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Abstract

The present study investigated the use of the cyclic voltammetric electrochemical method and the electronic
tongue (e-tongue) method for detecting adulteration in lime juice. Since the measurement of citric acid content in
lime juice is an accepted indicator of lime juice adulteration in laboratories, at first, attempts were made to
determine its concentration using a potentiostat device and the cyclic voltammetry method, which involved
various electrodes including glassy carbon, graphite, gold, and carbon nanotube and gold nanoparticle-modified
glassy carbon electrodes. Different conditions were considered by testing citric acid at multiple concentrations in
buffers with different pH levels. The results showed that the electrochemical behavior of citric acid was weak, so
conventional electrochemical methods could not be used to check its behavior. In the second part, a portable
electronic tongue system (e-tongue) was evaluated. Eight samples of adulteration levels (from 5% up to 95%)
were created in lemon juice (0, 5, 10, 20, 40, 70, 95, and 100% impurity). Unsupervised models including
Principal Component Analysis (PCA) and Hierarchical Clustering Analysis (HCA), and supervised models
including Multilayer Perceptron (MLP) neural networks and Support Vector Machine (SVM) were used. Based
on the results, the PCA fingerprint showed good discrimination between different levels of adulteration, and
HCA further confirmed this. The results of the analysis of supervised methods showed that the MLP model
outperformed the SVM model in predicting fraud levels with a success rate of 99.33% and high correlation
coefficients (R? = 0.9973, RMSE = 0.09). These results show that the proposed system can separate different
levels of adulteration in lemon juice and can be used as a taste quality control system.
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Introduction

Citrus limon (HOC (COzH) (CH2CO2H)2)
is the fruit of the lemon tree from the genus
Citrus  (Penniston, Nakada, Holmes, &
Assimos, 2008). Lemons are cultivated mostly
for their juice. These fruits contain high
amounts of citric acid, which is responsible for
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their sour taste (Berovic & Legisa, 2007).
Natural sour lemon juice is an unfermented but
fermentable product that is mechanically
obtained from the endocarp of fresh, mature,
and healthy Lime fruits (Citrus aurantifolia
‘Persia’). Lemons have traditionally been used
to treat many diseases (Penniston, Steele, &
Nakada, 2007; Mohammadian, Barzegar, &
Mani-Varnosfaderani, 2021) including gout,
flatulence, obesity, and colds. Its consumption
is also effective in controlling high blood
pressure and preventing cardiovascular
diseases and depression (Murphy & Mendoza,
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1990; White, Aladangady, Rolton, McColl, &
Beattie, 2005; Yilmaz, Batislam, Basar, Tuglu,
& Erguder, 2008; Lyu, Yuan, Liu, Simon, &
Wu, 2022; Rodriguez-Garcia, Sanchez-
Quesada, & Gaforio, 2019). This fruit is used
in different forms, such as juice, fresh fruit,
and oil (Guyon et al., 2014). The leading lime
producers of the world, including India,
Mexico, Argentina, Brazil, and Spain, account
for 16, 14.5, 10, 8, and 7 percent of its global
production, respectively (Miaw et al., 2018).
The main components of lemon fruit are
organic acids, amino acids, flavonoids,
vitamins, water, and sugars (Jamil et al.,
2015). Owing to lemon juice's health benefits,
its consumption as a food additive is growing
(Barzegar, Nabizadeh, Kamankesh, Ghasemi,
& Mohammadi, 2023). Recently, different
types of adulteration in lemon juice have been
elucidated (Bayati, Nazari, Hassanzadazar, &
Hosseini, 2020). The Association of the Juice
and Nectar Industry (AIUN) of the European
Union has provided a reference (AIJN, 2013).
However, the economic profit, the increasing
growth of consumption, and the lack of
accurate methods to identify natural lemon
juice have made its market vulnerable to fraud.
Common adulterations in the lemon juice
industry include adding citric acid and water to
pure lemon juice (Jahani et al., 2020; Lyu et
al., 2022). Lime juice adulteration is harmful
economically and to people’s health (the
digestive system, dental health, liver function,
and kidney health) as it imposes losses for
authentic lime juice producers on one hand
and jeopardizes people’s health on the other
(Kamthania, Saxena, Saxena, & Sharma, 2014;
Das, Goswami, & Biswass, 2016; Wang &
Jablonski, 2016; Karami, Rasekh, & Mirzaee-
Ghaleh, 2020; Rasekh et al., 2021). Factors
affecting plant properties include
environmental conditions during growth,
storage conditions, and cultivar diversity.
Therefore, it is difficult to identify fraud in
them (Saffariha et al., 2021; Saffariha, Jahani,
Jahani, & Latif, 2021). Currently, the
conventional methods for investigating food
fraud are gas chromatography (GC) (Alizadeh,
Pirsa, & Faraji, 2017), high-performance

liquid chromatography (HPLC) (Huynh, Vo,
& Kha, 2023), liquid chromatography with
mass spectrometry (LC-IRMS) (Deo &
Sakhale, 2022), and mass spectrometry
(IRMS) (Kelly, Brodie, & Hilkert, 2018). Most
previous studies to determine the main organic
acids of fruit juices, using expensive (Nunes,
Pauluk, Dos Anjos, Lopes, & Quinaia, 2015),
and time-consuming methods have required
the use of experts and advanced devices
(Uckoo, Jayaprakasha, Nelson, & Patil, 2011;
Scherer et al., 2012; Shojaee, AliAbadi, &
Salamzadeh, 2020; Brendel, Schwolow, Rohn,
& Weller, 2021; Khorramifar et al., 2022).
The development of non-destructive methods
is expanding significantly. These methods are
generally performed by senses such as taste,
sight, and smell. (Kiani, Minaei, & Ghasemi-
Varnamkhasti, 2017; Jahani et al., 2022;
Zorpeykar, Mirzaee-Ghaleh, Karami,
Ramedani, & Wilson, 2022). This research
introduces a fast, cheap, and online method
that can be performed by non-specialists
without destroying the sample. So far, there
have been no reports published on the use of
the tasting machine method to detect lemon
juice adulteration. Therefore, the objectives of
this study are: (1) designing an intelligent
technique based on an electronic tasting
system along with multivariate methods, and
(2) evaluating the system to detect adulteration
in counterfeit lemon juice samples based on its
taste characteristics.

Electrochemical method

Lime juice value is assessed by the
concentration of citric acid and the titratable
acidity. Presently, one can easily adulterate
fake lime juice by mixing citric acid, sugar,
and water (Berovic & Legisa, 2007). The
measurement of organic acids has been
reported in different materials, such as urine
samples, soil, honey, and water (Chen et al.,
2020; Yin, Li, & Shen, 2020; Bougrini et al.,
2016). So far, various methods have been used
to determine adulteration in lime juice, such as
assessing impurity in citrus juice by measuring
the concentrations of citric and isocitric acids
and calculating their ratio (Kvasnicka,



Bahrami et al., The Evaluation of Lime Juice... 3

Voldiich, Pys, & Vins, 2002). Another
proposed method uses liquid chromatography-
mass spectrometry (LC-MS) to detect lime
juice adulteration with water (Wang &
Jablonski, 2016). A method also uses mass
spectrometry to detect lime juice adulteration
(Guyon et al., 2016).

Electronic tongue

This research used the electronic tongue (e-
tongue) method and the electrochemical
method. E-tongue is a robust but inexpensive
method that does not need complicated
laboratory tools. The method does not consider
the nature of the compounds in the material,
but it provides a digital fingerprint for each
solution or nutrient (Ghasemi-Varnamkhasti,
Mohtasebi, & Siadat, 2010). In this system,
which uses electrodes made of noble metals,
the signals collected by sensors are processed
by a pattern recognition algorithm, resulting in
the categorization or even quantification of
some physicochemical characteristics of the
samples (Wu, Yue, & Yuan, 2018). The e-
tongue method can classify and identify
solutions like coffee, milk, tea, vegetable oil,
beer, and fruit juices. The technique has been
very successful in detecting adulterations. For
example, the system has been used to
distinguish  pure honey from different
adulteration levels, and adulterated milk from
pure milk, and to detect adulteration in
vegetable oils (Bougrini et al., 2016; Teye,
Huang, Han, & Botchway, 2014; Benjamin &
Gamrasni, 2016; Lu, Deng, Zhu, & Tian,
2015; Wu et al., 2018; Khaydukova, Ceto,
Kirsanov, del Valle, & Legin, 2015; Huang et
al., 2014; Bougrini et al., 2016; Benjamin &
Gamrasni, 2016; Kurnia Hartati, Bambang
Widjanarko, Dewanti Widyaningsih, & Rifa’i,
2017; Labrador et al., 2010; Oliveri, Baldo,
Daniele, & Forina, 2009). In most cases,
alumina powder is used as a standard method
for cleaning the electrodes. A mechanical
system for electrode polishing was designed
(Olsson, Winquist, & Lundstrom, 2006).
However, because the preparation and
maintenance costs of this system are high, it is
not commonly used in laboratories. Despite

the good results of using electronic tongues in
detecting adulterations in different materials,
to the best of our knowledge, no research has
ever investigated the use of e-tongues in lime
juice adulteration detection. Therefore, this
research explores their use for the first time.

