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ABSTRACT

In this study, using mathematical modeling, the change in Al203 content as a function of acid
concentration during hydrochloric acid activation of alkaline-earth bentonite from the Navbahor
deposit is investigated. During the experiment, the HCI concentration varied from 5% to 20%,
and the change in Al203 content was nonlinear. To describe the experimental data obtained
during hydrochloric acid activation of alkaline-earth bentonite from the Navbahor deposit, an
exponential decay model was proposed, and its parameters were estimated by regression
analysis. The accuracy of this approach is supported by the coefficient of determination (R? =
0.964) and the root mean square error (RMSE = 0.231%), indicating high accuracy and stability.
The results obtained show that the decrease in Al,Os content under acid activation conditions
exhibits a nonlinear dependence on hydrochloric acid concentration rather than on time, and
they enable formulation of a mathematical expression for the quantitative description of the
process and for evaluating the effect of concentration.

Keywords: bentonite, acid, activation, relative area, modelling, exponential decay, coefficient of
determination (R?).
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Introduction

At present, the development of adsorbents for

the most pressing scientific and technical
challenges. In this regard, a lot of research has been
conducted to create modified adsorbents with

the chemical and food industries, along with their
technological enhancement, is recognized as one of

micro-, meso-, and macroporous structures, along
with their capacity to perform processes such as ion
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exchange and chemical bonding, to improve their
technological efficiency under actual conditions
([1], [2], 3], [41].

Activation methods for bentonite clays are
applied under different conditions, depending on
their mineral composition, structure, chemical
composition, and intended use.

Acid activation is a chemical modification
process wherein H* ions replace exchangeable
metal ions, such as K*, Na*, Ca%*, and Mg?*. The
removal of metal ions, located within the interlayer
space, results in a silica-rich structure. At the same
time, a variety of active sites are created during the
process of acid activation, which increases the
sorption potential of the clay material [5].

Natural pigments like chlorophyll, xanthophyll,
carotenoids, gossypol, soapstock, and other soap-
like compounds, free fatty acids, and peroxides,
etc., present in vegetable oils, vary in nature due to
their physicochemical properties. Depending upon
the nature of the compounds present, the process
of refining vegetable oils is carried out, either
completely or partially, through processing cycles.
The quality of the oil produced by various methods
is evaluated based on the physicochemical
properties of the oil produced by various methods.
The properties include phospholipid, moisture, and
volatile matter content, iodine value, color index,
refractive index, and saponification value, etc.
Improvement of these properties is not only related
to the reagents used but is also associated with the
application of advanced technology in the
production process [[6], [7], [8], [9], [10], [11], [12]].

The mathematical modeling of any production
process allows, in advance, the formulation of well-
founded forecasts regarding the term of the
technological process, the amount of consumed
raw materials, and the quantity and quality of the
obtained products. This allows the improvement of
the stability and efficiency of the production
process. Industrial and processing processes
require the construction of mathematical models
that allow the identification and quantification of
the interaction between the technological

parameters, such as moisture, temperature,
concentration, pH, and others [[6], [7], [8], [9],
[10]].

Mathematical modeling can also have an
important methodological impact on the process of
acid activation of bentonite clays, making it
possible to describe changes in chemical
composition during experiments in a unified and
generalized form, which would allow us to speak of
a controlled and predictable process. In particular,

mathematical modeling can significantly inform the
description of processes of interaction with mineral
acids, including the specific leaching of AP* ions
from the mineral's octahedral layer and the
formation of an amorphous SiO;-rich phase [11].

The selection of exponential decay models is
substantiated by the high accuracy that can be
obtained with a small number of parameters and
also by the robustness to errors in experiments. In
these models, the rate constant serves as a
universal criterion for kinetic analysis, enabling
comparative studies of different raw materials and
processes. Experimental evidence from a wide
range of investigations published in the literature
confirms that, for bentonite clays, an increase in
acid concentration results in a substantial increase
in leaching rate for APP*, Mg?*, and other cations
from the octahedral layer. The complex kinetic
character of the process requires the use of non-
linear regression models for adequate description
[[12], [13]].

