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ABSTRACT

For the purposes of a food chemistry, it is important to differentiate of complex liquids (as gels,
emulsions, juices etc.) from each other. This paper presents for the first time a temporal approach to the
study of the voltammetric behavior of multicomponent mixtures with implicit peaks of
oxidation/reduction of electroactive components in the initial voltammetric data. It is shown that it is
possible to structure voltammograms to obtain characteristic analytical signals due to the peculiarity of
the evolution of the electrochemical electrode/solution system with their multiple functioning.
Electrochemical analysis of the voltammograms and their subsequent processing with the help of
principal component analysis (PCA) gives only qualitative picture. This method helps to differentiate
the different components and separate them identifying different correlations. For the food industry it is
very desirable to receive a set of quantitative parameters (not exceeding 20) in the significance/feature
space that would separate one complex fluid from another one. The careful analysis helps to propose the
class of fractional-rational functions allowing to solve this separation problem quantitively.
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1. Introduction and formulation of the problem

"Electronic tongues™ began their development in the 90s of the last centuries and have found
their application not only in the food industry for express analysis of food, identification of
counterfeits, evaluation of taste characteristics, but also in solving problems of recognition and
evaluation of the quality of technical liquids, medicines, environmental objects. Commercial
"electronic tongues™ have appeared, which are in great demand among producers of food raw
materials and food products; multisensory systems (MSS) are used for incoming and analytical
control of production processes. Potentiometric sensor systems have become the most
widespread. On their basis, commercial “electronic tongues” have been created, which are used
by food manufacturers, for example, to teach recognition of such complex liquids as coffee, tea,
milk, raw materials for edible oils, mineralized water, etc. Recognition methods can be divided
into experimental and theoretical (numerical), which allow us to find fitting functions for the
quantitative description of the measured voltammograms. From the point of view of the
experiment and the possible detection of small differences in the behavior of the response
function, potentiometric methods require the use of several dozen electrodes with different cross-
sensitivity. While voltammetric methods do not require a large number of working electrodes,
and, in comparison with potentiometric ones, are characterized by higher values of sensitivity
coefficients. A common problem of the functioning of electrochemical “electronic tongues" is the
instability of analytical characteristics in the analysis of a large number of multicomponent
solutions. For potentiometric systems, this is due to a change in the composition of the
membranes of the sensor layer, and in voltammetric systems — with redox reactions of the
electrode material during repeated operation of the sensor system.

This problem was posed at the dawn of the creation of the first multisensory systems of
the "electronic tongues" type and was designated as temporal drift [1]. To increase the resolution
of the solution recognition method using voltammetric sensors, the authors of this paper propose
to use the phenomenon of temporal shift as a useful process, the parameters of which reflect the

dynamic features of the system under study.
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PCA analysis offers to qualitatively trace the evolution of electrochemical responses over
time based on voltage-current time series according to their projections on latent structures. For
this purpose, it requires the accumulation of both large and small signals at the same time, their
interpretation from the structure of big data and the quantitative description of the functions of
latent variables using the approach proposed in the article. At the same time, the volume of one
current sampling in contrast to the classical methods of voltammetry/ polarography, reaches
several hundred thousand data points.

Therefore, for the primary analysis of such data, the principal component method has proven
itself in the best way [2-5].

In contrast to the classical methods of processing voltammograms, where only individual,
particularly significant analytical signals are isolated from the data masses, for example, the
maximum values of the current in the peak or the half-wave/peak potential, the principal
component method uses the entire/total matrix of experimental data [6]. Using the PCA method,
it is possible to divide the data array into noise and a meaningful component. It is important to
emphasize that with the accumulation of signals in the big data format, some of the information
that was previously considered noise may turn out to be a statistically significant analytical
signal (even with a small value of the proportion of the explained variance for the senior main
components). As it will be shown below, this is quantitatively confirmed by analyzing
voltammograms in the format of time series of currents.

We would like to stress in this paper the concept of "temporality” that implies the
dynamic evolution of voltammograms in time. This means that the time coordinate in big data
makes it possible to describe not only the chronology of processes in the system, but also its
temporal structure and parameters extracted from the structure of the entire data array by
chemometrics methods. It is emphasized separately - the fundamental difference between current
time t - with a chronological function and time T — with a temporal function, for which the time
derivative does not make sense.