This research was carried out with the
support of the Ferdowsi University of
Mashhad, Iran, from 2020 to 2023.

Materials and Methods

Sample preparation

The common fraud in the lemon juice
industry is adding water, lemon pulp, and
wheat straw  (Mohammadian, Ziaiifar,
Mirzaee-Ghaleh, Kashaninejad, & Karami,
2023; Jahani et al., 2020). In the first stage,
fresh yellow Shiraz lemons were bought from
the Hamadan market in Iran. With a juicer,
pure lemon juice was obtained. To obtain
samples that could be tested, the obtained
lemon juice was passed through a strainer, and
the lemon pulp was separated. The resulting
pure lemon juice was transferred to the
laboratory. Wheat straw was soaked in hot
water for 24 hours until its color turned yellow
and became very similar to the color of lemon
juice. Water, lemon pulp, and citric acid were
added to the obtained solution to replicate the
taste of pure lemon juice. The sample obtained
was regarded as a completely fake sample. To
detect different levels of adulteration in lime
juice, eight different levels of natural and
adulterated juice mixtures were prepared
including 100% natural juice and juices
adulterated by 0%, 5%, 10%, 20%, 40%, 70%,
95%, and 100% (Figure 1). After mixing the
samples with a mixer, three 30-mL samples
were separated from each. Twenty-four
obtained solutions were stored in a dark and
dry place to avoid any chemical or physical
reactions.

Electrochemical method

A potentiostat (DropSens, Metrohm, Spain)
and an Autolab (PGSTAT302N; Metrohm-
Autolab, Spain) controlled by a PC using the
Nova 1.8 software were used for
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measurements (Chira, Bucur, & Radu, 2017).
The structure of the electrodes was composed
of the working electrode (five electrode types,
including glassy carbon, carbon nanotube-
modified glassy carbon, gold nanoparticle-
modified glassy carbon, gold, and graphite),
the reference electrode (Ag/AgCl), and a
platinum electrode as the counter electrode
(Figure 2). Analysis was performed at

different concentrations and in different
buffers, including acetate and sulfate buffers.
The electrode modifiers, which included gold
nanoparticles and carbon nanotubes, were
purchased at laboratory purity from Sigma
Company. Double-ionized water was used to
dilute different solutions and wash the
electrodes.

Imaging chamber

Samples

Fig.1. Imaging chamber

Working Electrode

Reference Electrode

Counter Electrode

Fig.2. Structure of the voltammetric method

To modify the electrodes with gold
nanoparticles, they were first polished with
Al203 particles with a diameter of 0.3 um to

ensure the purity of their surface and the lack
of any pollutants, including impure particles.
They were then put in an HNOs solution and
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deionized water, after which they were
transferred into an ultrasonic device to fully
clean their surfaces with ultrasonic waves.
After that, to activate the electrode surfaces,
they were put in 0.1 uM sulfuric acid solution,
and the cyclic voltammetry method (20 cycles
from -0.6 to 2 V at a scanning rate of 100
mVs?) was applied (Lin, Ni, & Kokot, 2013).
The resulting electrodes were free of any
impurities and were fully active. To set gold
nanoparticles, first, a solution was made of 7.5
cc of HAcCl4 250 ppm, 3 cc of KCI 0.1 M, and
5 cc of HCI 2 M. The solution was set on the
electrodes by the cyclic voltammetry method
(in the range from -0.4 to 1.4 V with a
scanning rate of 50 mVs for 20 cycles). Then,
the electrodes were washed with double
distilled water and put at room temperature so
that the gold nanoparticles dried and covered
the glassy carbon electrode surface.

Another method to modify the electrode is
to use carbon nanotube particles. The surface
of the glassy carbon electrode was cleaned
through the steps described in the previous
section. Then, the carbon nanotube solution
was obtained by the following steps. First, 1
mg of carbon nanotube (MWCNT) was
dissolved in 5 mL of the solution (double
deionized water (DDW), ethanol, and dodecyl
sulfate with a ratio of 3:1:1), and the solution
was exposed to ultrasonic waves in an
ultrasonic device for 30 minutes to become
homogeneous. Next, 5 pL of the solution was
dripped on the electrode, and it was left at
room temperature for the solvent to evaporate.

Finally, the carbon nanotube-modified
electrode was obtained and named
MWCNT/GCE (Masikini, Ghica, Baker,

Iwuoha, & Brett, 2019). Citric acid at
analytical purity grade was purchased from the
Sigma-Aldrich Company (Sigma-Aldrich, St.
Luis, MO) and was prepared at different
concentrations using deionized water and
different buffers. The buffers used included
phosphate buffer (pH = 7) at a concentration of
0.1 M L? and acetate buffer (pH = 7) at a
concentration of 0.1 M L. Then, the electrode
was tested in four steps: (i) non-modified
glassy carbon electrode; (ii) gold nanoparticle-

modified glassy carbon electrode; (iii) carbon
nanotube-modified glassy carbon electrode;
and (iv) carbon nanotube and gold
nanoparticle-modified glassy carbon electrode
(Masikini et al., 2019).

Cyclic voltammetry was adjusted at a range
of 0 to 1.5 V with a scanning rate of 100 mVs™
and a one-time cycle. In this procedure, when
anodic or cathodic flow peaks were observed,
a calibration curve was drawn to obtain the
concentration of the unknown material. In the
voltage-current diagram, the height of the
current intensity peak expresses the substance
concentration value. By testing several
different concentrations and measuring the
resulting peak current, the relationship
between concentration and current can be
obtained. By changing various variables in the
experiment, such as electrolyte type, scanning
speed, amount of acidity, and concentration
time, the optimal conditions of the experiment
can be obtained (Xin et al., 2020).

E-tongue method

Hardware fabrication

The measurement instruments  were
prepared with a potentiostat designed by the
Dadepardazan Gostaran Niru Company (Iran)
(Figures 3 and 4), a signal processing block, a
mixed-signal circuit, an analog-to-digital
converter (ADC), a digital-to-analog converter
(DAC), and a voltammetric unit. The
processing core consisted of a transceiver and
an ATmega32 microcontroller. The analog
unit was responsible for adapting and
amplifying DAC and ADC signals. The
voltammetric unit was responsible for
applying a voltage to the working electrode
and collecting the current intensity from the
counter electrode. Since the voltammetry unit
signals are unstable (Masot et al., 2010),
stabilizing units were added to the circuit.
These circuits include capacitors that are
connected in parallel with the feedback loop of
operational amplifiers. This device allows
pulsed voltammetry measurements in which
potential and pulse length can be configured
for each specific application. In this research,
50-ms pulses were applied.
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Fig.3. Schematic of Electronic Tongue

The voltage was distributed as cascade
voltammetry at an incremental (decremental)
rate of 200 mV between +1 and -1 V (to
prevent water hydrolysis), and the potential
was adjusted to zero after each increment
(Figure 6). The experiments were conducted
with five electrodes made of noble metals,
including gold, silver, platinum, titanium, and
palladium. The electrodes were put inside a
steel case for their protection. The platinum
and silver/silver chloride electrodes were used
as working and reference electrodes (Figure
5). A Windows-based software package was
employed to control the device, apply large-
amplitude pulsed voltage (LAPV), and collect
current intensity responses (Winquist, Wide, &
Lundstrom, 1997). The sampling rate was set
at 250 samples per second, and each pulse was
applied for 2 seconds (a total of 500 samples).
Twenty-four samples, obtained in the sample
preparation section, were prepared. Since five
electrodes were used in each experiment, a 500
x 240 matrix (8 combinations of pure and
adulterated juice, 3 samples from each, 2
repetitions, 5 electrodes, and 500 data points
from each electrode) was obtained as the data
matrix. After each experiment, its effect was
eliminated by polishing the electrodes 20 times

with alumina powder with a particle diameter
of 0.3 pum.