The mathematical modeling allows for a
guantitative description of the overall kinetic trend
detected during the process of acid activation of
bentonite clays. It was detected that the decrease
in Al,Os; content has a non-linear dependence on
the acid concentration during the process, being
rapid at the initial stages and slowing down with
time, which can be described by a general kinetic
pattern. An exponential decay model has been used
as a simplified model from a statistical point of
view. Its adequacy is checked based on the
experiment [[14], [15]].

One of the key benefits of modeling is the
possibility of a formal definition of product quality-
oriented objective functions (such as the consistent
decrease or stabilization of the Al,O3; content over a
certain range), thereby creating the necessary basis
for the calculation of the optimal acid
concentration [16].

While the results of polynomial regression
models can describe experimental points with a
high degree of accuracy, they do not necessarily
reflect real physicochemical processes. On the
other hand, the exponential model naturally
describes the process of Al,Os; depletion, the
deceleration of which with increasing HCI
concentration is quite logical, and vyields stable
results in prediction [[17], [18]].

The physical meaning of the selective leaching
of AI** ions while preserving the structural
framework is logically consistent with the
exponential decay-type kinetic law. In making a
justified choice between two or more models, the
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coefficient of determination (R?) value alone is not
enough; rather, a detailed analysis including the
root mean square error (RMSE) is needed [[19],
[20], [21]].

The kinetic methods used in acid leaching
processes provide a fundamental scientific tool for
guantitative measurement and control of rate.
They describe the rate of leaching with respect to
time using mathematical expressions, which helps
to determine the rate-controlling step of a chemical
reaction [[22], [23]].

If, after such treatment by acid, there are no
changes in the position of the peaks corresponding
to the Si-O bonds, it is considered that these
changes are mainly related to the selective leaching
of Al, Mg, and Fe cations from the octahedral layer.
It is then considered that the initial structure of
tetrahedral Si-O bonds remains stable [[24], [25],
[26], [27], [28], [29]]. Due to this process, the
crystal lattice of clay minerals is preserved, and the
main framework is kept intact. At the same time,
the leaching of cations from the octahedral layer
enhances the surface area and porosity of the
material. Hence, this modified form of clay can be
utilized effectively in adsorption and catalytic
purposes [[30], [31], [32], [33], [34], [35]].

The mathematical way of understanding this
activation process allows for the quantitative
prediction of the sorption properties of the clay,
which reduces the number of experiments and
optimizes this process. With this approach, it is
possible to plan the consumption of acid and water
at a rational level, and it is possible to determine in
advance the probable amount of additional
reagents to be used. Thus, this activation process
not only becomes scientifically understandable and
controllable but also becomes an important tool for
making efficient use of resources, for improving
energy efficiency, and for reducing technological
costs.

In this study, a new approach to summarizing
experimental data was developed, which is based
on a table, graph, and model sequence, thus
facilitating the identification of a continuous
governing relationship of the process from discrete
experimental points. This new approach allows one
to consider changes in Al,Os content not only from
a statistical point of view, but also in relation to the
physicochemical nature of the acid activation
process. Therefore, this study presents a new
scientific and methodological basis for a deeper
understanding of the acid activation of bentonites,
the effective conditions of this process, and a

predictive assessment of further stages of this
process.

In this work, an exponential decay model is
proposed for describing the variation of Al,03
content as a function of hydrochloric acid
concentration. Using this model, it is possible to
represent quantitatively the non-linear and strictly
decreasing trend of the experimental data.

Materials and Methods

As the object of the study, the alkaline earth
(calcium-type) bentonite from the Navbahor
deposit was chosen. In the chemical composition of
the natural bentonite clay, Al,0s makes up 12.60%
as the main exchangeable component. The SiO,
content is 61.54%, which shows that this mineral
has a silica-based structure. The high percentage of
SiO; ensures the stability of the mineral layers and
acts as a non-degradable framework during the
acid activation process.

