera, D.; Hoffmann, G.; Boeing, H. Olive Oil in the Prevention and
Management of Type 2 Diabetes Mellitus: A Systematic Review and Meta-Analysis of Cohort Studies and Intervention Trials.
Nutr. Diabetes 2017, 7, e262. [CrossRef] [PubMed]

6. Guasch-Ferré, M.; Hruby, A.; Salas-Salvadó, J.; Martínez-González, M.A.; Sun, Q.; Willett, W.C.; Hu, F.B. Olive Oil Consumption
and Risk of Type 2 Diabetes in US Women. Am. J. Clin. Nutr. 2015, 102, 479–486. [CrossRef] [PubMed]

7. AlFaris, N.A.; Ba-Jaber, A.S. Effects of a Low-energy Diet with and without Oat Bran and Olive Oil Supplements on Body Mass
Index, Blood Pressure, and Serum Lipids in Diabetic Women: A Randomized Controlled Trial. Food Sci. Nutr. 2020, 8, 3602–3609.
[CrossRef]

8. Njike, V.Y.; Ayettey, R.; Treu, J.A.; Doughty, K.N.; Katz, D.L. Post-Prandial Effects of High-Polyphenolic Extra Virgin Olive Oil on
Endothelial Function in Adults at Risk for Type 2 Diabetes: A Randomized Controlled Crossover Trial. Int. J. Cardiol. 2021, 330,
171–176. [CrossRef]

9. Massaro, M.; Scoditti, E.; Carluccio, M.A.; Calabriso, N.; Santarpino, G.; Verri, T.; De Caterina, R. Effects of Olive Oil on Blood
Pressure: Epidemiological, Clinical, and Mechanistic Evidence. Nutrients 2020, 12, 1548. [CrossRef]

10. López-Villodres, J.A.; Abdel-Karim, M.; De La Cruz, J.P.; Rodríguez-Pérez, M.D.; Reyes, J.J.; Guzmán-Moscoso, R.; Rodriguez-
Gutierrez, G.; Fernández-Bolaños, J.; González-Correa, J.A. Effects of Hydroxytyrosol on Cardiovascular Biomarkers in Experi-
mental Diabetes Mellitus. J. Nutr. Biochem. 2016, 37, 94–100. [CrossRef]

11. Sayec, M.L.; Serreli, G.; Diotallevi, C.; Teissier, A.; Deiana, M.; Corona, G. Olive Oil Phenols and Their Metabolites Modulate
Nitric Oxide Balance in Human Aortic Endothelial Cells. Proc. Nutr. Soc. 2021, 80, E34. [CrossRef]

12. Olive World Olive Oil & Health. Available online: https://www.internationaloliveoil.org/olive-world/olive-oil-health/ (ac-
cessed on 11 February 2021).

13. Casadei, E.; Valli, E.; Panni, F.; Donarski, J.; Farrús Gubern, J.; Lucci, P.; Conte, L.; Lacoste, F.; Maquet, A.; Brereton, P.; et al.
Emerging Trends in Olive Oil Fraud and Possible Countermeasures. Food Control 2021, 124, 107902. [CrossRef]

14. van Ruth, S.M.; Huisman, W.; Luning, P.A. Food Fraud Vulnerability and Its Key Factors. Trends Food Sci. Technol. 2017, 67, 70–75.
[CrossRef]

15. Conte, L.; Bendini, A.; Valli, E.; Lucci, P.; Moret, S.; Maquet, A.; Lacoste, F.; Brereton, P.; García-González, D.L.; Moreda, W.;
et al. Olive Oil Quality and Authenticity: A Review of Current EU Legislation, Standards, Relevant Methods of Analyses, Their
Drawbacks and Recommendations for the Future. Trends Food Sci. Technol. 2020, 105, 483–493. [CrossRef]

16. Bajoub, A.; Bendini, A.; Fernández-Gutiérrez, A.; Carrasco-Pancorbo, A. Olive Oil Authentication: A Comparative Analysis
of Regulatory Frameworks with Especial Emphasis on Quality and Authenticity Indices, and Recent Analytical Techniques
Developed for Their Assessment. A Review. Crit. Rev. Food Sci. Nutr. 2018, 58, 832–857. [CrossRef]