It is appropriate to conduct an example of a musical melody, where one note, as the
instantaneous value of a kind of signal of a hypothetical musical function, does not provide
information about which melody sounds as a whole. Therefore, the purpose of this work is to
study the voltammetric behavior of certain fruit samples with a low content of electroactive

substances using a temporal approach to structuring voltammetric time series using the principal
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component method and quantitative description of the leading principal components (1-3) for
each complex liquid (in our case, apple juices of different acidity/sugar content) using a
minimum number of the fitting parameters. These fitting parameters would serve as a kind of
numerical marker in the feature space that would be able to distinguish reliably one complex
fluid from another one. The fitting function (1) presented in the form of the ratio of two

polynomials is given below in section 3.
2. Experimental part

For each fruit presented in Tables 1 and 2, 400 voltammograms with 800 amperage values were
recorded continuously. A two-electrode cell was used: the working electrode was copper; the
counter was silver electrode. The electrodes were placed in the apple pulp of fresh fruit to a
depth of 1 cm (the remaining part of the electrode is covered with a polymer coating PET,
insoluble in water and organic substances of fruits. The voltage sweep rate is 1500 mV/s, a cyclic
sweep was used in the voltage range with direction 0...1500...-1500..-350 mV. All measurements
were carried out at room temperature equal to 21 + 0.3 C°.

The pulp used in the measurements was contained in the volume of the fruit itself without
changing the structure, and thus was additionally protected by the peel of the fruit in order to
avoid the influence of humidity fluctuations in the external environment. Initially, as a basic
modeling method, the conventional PCA with centering and auto-calibration of current strength
values was used.

The model verification method was Leverage correction; the calculation of the PCs was
based on the NIPALS soft. The first problem is traditional and PCA is used in many papers
related to multisensor analysis [2, 7]. While the second problem related to quantitative "reading"”
of the basic components in terms of fitting parameters associated with fractional-rational
functions is original.

We note that in the transposed matrix, a row is a time series of a fruit sample (the length
corresponds to the number of VAG — 400 sequentially removed), and the columns are
amperograms, the length of which corresponds to the total number of steps /points of current
registration on the voltammogram. PCA modeling allows to get from one line — one point

corresponding to one of the steps of the voltammogram registration.
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Table 1. Names and some characteristics of apples selected for the quantitative description of the VAG

method
Ne of sample Name Color Taste peculiarities

Wine-sweet taste, spicy,

N3 "Semerenko" apple Light — green
pronounced sourness
Greenish-yellow with striped Sweet and sour with nutty notes and
N6 "Gala Dark Duke" Apple
watercolor streaks of orange-red hue caramel flavor

N10 "Econom"Apple Yellow-red Sweet
N11 "Glory to Winners" Apple Red Dessert sweet and sour
N14 Lemon Yellow Sour

Table 2. Fruit samples left for comparative analysis of voltammetric behavior by the principal component

method
Ne of s
Name Color Taste peculiarities
sample
N1 "Santa Maria" Pear Yellow-red Dessert taste with a slight sourness
N2 "Brayburn" Apple Red The flesh is sweet, spicy, crispy, juicy
N4 "Golden" Apple Golden Sweet taste, honey, light sourness
N5 "Red delicious" Apple Dark-red Sweet-sourness
Light green with crimson
N7 "Aydared" Apple . ] ] Sour-sweet
blush with thick stripes
N8 "Kuban Crimson" Apple Red Sour-sweet
N9 "Granny Smith"Apple Green Sweet with light sourness
Greenish-yellow with a
N12 "Selecta" Apple ) Dessert taste sour-sweet
crimson blush
N13 " Creeps Pink" Apple Red-rose Sour-sweet

101




International Journal of New Chemistry, 2025, 12 (1), 97-112 Sidelnikov et al

The primary analysis of voltammograms by the PCA revealed that the selected fruits (4
apples and one lemon, marked in Table 1) differ in the voltammetric behavior in space of the first
three main components among themselves and in comparison, with other apples (Table 2). In this
regard, to characterize the similarity and difference between the data, which differ greatly
electrochemically, it was enough to use the first three main components, which formed a sample
of data for the quantitative description of the evolution of electrode systems by the temporal
method of the fractional-rational functions.