Additionally, the chemical composition of the
bentonite clay contains small amounts of other
oxides, and their composition is shown in Table 1.
The chemical composition was not used as an initial
parameter for the simulation of the kinetics of the
reduction of Al,Os during hydrochloric acid
activation, as the simulation is based on the process
that begins after the onset of acid activation.

Table 1 - Chemical composition of natural alkaline-earth
bentonite from the Navbahor deposit

Content, %

Sample

SiO2 | AlOs i Fe;03: TiO2 { CaO | MgO | NaxO | K.0

Natural
bentonite : 61.54 : 12.60 : 6.23 | 0.56 | 0.75 { 3.98 | 0.82 2.11
clay

Bentonite clay with a sample mass of 100 g was
activated with different concentrations of HCl
solution (5%, 10%, 15%, and 20%) with a ratio of
1:2.5 and a temperature of 373 K for 2 hours with
continuous stirring in a water bath. After activation,
the suspension was washed with distilled water
until a pH value of 4 was reached. Then it was dried
at 473 K and sieved through a 56 um mesh sieve.
The content of Al,Os; in clay was analyzed by a
chemical method according to GOST 21216-2014.

Three experiments were carried out in parallel,
and their average values were calculated. Based on
the experimental results, the relationship between
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the increase in the hydrochloric acid content and
the change in the Al,O; content was investigated. A
mathematical model for the decrease in the Al;O3
content as a function of increasing hydrochloric
acid content was created based on the
experimental results obtained.

The composition of the non-activated
bentonite, as presented in the table, was described
as the initial state; however, since the
mathematical modeling is focused on the changes
that occur during the acid activation in the
concentration range of HCl from 5% to 20%, this
value was not considered as a model parameter.

It was determined that the relationship
between the decrease in AI203 content and
hydrochloric acid concentration can be modeled by
an exponential regression equation (1).

Al,0; = A - exp FHCL (1)

where

Al,Os - dependent variable, %

HCI - independent variable, %

A and k - determined parameters after
regression analysis

To test the goodness of the model, the
coefficient of determination (R?) was calculated.
The graphical analysis presented in Figure 1 was
obtained by utilizing the Origin 2021 Pro software.
This graphical representation demonstrates the
agreement between the predictions and the
experimentally obtained data.

The agreement between the data and the
selected mathematical model was assessed using
the coefficient of determination (R?) and the root
mean square error (RMSE). The RMSE was
calculated with the help of the following formula

(2).

RMSE = f DL =9
2)

where

yi - Al,O3 content determined experimentally,

yi - value calculated by the model,

n - number of experimental data points.

To further validate the model's adequacy, a

residual analysis was conducted. In this case,
residuals were defined as differences between
experimental and calculated values. Additionally,
the absence of systematic deviations and a specific
pattern in the residuals indicates that the chosen
model adequately describes the experimental data.

Results and Discussion

The changes in Al,0; content in samples
activated with HCl solutions of different
concentrations (5, 10, 15, and 20%) at a solid-liquid
ratio of 1:2.5 are shown in Table 2.

Table 2 - Al,O3 content % in clay samples activated at
different concentrations of hydrochloric acid

Acid concentration, Al,0s content,

% %

5 12.26
10 11.81
15 10.34
20 9.64

The experimental results, as represented in
Table 2, show the decreasing trend of the
parameter with increasing acid concentration. No
abrupt changes were observed between the four
measured data points. At the same time, the results
represented in the table are not enough to show
the exact nature of the relationship between the
parameter and the acid concentration.

To achieve a more accurate interpretation of
the dependence of the investigated parameter on
the concentration of the acid, as well as to assess
the mathematical nature of the observed
dependence, the experimental points were
represented in a graphical form. The graphical
representation of the data revealed a nonlinear
dependence, thereby supporting the use of an
exponential model.