Features extraction

A conventional method to reduce the
dimensions of the features extracted by the e-
tongue system is local (Winquist et al., 1997).
Since pulse time-voltage is divided into
several independent zones (Figure 6), and the
e-tongue system’s signal  response s
distributed at the bottom and top of the time
axis, it is possible to calculate the statistical
data of each signal zone separately and
organize it based on a comparison of the main
signals. Five statistical features, including
mean, standard  deviation,  amplitude,
maximum, and median, were calculated for
each step of the signal.

Data analysis

The data pattern was detected using
unsupervised methods, including hierarchical
cluster analysis (HCA) and principal
component analysis (PCA), and supervised
methods, including multilayer perceptron
(MLP) and support vector machine (SVM).

MLP and SVM were used to predict the
concentration of the natural juice, and PCA
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and HCA were employed to discover whether
there were significant differences between
natural and adulterated samples. These

Fig.4. Electronic tongue hardware

methods are described in detail in the literature
(Scott, James, & Ali, 2006).

Fig.5. Electrodes including gold, platinum, palladium,
titanium, and silver as working electrode, Ag/AgCl
electrode as reference, and platinum electrode as
counter electrode

Pulze number

Fig.6. LAPV pulses generated by electronic Tongue

PCA is used to convert a series of
correlated variables into a set of uncorrelated
linear variables, or the so-called principal
components. The components obtained have
the least correlation with one another. The
effect of each component can be precisely
determined using a score plot (Wold,
Esbensen, & Geladi, 1987).

HCA clustering method is one of the
unsupervised methods. The dendrogram of this
clustering can be built top-down or bottom-up.
In divisive methods (top-down), all data are
first put into a single cluster. Then, the
classification is done hierarchically (Gutierrez-

Osuna, 2002). In the agglomerative method
(bottom-up), each observation starts in its own
cluster, and is merged with others as the
process progresses. As such, larger clusters
that constitute related objects are created
(Gualdron et al., 2007). The present research
used the agglomerative clustering method.
SVM is an algorithm for statistical learning
based on keeping empirical risk at a fixed level
while minimizing the confidence interval
(Schoélkopf, Smola, & Bach, 2001). The main
idea of the algorithm for separating input
patterns into two classes is to use several
hyperplanes. This algorithm was first used to
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classify two linear datasets, but its expanded
form can be used for multi-class problems and
nonlinear data (Haddi et al., 2011).
Hyperplanes are unique and are obtained
during the training step to obtain the highest
margin. The details of classification by SVM
are given (Yin et al., 2020). This research
studied the multi-class classification problem.
The solutions were classified using an MLP
neural network, which is a network based on at
least three layers. The input layer of the neural
network was the features obtained in the
feature extraction stage. The input matrix data
were divided into 70% training, 15%
validation, and 15% testing. In the two stages
of testing and training the network, two indices
of mean and standard deviation were used to
evaluate the results in terms of accuracy and
precision. The logsig and tansig transformation
functions were used to select the transfer
function of the hidden layer. The trainlm and
trainbr algorithms were tested to select the
optimal training algorithm. To select the
optimal number of hidden layer neurons, the
range of 5 to 20 neurons was evaluated
through a trial-and-error approach (Abutaleb,
1991). The next layer is known as the output
layer. Since eight lime juice samples were
evaluated, eight neurons were put in the output

layer.
1

1 4+ e~ ZFWij+b 1)

1
1 + e~ L2FiWi+b -1 (2

Sigmoid function =

hyperbolique function =

where, Fi is the input, b is the bias, and Wj;
is the weight of the j™ neuron.

Neural networks use various training
functions to optimize weights and biases. The
present  research used the Bayesian
regularization back-propagation (Trainbr) and
the Levenberg Marquardt back-propagation
(Trainlm).

Assessment of classification performance of
SVM and MLP

The performance of the models used in this
research was evaluated using the criteria of
accuracy, precision, sensitivity, F1 score,
mean squared error, and Cohen’s kappa
coefficient of reliability. In the confusion

matrix, TP represents true positive patterns,
TN represents true negative patterns, FP
represents false positive patterns, and FN
represents false negative patterns. The target
and predicted values are represented by Ti and

Pi, respectively (Niemeyer et al., 2021).
TP + TN

accuracy(%) = TP TN T FP T FN x 100 (3)
precision(%) = e x 100 4)
TP + FP
sensitivity (%) = L x 100 (5)
TP + FN

F1 — Score(%)

2 X Sensitivity X Precision (6)
= — — X 100
Sensitivity + Precition
Specificity(%) = il x 100
pecificity(%) = TN + FP @)
AUC = 1 y TP N TN
=2 *Gry v T TN P @)
YI = Sensitivity — (1 — Specificity) 9)
1 n
P . _ D)2
MSE = nZ(Tl P;) (10)
i=

Results and Discussion

Electrochemical method
Results of the non-modified glassy carbon
electrode

Figure 6 shows the cyclic voltammetry
applied to the non-modified glassy carbon
electrode. Reaching the potential at which the
electrode reaction begins, the current increases
in the form of a continuous-state
voltammogram. The potential scan continues
from a certain value before the maximum
current to a value equivalent to the current
peak, and because citric acid cannot react with
the electrode, the current peak is not observed.
The changes in citric acid concentration did
not affect achieving the anodic or cathodic
peaks in the electrochemical process. This
electrochemical behavior shows that the glassy
carbon electrode alone cannot detect the
concentration of citric acid.
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Fig.6. Glassy carbon electrode in phosphate buffer solution: (a) without the presence of citric acid, and (b) in the
presence of citric acid at a scan rate of 50 mVs*!

Embedding gold nanoparticles on the glassy electrode surface. On the other hand, the

carbon electrode cathodic peak changed with successive scans,

According to Figure 7, the oxidation peaks indicating a successfully reduced reaction in
the gold salt.

a and b are evident. The peak anodic current
increased with consecutive scans, showing that
the gold nanoparticles were embedded on the

2.00
1.00
0.00
-1.00
-2.00
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Current (pA)

-4.00
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-6.00
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig.7. Applying cyclic voltammetry to deposit gold nanoparticles on a glassy carbon electrode at a speed of 50 mVs™:
(a) Anodic peak, and (b) Catodic Peak
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Fig.8. (a) An unmodified glassy carbon electrode, and (b) an electrode modified with gold nanoparticles in 0.1 M citric
acid solution with 0.1 M phosphate buffer at pH =5

After the application of the gold
nanoparticle coating on the electrode, the area
of the voltage application surface increased,
increasing the current derived from it. Figure 8
shows the reaction of the modified electrode to
a 0.1 M citric acid solution. The diagram
indicates that the electrode coated with gold
nanoparticles had no impact on achieving
anodic and/or cathodic peaks caused by citric
acid concentration. As far as the scanning
speed of 50 mVs?, the current intensity
initially increased and then reached a plateau,
but the shape of the voltammograms became
wider. The broadening of the voltammogram
shape as a result of increasing the scan rate

increased  disturbances and  decreased
selectivity. Therefore, according to the
sensitivity  and  sharpness  of  the

voltammograms, the scanning speed of 50
mVs? was chosen as the optimal condition for
the next experiments.

Embedding carbon nanotubes-gold
nanoparticles on the surface of a glassy
carbon electrode

At this step, the glassy carbon electrode

was coated with carbon nanotubes to increase
its surface area. Several modifications were
applied consecutively, and the results of the
experiments were recorded at each step
(Figure 9). With different modifications, no
changes were observed in the anodic or
cathodic peaks. Although it was observed in
the diagram of electrode modification with
carbon nanotubes and gold simultaneously (c),
the peak was very small and did not
significantly change with increasing citric acid
concentration. This implies that the peak was
caused by the synergy of the additives rather
than the concentration of citric acid.

Results of gold, graphite, and tungsten
electrodes

The experiments were conducted at
different concentrations and in different
buffers, including acetate. Also, the

experiments were conducted with other
electrodes, e.g., gold, graphite, and tungsten,
which yielded similar results (Figure 10).
Given the results of the experiments with
different electrodes and in different buffers,
since no anodic or cathodic peaks were
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obtained, it can be concluded that citric acid
has low electrochemical activity and cannot be
examined by conventional electrochemical
methods.