3. Results and their discussion

3.1. Primary analysis of the initial voltammograms of fruits and their PCA models

Fig. 1 shows that the "Lemon™ sample is characterized by the maximum absolute values of the
anode and cathode currents: the "Semerenko™ variety has similar values, which according to
Table 1 and 2 have the most acidic, tartaric taste ("a sample with a pronounced sourness™). The
pulp of these fruits has the highest electrical conductivity, the content of hydrogen ions — the
most mobile ions in solution. The antipodes in this context are the apple variety "Economy" -
with the lowest absolute values of currents; the voltammogram of the "Golden™ variety is located
next to it. Both of the latter varieties are characterized by a less sour taste and a greater sugar

content compared to Lemon and "Semerenko™.
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Figure 1. Cyclic voltammograms of apple, lemon and pear samples
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The voltammograms of the rest of the studied apples occupy a "conditionally”
intermediate position between "Semerenko" and "Economy". Most often, according to
voltammetric data arrays, solutions with different total salt content, as well as with different
electrical conductivity (different content of organic substances soluble in water), form the
direction of the first main component along the maximum change in electrical conductivity, and
often, as a consequence, along the change in the total mineralization of these solutions [7].

The same distribution of clusters along the first main component is observed for the

studied fruit samples (Fig. 2.)
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Figure 2. The graph of the accounts of the PC-modeling of the first two VAG of each of the studied fruit

samples, Fig. 2b- an enlarged frame of the 1-st and 2-nd quarters of the plane of the main components
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The mutual arrangement of the resulting clusters of fruits (for simplification, the location
of fruits is further described in the article) confirms the primary conclusions drawn from the
values of currents in Fig. 1. In Fig. 2 it can be seen that the Lemon occupies the leftmost
position, then - "Semerenko"” along the first main component, and the rightmost — "Econom"”
(Fig. 2b). As noted above, the number of main components, the coordination of which clusters
are still distinguishable, can, in the first approximation, speak of the number of factors, chemical
and/or physical, that determine the difference in the voltammetric behavior of the entire
electrochemical system "electrode/double electric layer/solution” under the action of electric
current [8-10].

Such factors may be — the difference in the total concentration of ions or their electrical
mobility, which in total determines the electrical conductivity of the liquid medium, other things
being equal; the presence of traces of electroactive substances that affect the flow of Faraday
currents; the presence of substances adsorbed on the sensory surface of the electrodes; the
presence of ligands that change the kinetics of electrochemical reactions and many other factors.
For multisensory analysis, each factor hidden in the data array plays the role of a characteristic
signal, according to the values of which and the number, the ability of the system to train the
recognition of complex mixtures similar in composition is evaluated. The more such factors
affect the type of voltammogram, the more signals we can use to improve recognition accuracy
[11-13].

At the same time, the accuracy of modeling/data processing for extracting a useful
analytical signal also plays an important role. PC-modeling of the studied VAGs showed that the
proportion of the explained dispersion in the sum of the first two main components has already
reached 97%, and this dispersion can only be due to the difference in the total concentration of
ions in fruits; it is not a selective characteristic of juices.

In this regard, we propose to consider not only the stationary state of the voltammetric
system according to the classical PCA, but also how it evolves with continuous operation from
the moment of the beginning of the registration of voltammograms to the last 400-th point. We
consider data in the format of voltampere time series using the quantitative method based on the
fitting with the Fractional Ratio-Functions (FRFs).
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3.2 The chosen fitting function

As a it was mentioned above in Introduction the basic aim of this paper is to find the
corresponding fitting function that enables to describe quantitatively the principal components
(1-3) that were used in the traditional PCA. As it is known the modern PCA can be characterized
as qualitative method and systematic description of these components is absent. The proposed
fitting function should be "universal®, relatively simple and contain a minimal number of the
fitting parameters. We tested many functions and found that the ratio of polynomials like satisfies
to the aforementioned criteria. Multiplying y(x) to denominator and extracting the mean value
one can obtain the following linear relationship

P
p
By + Y. Cy.piX
p=0
K-1

y(x) = F(x) = 5
1+ C X<
(1)
Aly0]= -3 CA[Y)- X+ Y Cp [ X7 ],
k=0

@
where A[f(x)] = f(x) — mean(f). From (2) using the linear least squares method (LLSM) one can
find the unknown constants Ck and Cx+p. The unknown parameter By is found as the mean value

from the relationship

K-1 P
B, = mean[y -{1+ ZCkxk”} —ZCmplx"j
k=0 p=1 (3)

The upper values for K and P in the corresponding sums are found from the condition that the
value of the relative error from (3) should not exceed 5.0 %. In our case this condition leads to
the values K=P=4. One can notice also that this elegant and simple procedure can be generalized
for the case x—f(x), where f(x) is supposed to be known. Therefore, for our purposes the fitting
function