17. Tena, N.; Wang, S.C.; Aparicio-Ruiz, R.; García-González, D.L.; Aparicio, R. In-Depth Assessment of Analytical Methods for Olive
Oil Purity, Safety, and Quality Characterization. J. Agric. Food Chem. 2015, 63, 4509–4526. [CrossRef]

18. Kakouri, E.; Revelou, P.-K.; Kanakis, C.; Daferera, D.; Pappas, C.S.; Tarantilis, P.A. Authentication of the Botanical and Geographi-
cal Origin and Detection of Adulteration of Olive Oil Using Gas Chromatography, Infrared and Raman Spectroscopy Techniques:
A Review. Foods 2021, 10, 1565. [CrossRef]

19. Barros, I.H.A.S.; Paixão, L.S.; Nascimento, M.H.C.; Lacerda, V.; Filgueiras, P.R.; Romão, W. Use of Portable Raman Spectroscopy
in the Quality Control of Extra Virgin Olive Oil and Adulterated Compound Oils. Vib. Spectrosc. 2021, 116, 103299. [CrossRef]

20. de Lima, T.K.; Musso, M.; Bertoldo Menezes, D. Using Raman Spectroscopy and an Exponential Equation Approach to Detect
Adulteration of Olive Oil with Rapeseed and Corn Oil. Food Chem. 2020, 333, 127454. [CrossRef]

21. Qiu, J.; Hou, H.-Y.; Yang, I.-S.; Chen, X.-B. Raman Spectroscopy Analysis of Free Fatty Acid in Olive Oil. Appl. Sci. 2019, 9, 4510.
[CrossRef]

22. Giovenzana, V.; Beghi, R.; Romaniello, R.; Tamborrino, A.; Guidetti, R.; Leone, A. Use of Visible and near Infrared Spectroscopy
with a View to On-Line Evaluation of Oil Content during Olive Processing. Biosyst. Eng. 2018, 172, 102–109. [CrossRef]

http://www.fao.org/docrep/004/y2774e/y2774e04.htm
http://www.fao.org/docrep/004/y2774e/y2774e04.htm
http://doi.org/10.1016/j.foodchem.2017.04.106
http://www.ncbi.nlm.nih.gov/pubmed/28763999
http://doi.org/10.3390/antiox10071044
http://www.ncbi.nlm.nih.gov/pubmed/34209636
http://doi.org/10.1016/j.nut.2019.110559
http://www.ncbi.nlm.nih.gov/pubmed/31539817
http://doi.org/10.1038/nutd.2017.12
http://www.ncbi.nlm.nih.gov/pubmed/28394365
http://doi.org/10.3945/ajcn.115.112029
http://www.ncbi.nlm.nih.gov/pubmed/26156740
http://doi.org/10.1002/fsn3.1642
http://doi.org/10.1016/j.ijcard.2021.01.062
http://doi.org/10.3390/nu12061548
http://doi.org/10.1016/j.jnutbio.2016.07.015
http://doi.org/10.1017/S0029665121000355
https://www.internationaloliveoil.org/olive-world/olive-oil-health/
http://doi.org/10.1016/j.foodcont.2021.107902
http://doi.org/10.1016/j.tifs.2017.06.017
http://doi.org/10.1016/j.tifs.2019.02.025
http://doi.org/10.1080/10408398.2016.1225666
http://doi.org/10.1021/jf5062265
http://doi.org/10.3390/foods10071565
http://doi.org/10.1016/j.vibspec.2021.103299
http://doi.org/10.1016/j.foodchem.2020.127454
http://doi.org/10.3390/app9214510
http://doi.org/10.1016/j.biosystemseng.2018.06.001


Foods 2022, 11, 1304 13 of 13

23. Yousef, I.; Ribó, L.; Crisol, A.; Šics, I.; Ellis, G.; Ducic, T.; Kreuzer, M.; Benseny-Cases, N.; Quispe, M.; Dumas, P.; et al. MIRAS: The
Infrared Synchrotron Radiation Beamline at ALBA. Synchrotron Radiat. News 2017, 30, 4–6. [CrossRef]

24. Demsar, J.; Curk, T.; Erjavec, A.; Gorup, C.; Hocevar, T.; Milutinovic, M.; Mozina, M.; Polajnar, M.; Toplak, M.; Staric, A.; et al.
Orange: Data Mining Toolbox in Python. J. Mach. Learn. Res. 2013, 14, 2349–2353.

