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This research investigates the temperature-dependent variation of diverse acoustic parameters in samples of
edible oils. It further supplements previous studies on the effectiveness of non-destructive ultrasonic inspection in
the authentication of edible oils. The oils under examination consist of pure samples of olive, sunflower, and corn

Ez;rble oils oils, as well as variable mixtures ranging from 20 % to 80 % of the more expensive one (olive oil) with the other
Temperature two, simulating a hypothetical adulteration scenario. The studied acoustic parameters are related to the velocity,
Adulteration attenuation, and frequency components present in 2.25 MHz ultrasonic waves propagating through the oil
Fat acids samples within a temperature range of 24 °C to 34 °C. The results confirm the suitability of non-destructive

ultrasonic inspection in evaluating and detecting the adulteration of olive oil with economically inferior oils
such as sunflower and corn. Additionally, this study provides added value by laying the groundwork for a non-
destructive and innovative determination of the fatty acid profile of an edible oil based on the evolution of the
aforementioned ultrasonic parameters with temperature. The findings hold potential for enhancing the
authenticity assessment and quality control of edible oils in the food industry.

1. Introduction

Sunflower and corn oils are vegetable oils obtained from the seeds of
their respective plants, whereas olive oil is a vegetable oil derived from
the fruit (endosperm) of the olive tree. All three are edible oils and,
similar to animal-derived oils, they consist of mixtures of triglycerides,
comprising approximately 96 % of their composition [1]. Triglycerides
consist of three molecules of fatty acids bound to one molecule of
glycerol. Additionally, other minor components are also present, such as
monoglycerides and diglycerides (where each glycerine molecule com-
bines with one or two molecules of fatty acids, respectively), free fatty
acids (responsible for acidity), vitamins, sterols, pigments (chlorophyll,
carotenoids, etc.), and other liposoluble substances (tocopherols, etc.)
[2].

The diverse composition and favorable fatty acid profile of edible
vegetable oils make them an integral component of a balanced diet
[3,4]. The issue of adulteration of edible vegetable oils, such as olive oil,
with cheaper oils is of significant concern due to its economic, health,
and consumer fraud implications. Adulterated oils can compromise the
quality, authenticity, and nutritional value of the product, leading to

potential health risks and consumer deception. Detecting and preventing
such adulteration is crucial to safeguard consumer trust and ensure the
integrity of the edible oil market [5,6].

The evaluation of the quality of olive oil is carried out using tradi-
tional analysis techniques, either physical-chemical, microbiological or
sensory. This, on the one hand, supposes the destruction of the product,
and, on the other hand, generates chemical residues that must be treated
later, with the consequent problem of waste generation. In addition, the
time needed for a complete analysis is high and carries with it an eco-
nomic cost, to which the high price of the samples of this type of
products is added [7,8].

The application of non-destructive analysis techniques, particularly
ultrasound, holds a pivotal role in detecting adulteration in edible
vegetable oils. Ultrasound-based methods offer several advantages,
including swift analysis, non-invasiveness, and the capability to assess
multiple parameters concurrently. Several studies have substantiated
the efficacy of ultrasound in identifying adulterants, thereby ensuring
the authenticity and quality of edible vegetable oils. The adoption of
ultrasound-based techniques can significantly improve the efficiency
and precision of detecting oil adulteration, thus safeguarding consumer
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health and upholding the integrity of the product [1,9-16].

This research is part of the aforementioned line of study. Its primary
objective is to ultrasonically characterize three of the most consumed
edible oil varieties (olive, sunflower, and corn), as well as various blends
of the more expensive oil (olive) with the other two, simulating potential
adulteration scenarios. This characterization is carried out by not only
using the velocity of ultrasonic wave propagation and its global loss,
parameters commonly employed in this field [1,11,12,14,17-19], but
also by introducing other more innovative parameters related to the
frequency components present in their transmission through the samples
[15]. In this context, this work complements other previous research by
the authors carried out with the same samples and methods [16].
Additionally, the characterization is complemented by studying the
evolution of all these parameters with temperature, given its proven
effect on the acoustic parameters of various materials [20,21].
Concurrently, we apply this characterization for sample authentication.
As an added value, this work also contributes to establishing some
groundwork for estimating the predominant triglycerides (fatty acid
profile) present in the edible oils through non-destructive ultrasonic
inspection.