E-tongue device

The response graphs of the e-tongue device

The samples collected from the natural lime
juice were tested by the e-tongue device. The
software collected the signals of the current
intensity obtained from the responses of five
working electrodes. Figure 11 displays the
response graphs of these electrodes. The
maximum current intensity of the sensors'
response ranged from -250 to +300 pA. On the
other hand, the relative standard deviation
(RSD) was 10% in different measurements,
showing the system's good replicability,
accuracy, and precision. As is seen in Figure
11, each electrode acted as a unique
"“fingerprint” for each juice sample, which
shows their different responses to different
solution compositions. After the

250

200

—
L
=]

100

Current (mA)

50

measurements, 2500 data points (5 electrodes
x 500 measurements) were collected by the
system for each solution sample. To obtain
statistical characteristics, the range of each
response was divided into 20 intervals, each
containing 25 data points. Then, five statistical
features (mean, standard deviation, median,
maximum, and amplitude) were extracted from
each interval. The average of each statistical
feature was calculated. As a result, the data
represented by the 240 x 500 matrix (see
Section Featture Extration) was converted into
a 240 x 5 matrix.

The results of PCA

In the PCA method, if the cumulative
variance is >85%, the method can reliably
reflect the features of the main data (Martinez
et al., 2005). The score diagram (using the
statistical features) was used to determine if
there were differences between pure and
adulterated lime juice.

0

1 105 1.1 1.15 1.2 1.25 1.3 135 14 145 1.5 155 16 1.65
Potential (v)

Fig.9. (a) Glassy carbon electrode in citric acid, with a concentration of 0.1 M, 0.1 M phosphate buffer, and pH 5; (b)
Electrode modified with carbon nanotubes in the presence of citric acid; (c) Electrode modified with carbon nanotubes
and gold nanoparticles in the presence of citric acid; and (d) Electrode modified with carbon nanotubes and gold
nanoparticles without the presence of citric acid
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Gold electrode in KCI buffer, modified with carbon nanotubes and gold nanoparticles; and (C) Gold electrode in
phosphate buffer, modified with carbon nanotubes and gold nanoparticles



13

Bahrami et al., The Evaluation of Lime Juice...

400

300

200

100

Current (A)

-100

-200

-300

Data
Fig.11. The response graphs of the electrodes

Figure 12 demonstrates that together, the
first and second principal components

accounted for 97% of the data variance, with
the first component alone accounting for 90%
and the second contributing an additional 7%.
In other words, most information can be
explained by these two PCs. On the other
hand, the difference was more significant
samples

between the along the first

8]

—
1

Gold Sensor

Silver Sensor
—— Titanium Snsor

1200

Paladum Sensor

Plutinum Sensor

component. These results show that as the
adulteration level in the juice increases, the
variance between the samples also increases,
allowing the algorithm to effectively
distinguish the samples. The distribution of
each sample was acceptable, indicating the
reliability of the features extracted from each
sample.
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Fig.12. Score Plot of 8 samples (S1: No impurity; S2: 5% impurity; S3: 10% impurity; S4: 20% impurity; S5: 40%
impurity; S6: 70% impurity; S7: 95% impurity; and S8: 100% impurity)

The loading plots (Figure 13) show that the
palladium electrode detected the greatest

difference between the samples. The gold,

titanium, silver, and platinum electrodes
achieved rankings for their distinguishing
performance, respectively. If electrodes are
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intended to be economical, platinum and silver we adhered to the initial electrode
electrodes can be ignored, and gold, compositions and continued with five
palladium, and titanium electrodes can be used electrodes.

reliably as working electrodes. In this research,

Loadings

0.6
pal

0.4

0.2 ti

PC-2 (7%)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
PC-1 (90%)

Fig.13. Loading plot, related to the electrodes of the electronic tongue system (pt = Platinum, ag = Silver, ti = Titanium,
au = Gold, and pal = Palladium)
The results of agglomerative HCA features, whereas some were more similar than

The HCA algorithm was applied to the data other? (%.g.,dsgmples 3 and 4, along with
(Figure 14). As is seen, the pure and samples 5 and 6).
adulterated samples differed in the extracted

0.09

Similarrity (Eudidean distance)
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o
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4 5 1 3 2 6 7 8

Clusters (Lime Juice Sample)
Fig.14. Hierarchical clustering diagram
From the graphs of PCA and HCA, it is recognition of the similarity of some samples

clear that the results of these two methods is probably due to the non-linear response of
completely agree with each other, and the the sensors.
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The results of SVM

Statistical features were used as the input of
the SVM model, in which 85% of the dataset
was considered for training and the rest for
testing. SVM s assessed by various functions,
such as linear, quadratic, cubic, and Gaussian
functions. After the confusion matrix was

obtained, the success in classification was
found to be 95.62% using the quadratic
algorithm (Table 1). The results showed that
the quadratic function had the best accuracy
(95.8%), the lowest error (0.041), the highest
sensitivity (95.8%), and the most optimal
kappa coefficient (0.809) (Table 2).

Table 1- Confusion matrix of the support vector machine

Sample Sampl Samp2 Samp3 Sampp4d Samp5 Samp6 Samp7 Samp8  Success rate
Sampl 30 0 0 0 0 0 0 0 100%
Samp?2 0 26 2 2 0 0 0 0 86%
Samp3 0 0 28 1 1 0 0 0 93%
Samp4 0 0 0 30 0 0 0 0 100%
Samp5 0 0 0 0 30 0 0 0 100%
Samp6 0 0 0 0 0 28 1 1 93%
Samp7 0 0 0 0 0 1 28 1 93%
Samp8 0 0 0 0 0 1 1 28 93%
Overall success rate 94.297.
Table 2- Evaluation of the confusion matrix of the support vector machine
Type of SVM  Accuracy Precision Sensitivity Specificity Error Fl-score Kappa
Quadratic 95.8% 96% 95.8% 99.4% 0.041 0.958 0.809

The results of the MLP neural network

The statistical data were fed to the MLP
network as input. To generate the training,
validation, and testing data, the initial data
matrix with the dimensions of 240 x 5 was
divided into three parts, including 15%, 70%,
and 15% of the dataset, respectively. The

optimal network included 15 neurons in the
hidden layer, and was obtained with the logsig
transformation  function and the trainbr
training function (Table 3). The optimal
network achieved a lower detection error than
other networks in both the testing and training
stages.

Table 3- The results of statistical indexes for MLP classifier

Nn

10

15

17

13

Trainlm Trainbr
TF Train phase Test Phase Train phase Test Phase

Accuracy  Precision  Accuracy  Precision  Accuracy  Precision Accuracy Precision
logsig 98.99+0.08 98.99+0.05 98.45+1.04 98.00+0.08 98.89+0.08 98.99+0.22  98.85+0.99  98.25+0.09
tansig  98.38+0.05 98.97+0.06 98.19+0.03 98.19+1.45 98.99+0.05 98.59+0.33  99.05+1.10  98.17+1.30
logsig 98.96+0.14 98.93+0.29 98.56+1.05 98.10+1.93 99.03+0.18 99.15+0.07  99.13+0.28  99.05+0.07
tansig  98.96+0.32 98.98+0.18 98.28+1.14 98.60+2.26 99.23+0.58 99.03+0.28  99.10+0.27 98.50+0.4
logsig 98.88+0.42 99.05+0.15 98.18+0.08 98.85+1.28 98.97+0.55 99.17+0.25  99.10+0.39  99.10+0.14
tansig  98.76+0.55 99.03+0.19 98.04+0.24 98.07+0.45 98.99+0.26 99.15+0.22  99.12+0.18  99.15+0.07
logsig 99.18+0.10 99.16+0.21 99.10+0.09 98.80+2.14 100+0.00  100%0.00 99.33£0.29  99.34+0.19
tansig  99.19+0.06 99.19+0.13 99.02+0.05 98.85+2.11 100+0.00  100+0.00 99.18+0.12  99.19+0.24
logsig 99.29+0.25 98.99+0.12 99.18+0.10 99.00+2.00 100+0.00  100%0.00 99.02£0.59  99.05+0.79
tansig  99.29+0.28 99.29+0.12 99.20+0.42 99.15+0.27 100+0.00  100+0.00 99.02£0.49  99.05+0.19
logsig 98.98+0.10 98.96+0.21 98.48+1.02 98.95+2.05 100+0.00  100%0.00 98.50+1.00  99.00+0.11
tansig  98.96+0.15 98.92+0.29 98.42+1.05 99.05+0.23  100+0.00  100+0.00 98.92+0.89  99.05+0.19
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Then, sensitivity analysis was performed to
determine the most sensitive features. In the
training and testing phases, the performance of