25. Oh, D.W.; Jain, A.; Eaton, J.K.; Goodson, K.E.; Lee, J.S. Thermal Conductivity Measurement and Sedimentation Detection of
Aluminum Oxide Nanofluids by Using the 3ωMethod. Int. J. Heat Fluid Flow 2008, 29, 1456–1461. [CrossRef]

26. Lubner, S.D.; Choi, J.; Wehmeyer, G.; Waag, B.; Mishra, V.; Natesan, H.; Bischof, J.C.; Dames, C. Reusable Bi-Directional 3ω Sensor
to Measure Thermal Conductivity of 100-Mm Thick Biological Tissues. Rev. Sci. Instrum. 2015, 86, 014905. [CrossRef] [PubMed]

27. Jiménez-Pérez, J.L.; Cruz-Orea, A.; Lomelí Mejia, P.; Gutierrez-Fuentes, R. Monitoring the Thermal Parameters of Different Edible
Oils by Using Thermal Lens Spectrometry. Int. J. Thermophys. 2009, 30, 1396–1399. [CrossRef]

28. Lara-Hernández, G.; Suaste-Gómez, E.; Cruz-Orea, A.; Mendoza-Alvarez, J.G.; Sánchez-Sinéncio, F.; Valcárcel, J.P.; García-Quiroz,
A. Thermal Characterization of Edible Oils by Using Photopyroelectric Technique. Int. J. Thermophys. 2013, 34, 962–971. [CrossRef]

29. Gustafsson, S.E.; Karawacki, E.; Khan, M.N. Transient Hot-Strip Method for Simultaneously Measuring Thermal Conductivity
and Thermal Diffusivity of Solids and Fluids. J. Phys. D Appl. Phys. 1979, 12, 1411–1421. [CrossRef]

30. Sergeev, O.A.; Shashkov, A.G.; Umanskii, A.S. Thermophysical Properties of Quartz Glass. J. Eng. Phys. 1982, 43, 1375–1383.
[CrossRef]

31. Turgut, A.; Tavman, I.; Tavman, S. Measurement of Thermal Conductivity of Edible Oils Using Transient Hot Wire Method. Int. J.
Food Prop. 2009, 12, 741–747. [CrossRef]

32. Rojas, E.E.G.; Coimbra, J.S.R.; Telis-Romero, J. Thermophysical Properties of Cotton, Canola, Sunflower and Soybean Oils as a
Function of Temperature. Int. J. Food Prop. 2013, 16, 1620–1629. [CrossRef]

33. Cahill, D.G. Thermal Conductivity Measurement from 30 to 750 K: The 3ωMethod. Rev. Sci. Instrum. 1990, 61, 802. [CrossRef]
34. Cahill, D.G. Erratum: “Thermal Conductivity Measurement from 30 to 750 K: The 3ωMethod” [Rev. Sci. Instrum. 61, 802 (1990)].

Rev. Sci. Instrum. 2002, 73, 3701. [CrossRef]
35. Rodríguez-Laguna, M.R.; Castro-Alvarez, A.; Sledzinska, M.; Maire, J.; Costanzo, F.; Ensing, B.; Pruneda, M.; Ordejón, P.;

Sotomayor Torres, C.M.; Gómez-Romero, P.; et al. Mechanisms behind the Enhancement of Thermal Properties of Graphene
Nanofluids. Nanoscale 2018, 10, 15402–15409. [CrossRef]

36. Chavez-Angel, E.; Reuter, N.; Komar, P.; Heinz, S.; Kolb, U.; Kleebe, H.-J.; Jakob, G. Subamorphous Thermal Conductivity of
Crystalline Half-Heusler Superlattices. Nanoscale Microscale Thermophys. Eng. 2019, 23, 1–9. [CrossRef]

37. Lazzerini, C.; Cifelli, M.; Domenici, V. Pigments in Extra-Virgin Olive Oil: Authenticity and Quality. In Products from Olive Tree;
InTech: London, UK, 2016.