2. Material and methods
2.1. Samples

Three types of edible oils from the *Coosol’ brand (Jaén, Spain) were
purchased: olive oil, sunflower oil, and corn oil. Six one-liter bottles of
each oil type were acquired, resulting in a total of eighteen bottles (6
bottles per type). To create a diverse set of samples, eleven different
batches were prepared, each in triplicate, amounting to a total of 33
samples. Out of these batches, three were composed of pure samples of
each type of oil. The remaining eight batches were formed by blending
different proportions of the three main samples. In Table 1, the
composition of the eleven prepared batches is indicated. It is important
to note that, in order to achieve maximum heterogeneity in the bottles,
they were purchased from six different supermarkets, ensuring that
bottles of the same type of oil did not belong to the same factory batches,
a fact that was verified. For the same reason, the six one-litre bottles of
each oil type were never mixed together to obtain three “unique” oil
types from which to prepare the described eleven batches. Instead, these
batches were created by randomly selecting bottles from their respective
sources. For instance, if we denote O1...06 as the six bottles of olive oil,
S1...S6 as those of sunflower oil, and C1...C6 as those of corn oil, the
three replicates of the OC (40-60) sample, for example, could have been
prepared from bottles O3 + C6, O1 + C1, and 04 + C6. It should be
noted that no control was exercised over the constituent bottles of each
of the 33 samples in this regard.

2.2. Ultrasound inspection

The ultrasound inspection was conducted following a procedure

Table 1
Composition of prepared sample batches.

Batch number Olive oil Sunflower oil (%) Corn oil (%)
(%)

i 100 0 0

ii 0 100

iii 0 0 100

iv 80 20

v 60 40 0

vi 40 60 0

vii 20 80 0

viii 80 0 20

ix 60 0 40

X 40 0 60

xi 20 0 80
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similar to previous works [15,16]. A volume of 150 ml was taken from
each of the 33 prepared samples and introduced into a Nessler tube with
a capacity of 200 ml. Subsequently, each aliquot was heated to 34 °Cin a
thermostatic bath (JP SELECTA, Spain). Ultrasonic tests were conducted
at 2 °C intervals, starting from this temperature and cooling down to
room temperature until reaching a final temperature of 24 °C. Conse-
quently, a total of 198 ultrasonic tests were performed using the pulse-
echo (PE) immersion technique to inspect the samples. For this purpose,
the Olympus Model V305-SU piezoelectric transducer with a nominal
frequency of 2.25 MHz was selected (main characteristics described in
Table 2). During the inspection, the transducer was positioned at the top
of the Nessler tube, submerged to a depth of approximately 1.5 cm in the
oil. To accomplish this, the transducer was integrated onto a bespoke
metal structure that ensured, on one hand, its precise alignment with the
bottom of the tube and, on the other hand, its isolation from potential
signals originating from the glass or the metal structure itself through
elastic rubber fastenings. The distance between the transducer’s surface
and the bottom of the Nessler tube, which acted as a reflecting mirror for
the ultrasonic waves, was measured with a precision caliper with an
accuracy of + 0.01 mm. This distance was 158.00 mm. This distance
ensured that the measurements were conducted in the far field
(Fraunhofer region) since, in the pulse-echo mode, the ultrasonic waves
travel a minimum distance from emission to reception, amounting to
158.00x2 = 316.00 mm. This distance is substantially greater than the
length of the near field (Fresnel region) specified in Table 2. The
deliberate selection of the far field region was critical to prevent wave
interference phenomena from affecting the evaluation of parameters
linked to the attenuation and frequency of the received signal. By
working in the far field, any potential interference issues were mitigated,
ensuring the accurate assessment of these parameters [22].

The ultrasonic measurements were carried out using the Olympus-
NDT Model 5077PR Pulser-Receiver, responsible for emitting and
receiving signals from the piezoelectric transducer. This equipment was
connected to a KEYSIGHT InfiniiVision DSO-X 3032A oscilloscope,
which was utilized to register and save the A-scans with 10,000 points in
csv format. The experimental setup used for these measurements is
illustrated in Fig. 1. During the ultrasonic tests, a total of 3 A-scans were
recorded from each of the 198 tests performed. Each A-scan was ob-
tained with a different time interval (TI) on the oscilloscope, with the
specific objectives as follows: (i) TI = 2000 ps: This interval captured the
trigger pulse and the first seven full echoes. (ii) TI = 500 ps: This interval
encompassed the first two full echoes. (iii) TI = 250 ps: This interval
included only the first full echo. In total, the study encompassed the
treatment and analysis of 594 A-scans. As an example, Supplementary
Material 1 (SM1) exhibits the three characteristic A-scans corresponding
to one of the inspected aliquots, providing valuable insights into the
signal characteristics at different time intervals. In all three types of A-
scan, less intense signals can be observed, which originate from suc-
cessive reflections on the front and back surfaces of the bottom of the
Nessler tube, as well as on the lateral faces of the tube itself. To study the
influence exerted by these successive reflections on the signal of each
echo, Supplementary Material 2 (SM2) shows a zoom of the A-scan re-
gion where the reception of echo 1 begins. Given that the glass thickness
of the Nessler tube bottom (distance from the front to the back surfaces)
is 3.54 mm, and considering a sound propagation velocity in the glass,
denoted as vg, within the range [4000-5000] m/s [23], the first arrival at
the transducer from the wavefront that has experienced a previous
transmission-reflection at the tube bottom would occur after a time t; =
(2-3.54-103) / Ve In other words, this time interval ranges from 1.42 ps
(for 5000 m/s) to 1.77 ps (for 4000 m/s) from the arrival of the wave-
front that solely reflects at the front face of the tube bottom. It should be
noted that this time interval is greater than the waveform duration at
—20 dB level shown in Table 2, that is, the oscillation amplitude of the
transducer would decrease in that time interval more than ten times
assuming that it received, which does not happen, a single pulse. For the
wavefront resulting from a double reflection-transmission process at the
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Table 2