classification, provided that its removal
degraded the performance of the whole
network. The results show that all variables

the MLP is monitored by sequentially were important and effective,
removing each of the five features. Each excluding each  feature
feature had a significant effect on performance of the classifier (Table 4).
Table 4- The results of sensitivity analysis for MLP classifier
Train phase Test Phase
Accuracy  Precision  Accuracy  Precision
All 100+0.00 100£0.00 99.33+0.29 99.34+0.19
All- except mean 99.05+0.33 99.12+0.44 96.99+0.11 96.88+0.28
All- except Sd 99.25+1.05 99.72+0.79 97.00+2.31 97.60+3.23
All- except max 98.96+£0.45 98.92+0.49 98.40+0.47 97.00+0.08
All- except amplitude 98.88+0.55 98.82+0.25 98.30+0.33 97.00+2.02
All- except median ~ 98.88+£0.32 98.45+0.20 97.65+0.97 97.70+0.45
Training: R=0.99854 . Validation: R=0.99398
[=2]
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Fig.15. The results of the MLP model: estimation of lemon juice concentration values using taste sensor data (from top

left, training, evaluation, testing, and total)
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Table 5- The R? and RMSE values for different numbers of neurons in the hidden layer

Row Number of hidden  The R? value of the R? value of R? value of R? value of RMSE
layer neurons training data validation data test data total data
1 5 0.9843 0.9847 0.9844 0.9830 1.02
2 10 0.9806 0.9838 0.9874 0.9805 15
3 13 0.9910 0.9898 0.9868 0.9801 1.1
4 15 0.9958 0.9939 0.9964 0.9973 0.09
5 20 0.9923 0.9710 0.9650 0.9862 1.5

Then, the MLP was trained with the five
inputs selected in the previous step. The
correlation between the actual value and the
predicted value is shown in Figure 15.

The best correlation coefficient and error
rate  were obtained as 0.9973 and 0.09,
respectively (Table 5).

Then, the confusion matrix was used to

obtain the classification power of the network
(Table 6). The classification success rate was
99.33%. The evaluation indices of the
disturbance  matrix including  accuracy,
precision, sensitivity, specificity, error, F1-
score, and kappa were obtained as 99.33%,
99.34%, 99.34%, 99.9%, 0.0069, 0.993, and
0.968, respectively (Table 7).

Table 6- Confusion matrix of the neural network

Sample Sampl Samp2 Samp3 Samp4 Samp5 Samp6 Samp7 Samp8 SLFJQC;teeSS
Sampl 30 0 0 0 0 0 0 0 100%
Samp2 0 30 0 0 0 0 0 0 100%
Samp3 0 0 30 0 0 0 0 0 100%
Samp4 0 0 0 30 0 0 0 0 100%
Samp5 0 0 0 0 30 0 0 0 100%
Samp6 0 0 0 0 0 28 1 1 94.7%
Samp7 0 0 0 0 0 0 30 0 100%
Samp8 0 0 0 0 0 0 0 30 100%
Overall success rate 99.05%

Table 7- Evaluation of the confusion matrix of the neural network

Accuracy Precision Sensitivity

Specificity Error Fl-score Kappa

99.33% 99.34% 99.34%

99.9% 0.0069  0.993 0.968

Table 2 shows the results of the SVM
method and Table 7 shows the results of using
the MLP model. These results reveal that the
system showed better results with the MLP
algorithm. By using the designed system, it
was possible to estimate the taste parameters
of lime juice samples in a non-destructive,
fast, out-of-lab, and low-cost way compared to
existing laboratory methods (HPLC and GC).
Also, this method obtained better results
compared to the combined data mining/NIR
spectroscopy method (Shafiee & Minaei, 2018)
and the method of pattern recognition
techniques and FT-IR spectroscopy
(Mohammadian et al., 2021).

Conclusion

Two methods of electrochemical and
electronic tongues were used in this research.
In the first section, an electrochemical unit
consisting of three working electrodes, a
reference electrode, and a counter electrode,
connected to a potentiostat, was designed. Its
purpose was to investigate the amount of citric
acid as a common indicator of lemon juice
adulteration. Since citric acid is highly polar,
this method was unable to detect it.
Consequently, the electrochemical method
proved ineffective in detecting fraud in lemon
juice. The second part, based on the detection
of taste components using an electronic tongue
of noble metals type provided a new tool for
the detection of genuine and counterfeit foods
in commercial markets. These new methods
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had the potential to facilitate the
implementation of regulatory quality assurance
and to verify the quality and authenticity of
food products through rapid assessment by
taste. To determine the relationship between
the e-tongue signal and the classification of
lemon juice, PCA, HCA, SVM, and MLP
classification algorithms were used and
compared. The MLP method's accuracy
(99.73%) was higher than others in the
classification results, and it could classify
lemon juice into different categories with high
accuracy. Furthermore, this method is simple,
quick, online, and non-destructive, and can be
easily used by even non-professionals. Some
recommendations are listed below:

In addition to taste features, color and smell
features should also be extracted.

This system can be developed to check
other liquids, such as milk, non-alcoholic beer,
and vinegar.

The system should be redesigned and
evaluated with other electrodes, such as
iridium, gold with higher purity, and other
noble elements.

Since the characteristics of lemon juice
depend on the conditions of storage and

References

breeding condition, future research should
focus on testing a variety of samples under
these differing conditions.

Acknowledgments

The authors would like to thank Ferdowsi
University of Mashhad, the chemistry
laboratory of Bu-Ali Sina University of
Hamedan, and Data Gostar Data Processing
Engineering Company for their support and
participation in this study.

Conflict of Interest: The authors declare
no competing interests.

Author Contributions
Gh. Bahrami, as the primary author, was
responsible for data collection, analysis, and

interpretation. M. H. Aghkhani and M.
Golzarian  contributed  through  overall
supervision and academic guidance. B.

Deiminiat provided specialized consultation
for the chemistry-related sections of the
manuscript. All contributors played a scientific
role in the development of this article.

1. Abutaleb, A. S. (1991). A neural network for the estimation of forces acting on radar targets.
Neural Netw, 4(5), 667-678. https://doi.org/10.1016/0893-6080(91)90020-6

2. AlN. (2013). Code of practice for evaluation of fruit and vegetable juices: Reference guideline

for lime juice (AIJN 6.26). Brussels, Belgium: Association of the Industry of Juices and Nectars
of the European Union.

Alizadeh, M., Pirsa, S., & Faraji, N. (2017). Determination of Lemon Juice Adulteration by
Analysis of Gas Chromatography Profile of VVolatile Organic Compounds Extracted with Nano-
Sized Polyester-Polyaniline Fiber. Food Analytical Methods, 10, 2092-2101.
https://doi.org/10.1007/s12161-016-0747-4

Barzegar, F., Nabizadeh, S., Kamankesh, M., Ghasemi, J. B., & Mohammadi, A. (2023).
Recent Advances in Natural Product-Based Nanoemulsions as Promising Substitutes for
Hazardous Synthetic Food Additives: A New Revolution in Food Processing. Food and
Bioprocess Technology, 1-22. https://doi.org/10.1007/s11947-023-03162-6

Bayati, A., Nazari, F., Hassanzadazar, H., & Hosseini, M. J. (2020). Identification parameters
for comparison of naturally and commercially lime juice. Carpathian Journal of Food Science
& Technology, 12. https://doi.org/10.34302/crpjfst/2020.12.1.11

Benjamin, O., & Gamrasni, D. (2016). Electronic tongue as an objective evaluation method for
taste profile of pomegranate juice in comparison with sensory panel and chemical
analysis. Food Analytical Methods, 9, 1726-1735. https://doi.org/10.1007/s12161-015-0350-0


https://doi.org/10.1016/0893-6080(91)90020-6
https://doi.org/10.1007/s12161-016-0747-4
https://doi.org/10.1007/s11947-023-03162-6
https://doi.org/10.34302/crpjfst/2020.12.1.11
https://doi.org/10.1007/s12161-015-0350-0

Bahrami et al., The Evaluation of Lime Juice... 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Berovic, M., & Legisa, M. (2007). Citric acid production. Biotechnology Annual Review, 13,
303-343. https://doi.org/10.1016/S1387-2656(07)13011-8