12,59

Model Exponential
n> Equation Al203=AexpA(-kHCI)
Plot B
12,0 4 0 19,34232 £ 32,07869
[ | A -6,23929 £ 31,17672

RO 0,02249 £ 0,08689
Reduced Chi-Sqr 0,16273
.| |R-Square (COD) 0,96406

%, |Adj. R-Square 0,89219

11,5

11,0 4

Al,O, content,%

10,5

10,0

9,5 4

Concentration of HCI, %

Figure 1 - Exponential decrease in Al203 content in clay
with an increase in HCl concentration

As shown in the graph, the experimental data
points follow an exponential curve, indicating that
this mathematical model is appropriate for
describing the phenomenon. There is no linear
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distribution of points, indicating that the decrease
is not linear with increasing HCI concentration.

Based on the modeling results, the high
coefficient of determination (R? = 0.964) indicates
strong agreement with the experimental data.

To generalize the experimental data, the
relationship was described by an exponential decay
model. Thus, the dependence of the Al,Os content
on the HCl concentration was expressed by
equation (3).

Al,0;=13.3" exp—0.01685-HCL (3)

This equation also demonstrates the fact that
with an increase in the HCl solution concentration,
the content of Al,O; decreases rapidly and then
slows down, which corresponds to the main
physicochemical features of the selective leaching
process.

The goodness of fit of the model is high,
indicating a close and stable relationship between
the experimental and calculated data, thereby
demonstrating the high quality of the selected
exponential method. The calculated value of the
exponential coefficient k shows that the decrease
in the content of Al,O; does not occur at a constant
rate but depends on the amount of the substance
remaining in the system at a given time, which is
typical for a kinetic process of selective leaching.

In the following sections, the mechanism of
dissolution of Al,Os; during the acid activation of
bentonite clay will be schematically illustrated step
by step (Figure 2).

1 2

SETETe eI T GGG OHOSP

P PP 930 A %~ QH O H
Elagnag g o —) e Ax’::l ==
EETCISTSICTC I T 7

R

Figure 2 - Schematic illustration describing the
selective dissolution of Al2Os during activation of
bentonite with HCI

It is possible to visualize the preservation of the
SiO, network and the creation of porosity through
this figure. In its natural state, this clay mineral is
known as montmorillonite and is characterized by a
layered-type crystalline structure. In this structure,
aluminum ions are predominantly located in the
octahedral layer. The interlayer space is occupied
by exchangeable cations such as Na*, Ca?*, and

Mg?*, which maintain this structure in a relatively
stable state. The removal of these ions leads to the
creation of micropores and mesopores inside this
clay structure. This increases the specific surface
area of the clay and its adsorption properties.

In general, the exponential model captures the
behavior of the change in Al203 content as a
function of acid concentration in an appropriate
mathematical form, thereby enabling accurate
characterization of the process.

The following table facilitates a scientific
analysis of the comparison between the
experimentally obtained Al,O3 contents and those
calculated using the exponential model as a
function of HCI concentration (Table 3).

Table 3 - Experimental and modeled values of the
decrease in Al203 content in the clay

HCl Al,O; Al,03 Residual  Relative
concentration, (experimental), (model), (A=y-YV) error
% % % (RE), %
5 12.26 12.46 -0.20 -1.63
10 11.81 11.46 0.35 +2.96
15 10.34 10.55 -0.21 -2.03
20 9.64 9.72 -0.08 -0.83

The root mean square error (RMSE) between the experimental and
model values is 0.231%.

The results obtained in Table 3 show that the
Al,O;5 content in the clay decreases with an increase
in the concentration of hydrochloric acid in a non-
linear manner. The differences between the
experimental results and the results obtained by
the model are low, with the maximum relative
error not being more than 2.96%, thus confirming
the high accuracy of the selected exponential
model. The positive and negative residual values
being distributed in a balanced manner confirm
that there are no systematic errors in the model.
The low value of the total root mean square error
also confirms that the exponential model can be
used with good accuracy to quantitatively define
the relationship between the Al,O; content and the
concentration of HCI.