38. Peterson, R.B.; Oja, V.; Laisk, A. Chlorophyll Fluorescence at 680 and 730 Nm and Leaf Photosynthesis. Photosynth. Res. 2001, 70,
185–196. [CrossRef] [PubMed]

39. Lv, M.Y.; Zhang, X.; Ren, H.R.; Liu, L.; Zhao, Y.M.; Wang, Z.; Wu, Z.L.; Liu, L.M.; Xu, H.J. A Rapid Method to Authenticate
Vegetable Oils through Surface-Enhanced Raman Scattering. Sci. Rep. 2016, 6, 23405. [CrossRef]

40. El-Abassy, R.M.; Donfack, P.; Materny, A. Visible Raman Spectroscopy for the Discrimination of Olive Oils from Different
Vegetable Oils and the Detection of Adulteration. J. Raman Spectrosc. 2009, 40, 1284–1289. [CrossRef]

41. Bernstein, P.S. New Insights into the Role of the Macular Carotenoids in Age-Related Macular Degeneration. Resonance Raman
Studies. Pure Appl. Chem. 2002, 74, 1419–1425. [CrossRef]

42. Withnall, R.; Chowdhry, B.Z.; Silver, J.; Edwards, H.G.M.; de Oliveira, L.F.C. Raman Spectra of Carotenoids in Natural Products.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2003, 59, 2207–2212. [CrossRef]

43. Zeb, A.; Murkovic, M. Carotenoids and Triacylglycerols Interactions during Thermal Oxidation of Refined Olive Oil. Food Chem.
2011, 127, 1584–1593. [CrossRef]

44. Concha-Herrera, V.; Lerma-GarcÍa, M.J.; Herrero-MartiÍnez, J.M.; SimoÓ-Alfonso, E.F. Prediction of the Genetic Variety of Extra
Virgin Olive Oils Produced at La Comunitat Valenciana, Spain, by Fourier Transform Infrared Spectroscopy. J. Agric. Food Chem.
2009, 57, 9985–9989. [CrossRef] [PubMed]

45. Vanstone, N.; Moore, A.; Martos, P.; Neethirajan, S. Detection of the Adulteration of Extra Virgin Olive Oil by Near-Infrared
Spectroscopy and Chemometric Techniques. Food Qual. Saf. 2018, 2, 189–198. [CrossRef]

46. Qiu, J.; Hou, H.-Y.; Huyen, N.T.; Yang, I.-S.; Chen, X.-B. Raman Spectroscopy and 2DCOS Analysis of Unsaturated Fatty Acid in
Edible Vegetable Oils. Appl. Sci. 2019, 9, 2807. [CrossRef]

47. Lasch, P.; Noda, I. Two-Dimensional Correlation Spectroscopy (2D-COS) for Analysis of Spatially Resolved Vibrational Spectra.
Appl. Spectrosc. 2019, 73, 359–379. [CrossRef] [PubMed]

48. FAO. Codex Standard for Fats and Oils from Vegetable Sources; FAO: Rome, Italy, 1999.

http://doi.org/10.1080/08940886.2017.1338410
http://doi.org/10.1016/j.ijheatfluidflow.2008.04.007
http://doi.org/10.1063/1.4905680
http://www.ncbi.nlm.nih.gov/pubmed/25638111
http://doi.org/10.1007/s10765-009-0628-9
http://doi.org/10.1007/s10765-013-1419-x
http://doi.org/10.1088/0022-3727/12/9/003
http://doi.org/10.1007/BF00824797
http://doi.org/10.1080/10942910802023242
http://doi.org/10.1080/10942912.2011.604889
http://doi.org/10.1063/1.1141498
http://doi.org/10.1063/1.1505652
http://doi.org/10.1039/C8NR02762E
http://doi.org/10.1080/15567265.2018.1505987
http://doi.org/10.1023/A:1017952500015
http://www.ncbi.nlm.nih.gov/pubmed/16228352
http://doi.org/10.1038/srep23405
http://doi.org/10.1002/jrs.2279
http://doi.org/10.1351/pac200274081419
http://doi.org/10.1016/S1386-1425(03)00064-7
http://doi.org/10.1016/j.foodchem.2011.02.022
http://doi.org/10.1021/jf901730p
http://www.ncbi.nlm.nih.gov/pubmed/19813707
http://doi.org/10.1093/fqsafe/fyy018
http://doi.org/10.3390/app9142807
http://doi.org/10.1177/0003702818819880
http://www.ncbi.nlm.nih.gov/pubmed/30488717

	Introduction 
	Materials and Methods 
	Results 
	Photoluminescence 
	Raman Spectroscopy 
	Fourier-Transform Infrared Spectroscopy 
	Thermal Conductivities 

	Discussion 
	References