Bougrini, M., Tahri, K., Saidi, T., EI Alami El Hassani, N., Bouchikhi, B., & El Bari, N.
(2016). Classification of honey according to geographical and botanical origins and detection
of its adulteration using voltammetric electronic tongue. Food Analytical Methods, 9, 2161-
2173. https://doi.org/10.1007/s12161-015-0393-2

Brendel, R., Schwolow, S., Rohn, S., & Weller, P. (2021). Volatilomic Profiling of Citrus
Juices by Dual-Detection HS-GC-MS-IMS and Machine Learning-An Alternative
Authentication Approach. Journal of Agricultural and Food Chemistry, 69, 1727-1738.
https://pubs.acs.org/doi/10.1021/acs.jafc.0c07447

Chen, D., Zhang, Y., Lv, B., Liu, Z., Han, J., Li, J., ..., & Wu, Y. (2020). Dietary exposure to
neonicotinoid insecticides and health risks in the Chinese general population through two
consecutive total diet studies. Environment international, 135, 105399.
https://doi.org/10.1016/j.envint.2019.105399

Chira, A., Bucur, B., & Radu, G. L. (2017). Electrodeposited organic layers formed from aryl
diazonium  salts  for inhibition of  copper corrosion. Materials, 10(3),  235.
https://doi.org/10.3390/ma10030235

Das, S., Goswami, B., & Biswass, K. (2016). Milk Adulteration and Detection A Review.
Sensor Letters 14, 4-18. https://doi.org/10.1166/s1.2016.3580

Deo, S. K., & Sakhale, B. K. (2025). Phytochemical analysis of Citrus limetta using High-
Resolution Liquid Chromatography Mass Spectrometry (HR-LCMS) and FTIR. Sustainability,
Agri, Food and Environmental Research, 13. https://doi.org/10.7770/safer-V13N1-artl74
Ghasemi-Varnamkhasti, M., Mohtasebi, S. S., & Siadat, M. (2010). Biomimetic-based odor
and taste sensing systems to food quality and safety characterization: An overview on basic
principles and recent achievements. Journal of food Engineering, 100(3), 377-387.
https://doi.org/10.1016/j.jfoodeng.2010.04.032

Gualdron, O., Brezmes, J., Llobet, E., Amari, A., Vilanova, X., Bouchikhi, B., & Correig, X.
(2007). Variable selection for support vector machine based multisensor systems. Sensors &
Actuators B, 122, 259-268. https://doi.org/10.1016/j.snb.2006.05.029

Gutierrez-Osuna, R. (2002). Pattern Analysis for Machine Olfaction: A Review. IEEE Sensors
Journal, 2(3), 189-202. https://doi.org/10.1109/JSEN.2002.800688

Guyon, F., Auberger, P., Gaillard, L., Loublanches, C., Viateau, M., Sabathié, N., Salagoity, M.
H., & Médina, B. (2014). 13C/12C isotope ratios of organic acids, glucose and fructose
determined by HPLC-co-IRMS for lemon juices authenticity. Food Chemistry, 146, 36-40.
https://doi.org/10.1016/j.foodchem.2013.09.020

Haddi, Z., Amari, A., Alami, H., El Bari, N., Llobetc, E., & Bouchikhi, B. (2011). A portable
electronic nose system for the identification of cannabis-based drugs. Sensors and Actuators B:
Chemical, 155, 465-463. https://doi.org/10.1016/j.snb.2010.12.047

Huang, X., Teye, E., Owusu-Sekyere, J. D., Takrama, J., Sam-Amoah, L. K., Yao, L., &
Firempong, C. K. (2014). Simultaneous measurement of titratable acidity and fermentation
index in cocoa beans by electronic tongue together with linear and non-linear multivariate
technique. Food Analytical Methods, 7, 2137-2144. https://doi.org/10.1007/s12161-014-9862-2
Huynh, D. T., Vo, M. T. N., & Kha, T. C. (2023). Enriching the Bioactive Components and
Antioxidant Capacity of Concentrated Lime Juices Prepared by Cryogenic and Vacuum
Processes. Processes, 11(7), 1883. https://doi.org/10.3390/pr11071883

Jahani, R., van Ruth, S., Yazdanpanah, H., Faizi, M., AliAbadi, M. H. S., Mahboubi, A., &
Kobarfard, F. (2022). Isotopic signatures and patterns of volatile compounds for discrimination
of genuine lemon, genuine lime and adulterated lime juices. Food Control, 136, 108837.
https://doi.org/10.1016/j.foodcont.2022.108837


https://doi.org/10.1016/S1387-2656(07)13011-8
https://doi.org/10.1007/s12161-015-0393-2
https://pubs.acs.org/doi/10.1021/acs.jafc.0c07447?goto=supporting-info
https://doi.org/10.1016/j.envint.2019.105399
https://doi.org/10.3390/ma10030235
https://doi.org/10.1166/sl.2016.3580
https://doi.org/10.7770/safer-V13N1-art174
https://doi.org/10.1016/j.jfoodeng.2010.04.032
https://doi.org/10.1016/j.snb.2006.05.029
https://doi.org/10.1109/JSEN.2002.800688
https://doi.org/10.1016/j.foodchem.2013.09.020
https://doi.org/10.1016/j.snb.2010.12.047
https://doi.org/10.1007/s12161-014-9862-2
https://doi.org/10.3390/pr11071883
https://doi.org/10.1016/j.foodcont.2022.108837

20

Journal of Agricultural Machinery Vol. 16, No. 1, Spring 2026

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jamil, N., Jabeen, R., Khan, M., Riaz, M., Naeem, T., Khan, A., Sabah, N. U., Ghori, S. A,
Jabeen, U., Bazai, Z. A., Mushtag, A., Rizwan, S., & Fahmid, S. (2015). Quantitative
assessment of juice content, citric acid and sugar content in oranges, sweet lime, lemon and
grapes available in fresh fruit market of Quetta city. International Journal of Basic & Applied
Sciences, 15(1), 21-24.

Kamthania, M., Saxena, J., Saxena, K., & Sharma, D. K. (2014). Milk adulteration: Methods of
detection & remedial measures. International Journal of Engineering and Technology
Research, 1, 15-20.

Karami, H., Rasekh, M., & Mirzaee-Ghaleh, E. (2020). Application of the E-nose machine
system to detect adulterations in mixed edible oils using chemometrics methods. Journal of
Food Processing and Preservation, 44, e14696. https://doi.org/10.1111/jfpp.14696

Kelly, S., Brodie, C., & Hilkert, A. (2018). Isotopic-spectroscopic technique: Stable isotope-
ratio mass spectrometry (IRMS). In Modern techniques for food authentication (pp. 349-413).
Academic Press. https://doi.org/10.1016/B978-0-12-814264-6.00011-6

Khaydukova, M., Cetd, X., Kirsanov, D., del Valle, M., & Legin, A. (2015). A tool for general
quality assessment of black tea-Retail price prediction by an electronic tongue. Food Analytical
Methods, 8, 1088-1092. https://doi.org/10.1007/s12161-014-9979-3

Khorramifar, A., Sharabiani, V. R., Karami, H., Kisalaei, A., Lozano, J., Rusinek, R., &
Gancarz, M. (2022). Investigating Changes in pH and Soluble Solids Content of Potato during
the  Storage by  Electronic Nose and  Vis/INIR  Spectroscopy. Foods, 11,
4077. https://doi.org/10.3390/foods11244077

Kiani, S., Minaeli, S., & Ghasemi-Varnamkhasti, M. (2017). Integration of computer vision and
electronic nose as non-destructive systems for saffron adulteration detection. Computers and
Electronics in Agriculture, 141, 46-53. https://doi.org/10.1016/j.compag.2017.06.018

Kurnia Hartati, F., Bambang Widjanarko, S., Dewanti Widyaningsih, T., & Rifa’i, M. (2017).
Antioxidant Activity and Immunomodulator of Indonesia Black Rice (Oryza sativa L. indica)
Extract. Journal of Global Pharma Technology. http://repository.unitomo.ac.id/id/eprint/618
Kvasnicka, F., Voldiich, M., Pys, P., & Vins, 1. (2002). Determination of Isocitric acid in citrus
juice—a comparison of HPLC, enzyme set and capillary isotachophoresis methods. Journal of
Food Composition and Analysis, 15, 685-91. https://doi.org/10.1006/jfca.2002.1101