RMSE makes it possible to quantitatively
estimate the average deviation between calculated
and experimental Al,Os; values with the same unit
(%). Although the coefficient of determination (R?)
is a measure of the quality of the model, RMSE was
used because it directly represents the actual
accuracy of the model.

These results confirm that the reduction of
Al,Os; content occurs without destruction of the
aluminosilicate framework of bentonite and that
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this process occurs under conditions of
preservation of its structure. Thus, the suggested
method of modeling can be considered a
scientifically grounded tool for quantitative
evaluation of Al,Os; content variation during the
acid activation process, characterizing the process's
intensity, optimizing the process conditions, and
making a predictive assessment of this process.

In this study, structural methods such as FTIR
and XRD were not used as research objectives. Still,
they were employed as theoretical tools to
substantiate the results of the kinetic research and
the mathematical modeling. According to literature
data, under low and moderate conditions of acid
activation, the main aluminosilicate structure of
bentonites, especially the Si-O bonds, is not
destroyed. Therefore, the decrease in the Al,O;
content cannot be explained by the destruction of
the structure under low and moderate conditions
of acid activation. Thus, the main emphasis of this
research has been on the mathematical and
statistical substantiation of the results.

Conclusions

The scientific contribution of this study lies in
the quantitative description of the change in Al,Os
content as a function of hydrochloric acid
concentration for bentonite from the Navbahor
deposit using a mathematical model, as well as its
analysis through graphical and statistical criteria.

The acid activation of bentonites in previous
studies was often studied in relation to adsorption
properties and an increase in specific surface area,
and the change in aluminum oxide content in
relation to acid concentration was not always
analyzed from a mathematical point of view. The
decrease in Al,Os content in this study is analyzed
as a selective leaching process that preserves the

structural framework, and the nonlinear,
continuously  decreasing nature of  this
phenomenon is demonstrated through

experimental and graphical analyses.

The model developed on the basis of
experimental results clearly showed that the
change in Al,03 content has a regular, non-linear,

and stable decreasing trend with an increase in acid
concentration. The results of graphical analysis and
statistical evaluation have proved that the selected
model can adequately describe the general trend of
experimental results with a high degree of
accuracy.

As shown by the results of the modeling, a high
adequacy of the model was attained. In particular,
a large value of the coefficient of determination (R?
= 0.964) suggests that a significant portion of the
variation in the content of Al,Os is explained by the
variation of the hydrochloric acid concentration.
The above results allow one to proceed from a set
of discrete points of the experiment to a
continuous description of the process, ensuring the
guantitative reliability of the obtained relationship.

The scientific novelty of the research lies in the
fact that the variation of the content of Al,O3 during
the acid activation process has been
mathematically and consistently substantiated as a
selective chemical process under conditions of
structural framework preservation.

The value of this approach is based on the
possibility of calculating the increase in the specific
surface area of the clay material during the
activation process based on the decrease in the
Al,0Os content using mathematical modeling. This, in
turn, allows us to decrease the number of
economically expensive analysis techniques, such
as the BET method.
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TYWIHAEME