2 3 4
B, +C,x+C.x* +C,x* +C,X

F(x)=
) 1+Cx+C x> +C, x> +C,x* ()

containing 10 parameters (Co-C7, Bo, Rg(y)), where Rg(y ) =Range(y) = max(y) — min(y) will be
used for the fitting of the basic components with accuracy less than 1%. One can notice that this
function is rather flexible and can be used for the limited functions located in the interval
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[ymin=Bo, ymax=C7/C3]. These ten fitting parameters can be used for standard “perception” in
addition to being utilized with the fitting function (4). The function y(x) that will be utilized for
the fitting purposes is normalized to its range value, i.e., to reduce potential outliers.

in. —mean(yin i
_yin, (yl), _J i N
! Range(y) "N (5)
This normalized function is located within in the interval [-1,1] and convenient for comparison

of the fitting results.
3.3. Results of combination of the conventional PCA and FRF and their interpretation

The study of the VAGSs time series was carried out in two stages

1) search — to calculate the first three main components and the accounts/coordinates of the
voltage-voltage time series of four samples of apples and lemon (Table.1);

2) structuring of VAGs by three main components and their quantitative description by the FRF
method.

The time duration of operation of the entire electrochemical system with fruit samples
corresponds to four hundred cycles of recording voltammograms, which occupies approximately
27 minutes of continuous operation of the potentiostat under the conditions of cyclic
voltammetry (one voltammogram is recorded during 4 sec). Each projection of the sample VAG
is transformed by the PC method onto the main component 1, 2, 3 PCs, etc. Each PC is
determined by the fraction of the dispersion currents in the measurement space corresponding to
four cycles of the processed VAG. The realized fit is shown in Figs. 3-7.

It is important to emphasize that such peaks cannot be recognized in the original
voltammogram, since they are obtained as a result of a long accumulation of small signals of
their isolation and structuring with a quantitative description by the hybrid method as PCA+FRF.
It is important to note that the voltage curves for the first PC for all samples have a similar form
—correlation coefficients calculated sequentially for each pair of fruit samples for all nine
parameters achieve 0.99. At the same time, the share of the explained variance for the first PC
achieves 99%.

The main difference in the voltage curves is observed for the second and third PCs, but
the proportion of the explained variance is less than 0.1%. Such low values of the explained

dispersion in classical voltammetry would correspond to mean noise, while in the temporal
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approach, such voltammetric data become useful analytical signals and allow improving the

resolution of the voltammetry method to distinguish samples of similar composition by the

presence of useful micro-components.

Components (1-3) for N3 juice and their fits
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Comp(3)
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— Fit_Cmp2
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0< X <1, xJ:j/N

Figure 3. The fit of the normalized components (1-3) for the juice N3 that are defined by

expression (5). The bolded lines correspond to the fitting function (4). The value of the fitting

Components (1-3) for N6 juice and their fits
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error is listed in Table 3
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Figure 4. The fit of the normalized components (1-3) for the juice N6 that are defined by

expression (5). The bolded lines correspond to the fitting function (4). The value of the fitting

error is listed in Table 3
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Components (1-3) for N10 juice and their fits
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Sidelnikov et al

Figure 5. The fit of the normalized components (1-3) for the juice N10 that are defined by

expression (5). The bolded lines correspond again to the fitting function (4). The value of the

Components (1-3) for N11 juice and their fits
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fitting error is listed in Table 4
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Figure 6. The fit of the normalized components (1-3) for the juice N11 that are defined by

expression (5). The bolded lines correspond to the fitting function (4). The value of the fitting

error is listed in Table 4
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Compl

Comp2
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Components (1-3) for N14 juice and their fits

T T T
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Figure 7. The fit of the normalized components (1-3) for the juice N14 that are defined by
expression (5). The bolded lines correspond to the fitting function (4). The value of the fitting
error is listed inTable 5

The second and third components for the juices under study are distinct, as can be seen from a
comparison of their behaviors. The first component in all juices has a nearly identical form and

only differs in terms of quantity. Tables 3-5 demonstrate their quantitative variations.