Main transducer characteristics.
Model Diameter (cm) Frequency (MHz) Waveform duration (ps) —6 dB Bandwidth (%) A (mm) N (mm) @ (°)
Panametrics V305-SU 1.9 2.25 —20 dB level: 1.080 61.9 0.64 140.0 2.37

—40 dB level: 2.040

The ultrasonic propagation velocity UPV = 1450 m/s was taken for the calculation of 1, N and ¢.

A: wavelength.
N: near-field length.
¢: beam angle.

PANAMETRICS 3077PR PULSER
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Fig. 1. Block diagram for the experimental ultrasonic measurements.

bottom, it would arrive at twice the indicated time range, and so on. In
Figure SM2, the regions of maximum amplitude have been identified
where these three initial arrivals are expected, which we will refer to as
sub-echoes for clarity in the exposition. As can be observed, all these
sub-echoes occur within the temporal interval identified as echo 1.
Naturally, the amplitude of each sub-echo decreases as it moves away
from the first one. Furthermore, the amplitude of each sub-echo is
clearly affected by the preceding sub-echo, but the reverse does not
appear to be the case. In other words, the peak-to-peak amplitude of sub-
echo 1 does not seem to be altered by sub-echo 2. Thus, it can be
assumed that the peak-to-peak amplitude of echo 1 is equivalent to that
of the wavefront reaching the transducer after undergoing only a
reflection at the front surface of the Nessler tube bottom (sub-echo 1).
This deduction can be made identically for each of the seven echoes
considered in the study. Furthermore, since the flight time of waves
through the oil is significantly higher compared to the flight times in the
glass due to reflection-transmission processes of the sub-echoes at the
tube bottom, none of the echoes shown in SM1a would be significantly
affected by the sub-echoes of immediately preceding echoes. For
instance, between echo 2 and echo 1, more than 200 ps elapse, meaning
it would be affected by those wavefronts that have undergone more than

130 successive reflection-transmission processes at the Nessler tube
bottom, which, if they occur, would have a negligible amplitude.

As stated, the ultrasonic parameters under investigation were as
follows: propagation velocity (UPV); ultrasonic global loss (UGL); and
frequency values for which 25 %, 50 %, and 75 % (FFT25, FFT50, and
FFT75, respectively) of the entire frequency spectrum obtained in the
FFT are received.

2.2.1. Some previous particularities

The methodologies employed to calculate the previously mentioned
ultrasonic parameters are essentially the same as those outlined in prior
studies [15,16,24,25]. However, for clarity and briefness, only the as-
pects that differ from the procedures mentioned in those works have
been emphasized in the current study. The underlying calculation
principles and techniques have been retained, ensuring consistency and
comparability with the prior research.

Regarding the calculation of UPV (propagation velocity), two
methods were employed, both utilizing the A-scans with TI = 2000 ps:
(i) Least squares fit: This method involved performing a least-squares fit
to the equation of a straight line, which relates the known distance
covered by the ultrasonic signal to the corresponding time of flight for



A. Jiménez et al.

each of the seven echoes, utilizing for that the time of arrival at the
maximum amplitude. Supplementary Material 3 (SM3) provides an
example of the aforementioned information. The slope of this fit pro-
vided the propagation velocity, denoted as UPV} [15]. (ii) Cepstrum
method: The calculation is based on the FFT of the A-scan. By way of
example, Supplementary Material 4 (SM4) showcases the FFT generated
from the A-scan of Figure SM1a. The influence of a periodic excitation
(here multiple echoes) shows up as maxima in the spectrum at multiples
of the fundamental frequency, and thus as superpositions of the funda-
mental spectrum of the probe with an undulation in the form of equi-
distant maxima in the spectrum. The time of flight between the echoes
generated by successive reflections between the bottom of the Nessler
tube and the surface of the transducer is obtained from the distances of
the maxima. By means of the so-called cepstrum method, the spectrum
can be smoothed and the length of the period determined directly. The
cepstrum arises by a FFT of the logarithmized spectrum [26,27]. Algo-
rithmically, the cepstrum C is given by equation (1):