Ocbl 3epTTeyze MaTemaTuKanblK MoAenbAey dA4ICTepiH KongaHa OTbIpbIN, Ty3 KbIWKbIIbIH
nainganaHa, Hasbaxop KeH OpHbIHbIH, CiATiAi TONblpak, GEeHTOHUTIHIH, KblWKbIA 6enceHainiri
npoueciHaeri KbIWKbIN KOHUEHTpaumAcbiHa Tayendi esrepici 3eptrengi. Toxipube 6apbicbiHAA
HCl KoHueHTpauusacbl 5-20 % apanbiFbiHaa e3repdi, 6yn petre Al,O; menwepiHiH, e3repyi
CbI3bIKTbIK, €MeC CMnaTKka We eKeHi aHbiKTanabl. KepceTinreH GEHTOHWUTTIH, KbIWKbIAAbIK,
6enceHaipy KesiHAe anblHFaH SKCNEPUMEHTTIK AepeKTepai cunaTTay yLWiH OHbIH NapameTpiepi
perpeccuanbiK Tangay HerisiHae alKplHAANFAH 3KCMOHEHUMaNablK KeMy MOAENT YCbIHbINFaAH.
Ocbl Tacingiv gsngiri MeH Trimginiri getepmuHauma KoadduumeHTiHi  (R? = 0.964) kaHe
opTaLla KBagpaTTbIK KaTeHiH (RMSE = 0.231 %) maHAepiMeH pacTanfaH, byn MoaenbAjiH, Kofapbl
O2NAJri MEH TYPaKTbiNbIFbl  ASNeNAeHA . ANblHFaH HITUXKeNep KblWKbIIAbIK  BenceHaipy
KafgavbiHaa ALOs  menwepiHiH, TemeHzeyi YyakplT $aKkTopbiHA emec, Ty3 KbllKblibl
KOHLLEHTPALMACbIHA CbI3bIKTbIK eMec Tayenainik KepceTeTiHiH Aanengenai xaHe 6yn npouecti
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AHHOTALUMUA

B HacToAlem uccnefoBaHWM C NMPUMEHEHWEM METOJ0B MaTEMATUYECKOTO MOAENUpPOBaHUA
M3y4eHo M3meHeHue cogepkaHna Al,Os B 3aBUCHMOCTM OT KOHLEHTPALLMM KMCAOTbI B Npouecce
KMCNOTHOM aKTUBALUK LENOYHO3EMENbHOrO 6eHToHMTa HaBbaxopCKOro MeCTOpOXAEeHUA ¢
MCNoab30BaHMEM CONAHOMN KUCAOTbl. B xoae skcnepumeHTa KoHueHTpauma HCl usmeHsanaco B
Moctynuna: 9 greapans 2026 AvanasoHe 5-20 %, nNpu 3TOM YCTAHOB/NIEHO, YTO W3MeHeHWe cogepaHuusa Al,Os3 HocuT
PeLeHanposaHme: 27 peepans 2026 BblPaXKEHHbIV HENNHENHDBIW XapakTep. [nA onMcaHWA SKCNEPUMEHTaNbHbIX AaHHbIX, NOAYYEHHbIX
MpwHaTa B neyatb: 16 mapma 2026 NpU KACNOTHOWM aKTUBALMM YKa3aHHOTro BEHTOHMUTA, NPeaNOXKeHa MOAENb SKCMOHEHLMANBHOTO
ybbiBaHUA, NapameTpbl KOTOPOW oOnpefeneHbl Ha OCHOBE PEerpeccMoHHOro  aHanausa.
[octoBepHOCTb M 3PPEKTUBHOCTb  AAHHOMO  MOAXOAQ  MOATBEPNKAEHbI  3HAYEHMAMMU
KoadduumeHTa getepmuHaumu (R? = 0,964) n cpegHekBagpaTuyHom ownbkm (RMSE = 0,231 %),
YTO CBUAETENLCTBYET O BbICOKOM TOYHOCTU U YCTOMUMBOCTU MOAENU. MMoNyYeHHble pe3ynbTaTbl
MOKa3bIBatOT, YTO CHUXeHWe cogepaHua Al,Os3 B yCNOBMAX KMCNOTHOM aKTUBaLMK NpoABAAET
He/IMHeNHYI0 3aBUCUMOCTb OT KOHLEHTPALLMKN CONAHOW KMCOTbI, @ He OT BpeMeHHOro dakTopa, u
no3BoNAT CPOPMYANPOBATL MaTeMaTUYECKoe BbipaKeHWe ANA KOAUYECTBEHHOro OnucaHua
NpoLLecca 1 OLEHKM BANAHWUA KOHLEHTPaLuK.

Knroyeeble cnoea: BEHTOHWUT, KMCIOTA, aKTMBALMA, yAeNbHAA NOBEPXHOCTb, MOAENMPOBaHME,
3KCNOHeHUManbHoe ybbiBaHue, KoapduumMeHT aeTepmmHaumm (R?).
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