Table 3. Fitting parameters of the function (4) for the juices 3 and 6

Number Compl Comp2 Comp3 Comp1l Comp2 Comp3

of
compt

Relative 0,03747 17,7529 63,7105 0,04068 0,12981 0,13919

Error(%)
Bo 0,16913 -9,46213 -34,2116 0,11818 0,37341 0,16907
Co 8,11723 -4,27226 1,95597 7,93189 8,00363 9,93883
Ci -27,2806 14,9545 -4,46818 -27,4002 -23,7346 -35,2311
C 36,9696 -20,1655 4,57968 38,3465 30,2547 48,5244
Cs -17,2066 9,31807 -2,02721 -18,5011 -14,0142 -22,7972
Cs -0,3485 1,6 0,359 0,13649 -3,54208 -2,69738
Cs -0,39998 17,7529 63,7105 -1,39157 11,4188 11,6746
Cs 0,82885 -9,46213 -34,2116 1,36239 -15,2824 -18,1363
Cs -0,24093 -4,27226 1,95597 -0,23858 7,26854 9,19892

Range(y) 66,127 14,9545 -4,46818 65,342 0,938 0,1247
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Table 4. Fitting parameters entering into the fitting function (4) for the juices 10 and 11

Number Comp1l Comp?2 Comp3 Compl Comp2 Comp3

of
compt

Relative 0,03052 0,16744 0,42011 0,03045 0,24769 0,07699

Error(%)
Bo 0,09155 -0,14259 0,0189 0,10689 -0,47048 0,19988
Co 7,59441 9,20019 10,4472 7,52147 10,1994 8,3749
C1 -24,8143 -28,5136 -35,131 -24,2727 -41,5857 -25,3808
C. 33,5032 33,7284 46,3136 32,3632 61,3108 31,1795
Cs -15,766 -13,319 -20,8077 -15,0284 -29,4204 -13,308
Cs 0,39937 0,61221 -0,14671 0,35425 5,67151 -1,37515
Cs -2,37317 0,0274 0,40498 -2,49591 -20,3309 3,05985
Cs 2,92486 -1,76687 -0,47413 3,28785 27,8569 -2,96732
Cy -1,07495 1,31273 0,19835 -1,27628 -12,9015 1,12187

Range(y) 64,79 0,56 0,368 64,262 0,1974 0,0953

Table 5. Fitting parameters from (4) for the juice 14

Number Comp1l Comp2 Comp3

of
compt

Relative 0,03271 0,05483 0,25097

Error(%)
Bo 0,14697 0,23142 0,055
Co 8,0224 8,05781 11,0257
C: -25,0677 -24,3187 -39,7882
C, 31,9256 30,9655 56,03
Cs -14,0635 -14,0366 -26,7843
Cs -0,23843 -2,44731 -0,32147
Cs -1,01329 8,18572 0,5152
Cs 2,16285 -10,7312 -0,16493
Cy -1,05408 4,81559 -0,09568

Range(y) 69,03 3,469 0,366

Interpretation of the obtained data on the example of samples 3 and 10: since a copper electrode
was connected to the port of the working electrode, the presence of peaks in the range of steps 0
— 200 are caused simultaneously by primary oxidation reactions on the copper electrode and
reduction reactions on the silver electrode. This behavior, for example, is observed in both apples
No. 3 and No. 10. However, No. 10 is characterized at the same time by greater fluctuations in
currents, apparently associated with lower acidity and electrical conductivity of the so-called
conditional background pulp solution. According to the third main component, for sample No.

110



International Journal of New Chemistry, 2025, 12 (1), 97-112 Sidelnikov et al

10, the voltammogram is noise, and for apple No. 3, additional characteristic signals are
observed in the form of peaks superimposed on each other in the region of 200-600 steps of
current registration corresponding to the potential range of +1500..-1500 mV reverse sweep of
potentials. Reversible reduction reactions on the copper electrode and oxidative processes on the

silver electrode take place here.

4. Conclusion

On the example of using fruits of various varieties and origin (lemon was taken for comparison),
voltammograms were obtained for the first time, which, according to the method of main
components, are structured in accordance with the number of factors (latent changes) that
determine the dynamics, the number of stages of evolution, the final state of the electrodes, the
complex of all the physicochemical processes that occurred in the "fruit cell” with electrodes.
Further discussion of the results of factor analysis with a description of electrochemical reactions
and processes that follow from the results of PCA+FRF processing of voltaic time series goes
beyond the goals and objectives of this article and will be presented in our next papers, as it
requires a consistent and controlled change in the composition of the studied solutions.

A new approach to the processing of voltammograms by the method of principal
components allows structuring the values of currents in accordance with the number of factors
(latent variables) that determine the dynamics, the number of stages of evolution, the final state
of the electrodes, the complex of all physical and chemical processes that have occurred in a
"fruit cell” with electrodes. Such a combined methodology provides a large array of information
useful for solving analytical problems. The effectiveness of the new approach is shown by the
example of using fruits of different varieties with different geographical origin (for comparison,
the most acidic fruit is taken as a lemon).
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