C = FFT"'{LN[FFT(A — scan)] } M

This second FFT directly displays the time (t) elapsed between these
excitations (time of flight between two consecutive echoes). By
combining this information with the known distance (0.316 m) travelled
by the ultrasonic wave between these echoes, the velocity UPVcepsirum
could be directly calculated as UPV gpstrym = 0.316/t. As an illustrative
example, Supplementary Material 5 (SM5) showcases the cepstrum
generated from the A-scan of Figure SM1la. Both methods were previ-
ously validated in water to ensure their accuracy and reliability. In this
particular study, the velocity in distilled water was determined at two
different temperatures: 24 °C and 34 °C. The results obtained using the
least squares fit method were (1493 + 3) m/s and (1517 + 3) m/s, and
those obtained through the cepstrum method were (1497.6 + 2.1) m/s
and (1517.3 + 2.1) m/s. These results are consistent with values re-
ported by previous researchers, such as Del Grosso and Mader, who
utilized a high-frequency interferometry method [28]. The associated
errors for the determinations of UPVy- and UPV_gpstrum Were found to be of
the order of 0.20 % and 0.15 %, respectively. These relatively small
errors demonstrate the accuracy and reliability of the velocity mea-
surements obtained through these methods.

Regarding ultrasonic global loss, it should be noted beforehand that
it is not necessary to consider diffraction effects of ultrasonic waves
propagating through the medium, so a priori, it is the viscosity of the oil
that is responsible for it. To illustrate this point, one can consider that
the largest molecules present in edible oils are triglycerides (composed
of one glycerol molecule and three fatty acids), accounting for more than
90 % of the composition of the studied edible oils. The dimensions of
these triglyceride molecules are smaller than 1 nm, making them
“invisible” to the ultrasonic signal, whose wavelength A is much larger
(specifically 0.64 mm, as reflected in Table 2). Thus, several of these
molecules dispersed in a colloidal solution would create particles
smaller than 100 nm [29], a dimension that would still be 10,000 times
smaller than the employed A. In this way, the ultrasonic global loss UGL
(in neper/m) was calculated using Eq. (2):

1 A;

UGL = —IN= 2
24 A @

where A; and Aj represent the peak-to-peak amplitudes of echoes i and j,
respectively, and 2d corresponds to the distance covered by the ultra-
sound wave between these two echoes. The evaluation of UGL was based
on the analysis of seven echoes obtained from the A-scan corresponding
to TI = 2000 ps. The calculation of UGL involved plotting LN(A;/A;)
against 2d, and the slope of this plot provided the value of the ultrasonic
global loss [16,30]. Supplementary Material 6 (SM6) provides an
example of the aforementioned information. To be precise, the proposed
method for calculating UGL slightly deviates from the concept of abso-
lute attenuation, as it involves not only viscosity effects but also those
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related to reflection and transmission on the rear and, to a lesser extent,
lateral faces of the Nessler tube. Therefore, the value obtained for UGL is
closely tied to the inspection geometry, and its value can only be
compared with those obtained in samples with identical measurement
geometry, as is the case with all the samples inspected in this study.

The determination of FFT25, FFT50, and FFT75 is based on the un-
derstanding that the ultrasonic frequencies transmitted through the
samples do not precisely coincide with the nominal frequencies emitted
by the transducer [24,31]. Consequently, it is more meaningful to
consider the frequencies that are actually transmitted and appear in the
associated FFT for each A-scan. These frequencies in the FFT provide a
more accurate representation of the signal characteristics in the fre-
quency domain. However, it is essential to consider a caveat resulting
from the Nyquist theorem, which establishes the minimum sampling
frequency f’ required to correctly study any frequency signal f in the
frequency domain, as shown in Eq. (3) [32]:

f>2f )

For this reason, to calculate the frequency parameters, we selected
only the A-scans obtained with TI = 500 us (FFT25;., FFT50;.2, and
FFT75;.2) and TI = 250 ps (FFT25;, FFT50;, and FFT75;), with corre-
sponding values of f’ being 2:10”Hz and 4-10”Hz, respectively. Consid-
ering that the central frequency f of the utilized transducer is
2.25.10%Hz, the aforementioned values of f* unequivocally verify Eq.
(3). By way of illustration, Supplementary Material 7 (SM7) displays the
Fast Fourier Transforms (FFTs) generated from the A-scans depicted in
Figures SM1b and SM1c. Furthermore, for its acquisition, the complete
received signal in the corresponding A-scan has not been considered;
only the temporal interval of the A-scan containing echoes 1 and 2 (for
TI = 500 ps) and echo 1 (for TI = 250 ps). Three observations are
pertinent to this matter: (1) Unlike what was observed in the FFTs cor-
responding to the A-scans of TI = 2000 ps (see SM4) and TT = 500 ps, in
the FFT corresponding to TI = 250 ps the characteristic periodic exci-
tation is not apparent, as no echo appears within the considered tem-
poral interval of the A-scan. (2) Despite the transducer having a central
frequency of 2.25-10°Hz and a 6 dB bandwidth of 61.9 %, the obtained
FFTs do not exhibit a maximum amplitude at that frequency, but rather
at other frequencies that are significantly lower. (3) The normalized
amplitude of the FFT corresponding to TI = 500 ps is lower than that of
the FFT corresponding to TI = 250 ps, as a consequence of the fre-
quencies present in the former being more attenuated due to considering
a greater distance travelled by the wave. Using these FFTs, we con-
structed cumulative frequency periodograms, displaying the 25th, 50th,
and 75th percentiles of the frequencies present in the received signals. In
concrete terms, FFT50 would correspond to the minimum frequency
value for which 50 % of the total energy would have been received. That
is to say, if the 50th percentile of the cumulative frequency were located
at x Hz for a particular inspection, this would indicate that 50 % of the
received signals would have frequencies lower than x Hz. Identically for
FFT25 and FFT75. For illustrative purposes, Supplementary Material 8
(SM8) exhibits the cumulative frequency periodograms generated from
the FFTs presented in SM7. One final observation: The values of FFT25,
FFT50, and FFT75, corresponding to the A-scan of TI = 500 ps, are
slightly lower than those corresponding to TI = 250 ps. This is a result of
higher frequencies being more attenuated than lower frequencies in the
former, due to considering a greater distance traveled by the wave.