Labrador, R. H., Masot, R., Alcafiiz, M., Baigts, D., Soto, J., Martinez-Mafiez, R., ..., & Barat,
J. M. (2010). Prediction of NaCl, nitrate and nitrite contents in minced meat by using a
voltammetric electronic tongue and an impedimetric sensor. Food Chemistry, 122(3), 864-870.
https://doi.org/10.1016/j.foodchem.2010.02.049

Lin, X., Ni, Y., & Kokot, S. (2013). Glassy carbon electrodes modified with gold nanoparticles
for the simultaneous determination of three food antioxidants. Analytica Chimica Acta, 765,
54-62. https://doi.org/10.1016/j.aca.2012.12.036

Lu, L., Deng, S., Zhu, Z., & Tian, S. (2015). Classification of rice by combining electronic
tongue and nose. Food Analytical Methods, 8, 1893-1902. https://doi.org/10.1007/s12161-014-
0070-x

Lyu, W., Yuan, B., Liu, S., Simon, J. E.,, & Wu, Q. (2022). Assessment of lemon juice
adulteration by targeted screening using LC-UV-MS and untargeted screening using UHPLC-
QTOF/MS with machine learning. Food Chemistry, 373, 131424,
https://doi.org/10.1016/j.foodchem.2021.131424

Martinez-Mafiez, R., Soto, J., Garcia-Breijo, E., Gil, L., Ibafiez, J., & Llobet, E. (2005). An
“electronic tongue” design for the qualitative analysis of natural waters. Sensors and Actuators
B: Chemical, 104(2), 302-307. https://doi.org/10.1016/j.snb.2004.05.022

Masikini, M., Ghica, M. E., Baker, P. G., lwuoha, E. I., & Brett, C. M. (2019). Electrochemical
Sensor Based on Multi-walled Carbon Nanotube/Gold Nanoparticle Modified Glassy Carbon


https://doi.org/10.1111/jfpp.14696
https://doi.org/10.1016/B978-0-12-814264-6.00011-6
https://doi.org/10.1007/s12161-014-9979-3
https://doi.org/10.3390/foods11244077
https://doi.org/10.1016/j.compag.2017.06.018
http://repository.unitomo.ac.id/id/eprint/618
https://doi.org/10.1006/jfca.2002.1101
https://doi.org/10.1016/j.foodchem.2010.02.049
https://doi.org/10.1016/j.aca.2012.12.036
https://doi.org/10.1007/s12161-014-0070-x
https://doi.org/10.1007/s12161-014-0070-x
https://doi.org/10.1016/j.foodchem.2021.131424
https://doi.org/10.1016/j.snb.2004.05.022

Bahrami et al., The Evaluation of Lime Juice... 21

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

471.

48.

49,

50.

Electrode for Detection of Estradiol in Environmental Samples. Electroanalysis, 31(10), 1925-
1933. https://doi.org/10.1002/elan.201900190

Masot, R., Alcafiiz, M., Fuentes, A., Schmidt, F. C., Barat, J. M., Gil, L., ..., & Soto, J. (2010).
Design of a low-cost non-destructive system for punctual measurements of salt levels in food
products using impedance spectroscopy. Sensors and Actuators A: Physical, 158(2), 217-223.
https://doi.org/10.1016/j.sna.2010.01.010

Miaw, C. S. W., Assis, C., Silva, A. R. C. S., Cunha, M. L., Sena, M. M., & de Souza, S. V. C.
(2018). Determination of main fruits in adulterated nectars by ATR-FTIR spectroscopy
combined with multivariate calibration and variable selection methods. Food Chemistry, 254,
272-280. https://doi.org/10.1016/j.foodchem.2018.02.015

Mohammadian, N., Ziaiifar, A. M., Mirzaee-Ghaleh, E., Kashaninejad, M., & Karami, H.
(2023). Nondestructive Technique for Identifying Adulteration and Additives in Lemon Juice
Based on Analyzing Volatile Organic Compounds (VOCs). Processes, 11(5), 1531.
https://doi.org/10.3390/pr11051531

Mohammadian, A., Barzegar, M., & Mani-Varnosfaderani, A. (2021). Detection of fraud in
lime juice using pattern recognition techniques and FT-IR spectroscopy. Food Science &
Nutrition, 9(6), 3026-3038. https://doi.org/10.1002/fsn3.2260

Murphy, J. L., & Mendoza, S. A. (1990). Decreased urinary citrate in premature infants with
lung disease. Child Nephrology and Urology, 10(2), 76-80. PMID: 2253255

Niemeyer, F., Galbusera, F., Tao, Y., Kienle, A., Beer, M., & Wilke, H. J. (2021). A deep
learning model for the accurate and reliable classification of disc degeneration based on MRI
data. Investigative Radiology, 56(2), 78-85. https://doi.org/10.1097/RL1.0000000000000709
Nunes, C. N., Pauluk, L. E., Dos Anjos, V. E., Lopes, M. C., & Quinaia, S. P. (2015). New
approach to the determination of contaminants of emerging concern in natural water: study of
alprazolam employing adsorptive cathodic stripping voltammetry. Analytical and Bioanalytical
Chemistry, 407, 6171-6179. https://doi.org/10.1007/s00216-015-8792-1

Oliveri, P., Baldo, M. A., Daniele, S., & Forina, M. (2009). Development of a voltammetric
electronic tongue for discrimination of edible oils. Analytical and Bioanalytical
Chemistry, 395(4), 1135-1143. https://doi.org/10.1007/s00216-009-3070-8

Olsson, J., Winquist, F., & Lundstrom, 1. (2006). A self-polishing electronic tongue. Sensors
and Actuators B, 118, 461-465. https://doi.org/10.1016/j.snb.2006.04.042

Penniston, K. L., Nakada, S. Y., Holmes, R. P., & Assimos, D. G. (2008). Quantitative
assessment of citric acid in lemon juice, lime juice, and commercially-available fruit juice
products. Journal of Endourology, 22(3), 567-570. https://doi.org/10.1089/end.2007.0304
Penniston, K. L., Steele, T. H., & Nakada, S. Y. (2007). Lemonade therapy increases urinary
citrate and urine volumes in patients with recurrent calcium oxalate stone
formation. Urology, 70(5), 856-860. https://doi.org/10.1016/j.urology.2007.06.1115

Rasekh, M., & Karami, H. (2021). E-nose coupled with an artificial neural network to detection
of fraud in pure and industrial fruit juices. International Journal of Food Properties, 24, 592-
602. https://doi.org/10.1080/10942912.2021.1908354

Rodriguez-Garcia, C., Sanchez-Quesada, C., & Gaforio, J. J. (2019). Dietary flavonoids as
cancer chemopreventive agents: An updated review of human studies. Antioxidants, 8(5), 137.
https://doi.org/10.3390/antiox8050137

Saffariha, M., Azarnivand, H., Zare Chahouki, M. A., Tavili, A., Nejad Ebrahimi, S., Jahani,
R., & Potter, D. (2021). Changes in the essential oil content and composition of Salvia limbata
C.A. Mey at different growth stages and altitudes (e5127). Biomedical Chromatography, 35,
e5127. https://doi.org/10.1002/bmc.5127


https://doi.org/10.1002/elan.201900190
https://doi.org/10.1016/j.sna.2010.01.010
https://doi.org/10.1016/j.foodchem.2018.02.015
https://doi.org/10.3390/pr11051531
https://doi.org/10.1002/fsn3.2260
https://doi.org/10.1097/RLI.0000000000000709
https://doi.org/10.1007/s00216-015-8792-1
https://doi.org/10.1007/s00216-009-3070-8
https://doi.org/10.1016/j.snb.2006.04.042
https://doi.org/10.1089/end.2007.0304
https://doi.org/10.1016/j.urology.2007.06.1115
https://doi.org/10.1080/10942912.2021.1908354
https://doi.org/10.3390/antiox8050137
https://doi.org/10.1002/bmc.5127

22

Journal of Agricultural Machinery Vol. 16, No. 1, Spring 2026

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Saffariha, M., Jahani, A., Jahani, R., & Latif, S. (2021). Prediction of hypericin content in
Hypericum perforatum L. in different ecological habitat using artificial neural networks. Plant
Methods, 17, 1-17. https://doi.org/10.1186/s13007-021-00710-z