3. Results and discussion
3.1. Ultrasonic velocity results

Fig. 2 illustrates the relationship between the average velocity results
obtained from both methods (UPV} and UPV_gsimum) for the inspected

samples at different temperatures. As observed, there exists a highly
significant linear correlation between the two (R2 = 0.998). Moreover,
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Fig. 2. Evolution of the mean ultrasonic velocity values (UPV}, and UPVeps.
wum) Obtained by both procedures in the samples inspected at different tem-
peratures and linear regression fit between them. The data corresponding to
24 °C and 30 °C have been published in previous works [16].

as expected, the slope value encompasses unity, and the intercept value
at the origin is zero. This outcome ensures, first and foremost, the val-
idity of the pursued procedures and further enables the assessment of
results based solely on one of the methods, whether UPVj; or UPV gpstrum.

Thus, Fig. 3 presents the temperature evolution of UPV epstrym values
for batches of pure oils and oil mixtures of olive oil with (a) sunflower
and (b) corn oils. Firstly, we note that the velocity results are consistent
with findings in the literature, which are shown in Table 3.

As observed in all the inspected samples, a highly significant linear
relationship exists between both parameters. This behaviour is expected,
given the well-known linear relationships between temperature and
both density [13] and ultrasonic propagation velocity [14,33] in oil
samples. Additionally, for any particular sample, whether pure or
mixed, it exhibits a clearly distinct range of velocities at each temper-
ature. It is worth noting that all the samples demonstrate an identical
trend of decreasing ultrasonic propagation velocity with increasing
temperature. This phenomenon is consistent with findings in existing
literature, not only for oils [14] but also for other food matrices such as
honey [34,35] and materials in general [36,37]. In principle, this phe-
nomenon could be attributed to the continuous process of triglyceride
melting, which is the main component (>95 %) of edible oils, as the
temperature rises [38-42]. Consequently, as these triglycerides undergo
melting, the velocity decreases. The different composition of tri-
glycerides presents in the three types of pure oils inspected, as well as
their abundance percentages, results in distinct regression equations for
the linear relationships between velocity and temperature. Similar
reasoning could apply to other minor components, such as diglycerides
and monoglycerides [43]. As a guide to the aforementioned, Table 4
indicates the proportions of the main components in the studied edible
oils and their respective melting temperatures [2,44,45].

For all three varieties of pure oils, the lowest values for both slope
and intercept correspond distinctly to olive oil, while the highest values
are associated with sunflower oil. In the mixed samples, the regression
lines are bounded by those of the corresponding pure oils, distributed
more or less proportionally based on the respective percentage of each
variety in the mixture. Thus, with an equal percentage of mixture, the
slopes and intercepts of the regression lines for the mixture of olive oil
with sunflower oil are greater than those with corn oil. Furthermore, it
appears that there is a greater overlap in the ultrasonic velocity intervals
of the samples at higher inspection temperatures, at least within the
temperature range of the study. In fact, the range of velocities consid-
ering all the samples is narrower at higher temperatures, as depicted in
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Fig. 3. Evolution with temperature of mean ultrasonic velocity values
UPV epstrum corresponding to the adulteration of pure olive oil with variable
percentages of (a) pure sunflower oil and (b) pure corn oil. Error bars indicate
standard deviation. The data corresponding to 24 °C and 30 °C have been
published in previous works [16].

Fig. 4, where a zoom is applied to the values shown in Fig. 3 for each
temperature. Fig. 4 also reveals that, in the mixture of olive oil with corn
or sunflower oil, the percentage of the mixture can be discerned in some
cases, even considering the error margins. This observation is particu-
larly evident for the case of the mixture with sunflower oil at 24 °C and
28 °C or with corn oil at 32 °C.

3.2. Ultrasonic global loss results

Fig. 5 illustrates the evolution of ultrasonic global loss values (UGL)
with temperature. Firstly, it is essential to highlight that these values are
significantly higher than those obtained in previous studies [15]. This
difference is attributed to the higher frequency used in this current
research (2.25 MHz) compared to the former (1 MHz). Thus, the ultra-
sonic global loss obtained with 1 MHz transducers did not exceed the
value of 30 dB/m in any of the inspected samples of pure olive, sun-
flower, or corn oil. As expected, the use of higher frequencies results in a
notable increase in ultrasonic global loss, which is precisely what has
been observed in this study.

Unlike the behaviour observed with velocity, the ultrasonic global
loss does not exhibit a linear relationship with temperature. With the
caution warranted by the obtained error margins, it appears that there is
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Table 3
Velocity, temperature range and transducer frequency values findings in the literature, for the three types of oils inspected.
Olive oil Sunflower oil Corn oil
Reference Transducer Temperature Velocity Temperature Velocity Temperature Velocity
frequency “Q (m/s) (§9)] (m/s) Q) (m/s)
(MHz)
Rashed et al. (2018) [17] 1 23 1436.3 £ 0.3 23 1442.3 £ 0.3 23 1441.8 £ 0.3
Yan et al. (2019) [11] 5 [17-36] [1470-1415] 23.5 1461 +1
Jiménez et al. (2022) [15] 1 [25-29] [1450-1435] [25-29] [1460-1445] [25-29] [1462-1452]

Table 4
Melting points and proportion of monoglycerides, diglycerides and triglycerides in olive, sunflower and corn oils.
Composition Triglyceride composition Meelting point (°C) Olive (%) Sunflower (%) Corn (%)
Triglycerides 000 5.6 [40-59] 5.6 8.16
POO 18.0 [15-22] 21 5.66
OOL —2.8 [12-20] 11.3 12.5
PLO -1.1 [4-7] 6.7 9.57
SO0 22.8 [3-7] 1.3 3.24
POP 35.0 [2-4] 0.3 -
PLP 27.2 1.2 1.1 -
POS 37.8 0.3 0.3 2.04
SOL 6.1 4.2 3.7 6.51
PLS 30.0 - 1.4 2.47
PLL -5.6 - 10.1 9.03
SLL 1.1 - 7.3 -
OLL —6.7 - 26.5 13.52
LLL —-13.3 - 22.3 12.23
Diglycerides ~20 [1.0-5.5] 2.0 2.8
Monoglycerides [8-56] [0.2-0.25] - -
O: Oleic cid. P: Palmitic acid. L: linoleic acid. S: Stearic acid. -: Data not reported.
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Fig. 4. Zoom of the data shown in Fig. 3 for each temperature.

a maximum value of ultrasonic global loss around 28-30 °C, depending
on the inspected sample, which slightly and continuously decreases as
the temperature moves away from that range, either above or below.
However, this performance is evident across all samples, whether pure
or mixed, indicating that it can be attributed to the major triglycerides
present in the examined pure and mixed oils. Nonetheless, the absence

of a linear relationship between ultrasonic global loss and temperature
suggests that the behaviour of triglyceride attenuation with temperature
is precisely dependent on the specific triglyceride considered. This is in
contrast to velocity, where all triglycerides seemed to behave identically
with temperature, i.e., reducing their value as T increases. Although the
general behaviour of ultrasonic global loss with temperature is similar
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Fig. 5. Evolution with temperature of mean ultrasonic global loss values UGL
corresponding to the adulteration of pure olive oil with variable percentages of
(a) pure sunflower oil and (b) pure corn oil. Error bars indicate standard de-
viation. The data corresponding to 24 °C and 30 °C have been published in
previous works [16].

across all samples, the ultrasonic global loss values are not directly
proportional to the adulteration percentage, particularly evident in the
olive-corn adulteration. The distinct composition, not only of each of the
studied oil varieties but even within the same variety, depending on the
bottle used, appears to account for this variation. While this poses clear
disadvantages when drawing conclusions about the observed behaviour,
it also offers a significant advantage: ultrasonic global loss would, a
priori, be a more sensitive ultrasonic parameter than velocity in dis-
tinguishing the major triglycerides present in the samples.

Regarding the pure oils, the lowest ultrasonic global loss values
clearly correspond to olive oil. The highest values are associated with
sunflower oil, although the error margins do not allow for a clear
distinction from corn oil. In the mixed samples, the ultrasonic global loss
values are bounded by those of the corresponding pure oils, distributed
more or less proportionally based on the percentage presence of each
variety in the mixture, particularly noticeable in the olive-sunflower
mixture and to a lesser extent in the olive-corn mixture. Once again,
due to the obtained error margins, ultrasonic global loss does not allow
for a clear separation of most mixed samples from each other. Thus, only
pure olive oil is clearly distinguishable from any of its adulterations with
corn oil.
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3.3. FFT results