Scherer, R., Rybka, A. C. P., Ballus, C. A., Meinhart, A. D., Teixeira Filho, J., & Godoy, H. T.
(2012). Validation of a HPLC method for simultaneous determination of main organic acids in
fruits and juices. Food Chemistry, 135(1), 150-154.
https://doi.org/10.1016/j.foodchem.2012.03.111

Scholkopf, B., & Smola, A. J. (2001). Learning with kernels: Support vector machines,
regularization, optimization, and beyond. Cambridge, MA: MIT Press

Scott, S. M., James, D., & Ali, Z. (2006). Data analysis for electronic nose
systems. Microchimica Acta, 156(3), 183-207. https://doi.org/10.1007/s00604-006-0623-9
Shafiee, S., & Minaei, S. (2018). Combined data mining/NIR spectroscopy for purity
assessment  of  lime  juice. Infrared  Physics &  Technology, 91,  193-199.
https://doi.org/10.1016/j.infrared.2018.04.012

Shojaee, M., AliAbadi, M. H., & Salamzadeh, J. (2020). Novel Application of Near-infrared
Spectroscopy and Chemometrics Approach for Detection of Lime Juice Adulteration. Iranian
Journal of Pharmaceutical Research, 19, 34-44,
https://doi.org/10.22037/ijpr.2019.112328.13686

Teye, E., Huang, X., Han, F., & Botchway, F. (2014). Discrimination of cocoa beans according
to geographical origin by electronic tongue and multivariate algorithms. Food Analytical
Methods, 7, 360-365. https://doi.org/10.1007/s12161-013-9634-4

Uckoo, R. M., Jayaprakasha, G. K., Nelson, S. D., & Patil, B. S. (2011). Rapid simultaneous
determination of amines and organic acids in citrus using high-performance liquid
chromatography. Talanta, 83(3), 948-954. https://doi.org/10.1016/j.talanta.2010.10.063

Wang, Z., & Jablonski, J. E. (2016). Targeted and non-targeted detection of lemon juice
adulteration by LC-MS and chemometrics. Food Additives and Contaminants: Part A,
Chemistry, Analysis, Control, Exposure and Risk Assessment, 33, 560-573.
https://doi.org/10.1080/19440049.2016.1138547

White, M. P., Aladangady, N., Rolton, H. A., McColl, J. H., & Beattie, J. (2005). Urinary
citrate in preterm and term babies. Early human development, 81(2), 191-195.
https://doi.org/10.1016/j.earlhumdev.2004.07.008

Winquist, F., Wide, P., & Lundstrém, 1. (1997). An electronic tongue based on
voltammetry. Analytica Chimica Acta, 357(1-2), 21-31. https://doi.org/10.1016/S0003-
2670(97)00498-4

Wold, S., Esbensen, K., & Geladi, P. (1987). Principal component analysis. Chemometrics and
Intelligent Laboratory Systems, 2(1-3), 37-52. https://doi.org/10.1016/0169-7439(87)80084-9
Wu, H., Yue, T., & Yuan, Y. (2018). Authenticity tracing of apples according to variety and
geographical origin based on electronic nose and electronic tongue. Food Analytical
Methods, 11, 522-532. https://doi.org/10.1007/s12161-017-1023-y

Xin, Y., Wang, N., Wang, C., Gao, W., Chen, M., Liu, N., ..., & Hou, B. (2020).
Electrochemical detection of hydroguinone and catechol with covalent organic framework
modified carbon paste electrode. Journal of Electroanalytical Chemistry, 877, 114530.
https://doi.org/10.1016/j.jelechem.2020.114530

Yilmaz, E., Batislam, E., Basar, M., Tuglu, D., & Erguder, I. (2008). Citrate levels in fresh
tomato juice: a possible dietary alternative to traditional citrate supplementation in stone-
forming patients. Urology, 71(3), 379-383. https://doi.org/10.1016/j.urology.2007.08.065

Yin, R. Y., Li, X., & Shen, Q. (2020). Establishment of edible quality evaluating model of
millet. Journal of Chinese Institute of Food Science and Technology, 20(6), 270-277.
Zorpeykar, S., Mirzaee-Ghaleh, E., Karami, H., Ramedani, Z., & Wilson, A. D. (2022).


https://doi.org/10.1186/s13007-021-00710-z
https://doi.org/10.1016/j.foodchem.2012.03.111
https://doi.org/10.1007/s00604-006-0623-9
https://doi.org/10.1016/j.infrared.2018.04.012
https://doi.org/10.22037/ijpr.2019.112328.13686
https://doi.org/10.1007/s12161-013-9634-4
https://doi.org/10.1016/j.talanta.2010.10.063
https://doi.org/10.1080/19440049.2016.1138547
https://doi.org/10.1016/j.earlhumdev.2004.07.008
https://doi.org/10.1016/S0003-2670(97)00498-4
https://doi.org/10.1016/S0003-2670(97)00498-4
https://doi.org/10.1016/0169-7439(87)80084-9
https://doi.org/10.1007/s12161-017-1023-y
https://doi.org/10.1016/j.jelechem.2020.114530
https://doi.org/10.1016/j.urology.2007.08.065

Bahrami et al., The Evaluation of Lime Juice... 23

Electronic Nose Analysis and Statistical Methods for Investigating Volatile Organic
Compounds and Yield of Mint Essential Oils Obtained by Hydrodistillation. Chemosensors, 10,
486. https://doi.org/10.3390/chemosensors10110486


https://doi.org/10.3390/chemosensors10110486

@ S5l (sl iblo 4y il )
https://jame.um.ac.ir

e Az

V=TE o V80 Jle ) esled O s

ol 53 CIB oLyl gl (S S0L) g gl o el sla i A lis

YC.'.;J du_:g‘.',:.ng..uv b‘iﬂ}lf uJQM 9 ‘;’B ‘3] Ly o “‘;dj@.: v..ulS

VEV/XIY il gl
VESY/0IYY 1l o,

daSe

i 285 )15 o 3550 goskl 53 i 5z «Sig Ul L5 5 sl S oy ooy 2SI g 90 3l ealistl b ol 3o )5
3 oolatwl L sl 00,8 o )13 odlatul )90 geub] 13 (i awyp yobatods brolKiinloj] 13 (ks 3590 slme O lgicds gouil ;5 St Al
s 313! (51 lS o bl 5 ulS Sla 2SN 05 gy o Sl o s bl Sl gy 5 Sl el oSz
D Sy ] ooy piST1 by a8 ol LS bt s ool yuis PH l5se 9 130 &45 b ealaul Mb &lyd b g )5 (64 $U ilyd
ged o b o)) (6-1ONGUE) oo JB (Suig iUl (5 i <93 it 53 055 (gosy ) ) (lgised by ol b g adliee ol
5 (PCA) Lol ailye J oo Jolis o)l s (sld oo 03,5 sl ((salBb doyd Yov A0 Ve Fe e e @ ) goub] ;5 i glas
(SVM) ity oy tle 5 (MLP) &ty g5y e sloiSes Joli ooyl sla Jan 5 (HCOA) il ot (595
la ey zols W0 )5 u ol 5 HCA buwg g0 oyl b ol Ll olaw o 095 ples PCA cuiSSl 3l quls olol 5.0 eolize]
YU (Sisod ol pd g o )3 QAN Cudbge e L SVM Jie 1 jine &5 gglow o i gl MLP Jso 3 Slas a7 sls o)L s cyllas
258 31,8 ool 550 wabs CaisS S i S laieds S5 o piuam () 4" A3 o (LS s 29 RMSE=0.09 4 R2=0.9973

gl o5y 5 el wlbiwlguusly o g ptaldy (b cgaail lags oS 2 galS glanjlg

u‘):l ‘Ae(u.a.o ‘J‘QH‘“" u‘u9b)§ o &Kiily ‘Lg)')?l..ﬁs 0uSisls [ O T ) 09; =)
Wyl o oy8 Wyl bl Wl pls 55 olSiils < yio g pole 0uSiils «)iguals” pole 09,5 Y
Ol o cdpuiio w948 olKuild cpole 0SS ( conid 09,5 -V
(Email: aghkhani@um.ac.ir  :Jstue ssiw 5 —%)
& https://doi.org/10.22067/jam.2023.83040.1173


mailto:aghkhani@um.ac.ir
https://doi.org/10.22067/jam.2023.83040.1173
https://orcid.org/0000-0001-7599-2081
https://orcid.org/0000-0002-8370-1966
https://jame.um.ac.ir/