In Fig. 6, the relationships between the 25th, 50th, and 75th per-
centiles of the frequency components obtained from both procedures
(FFT25;, FFT50;, FFT75;, FFT25;.5, FFT50;.5, FFT75,.5) are shown for
the inspected samples at different temperatures. As observed, the ob-
tained linear relationships are highly significant. This fact also demon-
strates the limited influence that the edge effect has when choosing the
A-scan considering echoes 1 and 2. This result ensures the validity of the
followed procedures and allows for the evaluation of results based on
either FFTxx; or FFTxx;.2. However, it is important to note that while the
slope values are close to one in all cases, the y-intercept is clearly
negative. Consequently, the values of FFTxx;.; are slightly lower than
the corresponding values of FFTxx;. This result is coherent with what
was expected beforehand, as the frequency components present in the
signal coming from echoes 1 and 2 should be lower than those from echo
1 only, as in the former case, the waves travel a greater distance and
consequently experience more attenuation.

In Fig. 7, the variation of FFTxx; values with temperature is pre-
sented for the batches of pure oils and the adulteration of olive oil with
(a) sunflower oil and (b) corn oil. It is worth noting that these values are
considerably higher than those obtained in previous works [15]. This
difference is a result of the higher frequency utilized in this study (2.25
MHz) in comparison to the previous work (1 MHz).

Unlike the behaviour observed in velocity, none of the studied fre-
quency percentiles exhibit a linear trend with temperature. With the
caution required by the obtained error margins, it seems that there are
maximum values around 30-32 °C, depending on the specific percentile
and sample under consideration, which decrease slightly and continu-
ously as the temperature moves away from that range, either above or
below. Additionally, in general, the standard deviation increases with
the percentile considered. Consequently, there is significant overlap
between the frequency ranges of each sample at each temperature,
especially when referring to the 75th percentile. Indeed, it is evident
that this behaviour is consistent across all samples, whether they are
pure or adulterated. This indicates that the observed phenomenon can
be attributed to the predominant triglycerides present in both the pure
and mixed oils under inspection. However, the observed lack of a linear
relationship between the frequency components of each percentile and
temperature suggests that the behaviour of triglyceride attenuation with
temperature varies depending on the specific triglyceride considered.
This phenomenon, similar to what was observed with ultrasonic global
loss, did not occur with velocity, where all triglycerides appeared to

2.00 FFT75 ,=(1.022£0.017)-FFT75, - (0.06£0.03)
R?=0.982
1.80 4 T=24°C
e A ¢ T=2°C
= e 4 e T=28°C
= 1.60- T=30°C
= e 4o & T=32°C
X e A e T=34°%
T 1404
w FFT50, ,=(1.020£0.014)-FFT50, - (0.038+0.021)
R”=0.988
1.20
FFT25,,=(0.990£0.012)-FFT25, - (0.019£0.014)
R? =0.991
1.00 ) T T T T T T T ) T
1.00 1.20 1.40 1.60 1.80 2.00

FFTxx,(MHz)

Fig. 6. Evolution of the frequency percentiles 25, 50, and 75 obtained by both
procedures (FFT25,, FFT50,, FFT75,, FFT25; 5, FFT50;.5, and FFT75;.,) in the
samples inspected at different temperatures and the linear regression fit be-
tween them. The data corresponding to 24 °C and 30 °C have been published in
previous works [16].
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Fig. 7. Evolution with temperature of the frequency percentiles 25, 50, and 75 (FFT25,, FFT50;, and FFT75,) corresponding to the adulteration of pure olive oil with
variable percentages of (a) pure sunflower oil and (b) pure corn oil. Error bars indicate standard deviation. The data corresponding to 24 °C and 30 °C have been

published in previous works [16].

behave identically with temperature, that is, decreasing in value as the
temperature increased. As a result, the distinct composition of each
variety of oil studied, and even within the same variety, the use of
different bottles, may be responsible for the non-linear behaviour of
frequency percentiles concerning the percentage of adulteration,
particularly noticeable in the 25th percentile for both adulterations.
Although this fact presents clear challenges when drawing conclusions
from the observed behaviour, it offers a clear advantage: the 75th
percentile of frequency appears to be a more sensitive ultrasonic
parameter than the other lower percentiles and velocity in distinguish-
ing the predominant triglycerides present in the samples.

As can be seen, the results demonstrate that pure olive oil transmits
lower frequency components compared to sunflower and corn oil, which
are notably similar to each other. These findings align with previous
studies [15], even though they were conducted using a 1 MHz frequency
transducer, which also indicated a lower value of the frequency com-
ponents transmitted by pure olive oil compared to sunflower and corn

oils.

The analysis of adulterated olive oil samples reveals that once again,
the frequency components are distributed among the extreme values of
the pure samples, in the same order as the percentage of adulteration
with sunflower or corn, though not precisely proportional. Moreover, an
interesting observation is that the number of categories established in
the classification decreases as higher frequency components are
considered. This suggests that when studying the adulteration of olive
oil with other oils, it is crucial to focus on the transmitted frequency
components of lower value.

In the case of adulteration with sunflower oil, pure olive oil cannot
be clearly distinguished until the mixture contains a proportion of
sunflower greater than 40 %. This conclusion is based on the categori-
zation established using the lower frequency components. On the other
hand, when studying the adulteration of olive oil with corn oil, detection
is possible with a corn proportion of 20 %. However, determining the
precise percentage of corn adulteration becomes more challenging,
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especially when attempting to do so based on the higher frequency
components.

The similar behavior exhibited by the three shown frequency per-
centiles and the ultrasonic global loss is perfectly reflected when
establishing a linear correlation among them. Thus, the mentioned
equations for linear regression are shown in Equations (4), 5, and 6,
including the regression coefficient R.

FFT25, = (23600 % 1900) UGL + (240000 = 80000); R = 0.844 4
FFT50, = (16000 % 1300) UGL + (830000 = 50000); R = 0.842 (5)
FFT75, = (27600 + 2000) UGL + (700000 + 90000); R = 0.862 (6)

As can be deduced, the more attenuating the sample is, the higher the
frequency components of all percentiles become. Paradoxically, even
though the signal is attenuated, there is a shift of the frequency com-
ponents towards higher values. However, this shift is not identical for all
percentiles. Thus, Egs. (7), (8), and (9) show the existing linear re-
lationships between the percentile differences and the ultrasonic global
loss:

FFT50, — FFT25, = ( — 7600 + 800) UGL + (590000 4 40000); R
= —0.753 @)

FFT70, — FFT25, = (4000 % 1200)UGL + (460000 % 50000); R = 0.384
(8)

FFT75, — FFT50, = (11600 £ 1200) UGL — (130000 £ 50000); R = 0.779
©)]

As an example, Fig. 8 graphically represents the linear correlation
corresponding to equation (9). The results suggest that the distance
between percentiles 75 and 50 increases with ultrasonic global loss,
while the distance between percentiles 50 and 25 decreases. In other
words, although all frequency components are attenuated, the higher
frequencies are proportionally less affected.

4. Conclusions

The conducted studies confirm the suitability of ultrasonic inspection
as a valid non-destructive method for the authentication and charac-
terization of edible oil samples.

With regard to the propagation velocity of ultrasonic waves, the
results indicate a linear decrease with temperature. The precise quan-
tification of the corresponding fitting lines for both pure and mixed
samples allows us to consider their dependence on the different
composition, primarily the major triglycerides, present in the inspected
oils. In general, the velocity values obtained in pure olive oil samples are
clearly lower than those in pure corn oil, and the latter are lower than
those in pure sunflower oil. In fact, in the prepared mixed samples, the
slopes and intercepts of the regression lines corresponding to the
mixture of olive oil with sunflower oil are higher than those with corn
oil. Moreover, the determination of velocity at specific temperatures
enables the estimation of the percentage presence of olive oil and sun-
flower/corn oil in the inspected mixed samples in several cases.

Regarding the ultrasonic global loss, its behaviour with temperature
deviates from linearity. In this case, a maximum value is observed
around 28-30 °C, which decreases to a greater or lesser extent as the
temperature increases or decreases, depending on the considered sam-
ple. However, the evident fact that this behaviour is replicated in all
samples, whether pure or mixed, emphasizes the influence that tri-
glycerides have on ultrasonic global loss. In this case, not all tri-
glycerides must exhibit the same dependence on ultrasonic global loss
with temperature, as was the case with velocity, where they all
decreased proportionally. Therefore, ultrasonic global loss is proposed
as a more sensitive parameter for distinguishing the constituent
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and 50 (FFT,5-FFTsg) versus the ultrasonic global loss of the samples and linear
regression line between them.

triglycerides of a sample or, in other words, determining its fatty acid
profile. Concerning pure samples, the lowest ultrasonic global loss
values clearly correspond to olive oil, while the highest values are found
in sunflower oil, although the latter shows similar values to corn oil.

Finally, the behaviour of the frequency percentiles with temperature
is very similar to that of ultrasonic global loss. That is, there appears to
be a maximum value for these percentiles around 30-32 °C, which then
decreases as the temperature increases or decreases from that point.
Once again, this behaviour is likely a consequence of the triglycerides
present in the pure and mixed samples, suggesting that the frequency
percentiles could serve as valid parameters to determine the triglyceride
profile of a given sample. In this regard, since the errors associated with
the 75th percentile are higher, it is generally more suitable for this
purpose than the 25th or 50th percentiles. On the other hand, if the
objective is to assess the potential adulteration of an olive oil sample, it
is advisable to focus on the 25th percentile, which has lower errors. In
this context, pure olive oil transmits significantly lower frequency
components than sunflower and corn oil, which share similar
characteristics.

As can be inferred, the results not only allow the characterization of
pure and adulterated samples of edible oils but also open the possibility
of determining the profile of fatty acids in a specific sample using the
described ultrasonic parameters, with the added advantage of doing so
non-destructively.
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