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ABSTRACT

In this study, the acid activation process of the bentonite clay, which was conducted for
producing a bleaching sorbent for the oil and fat industry, was mathematically analyzed. Increase
in SiO, content under different concentrations of HCl was analyzed using the different
mathematical models. During acid activation, increasing the acid concentration from 5% to 20%
resulted in an increase in the SiO, content from 61.94% to 65.12%. During the activation process,
Received: December 11, 2025 a moderate increase in HCl concentration caused the improvement of the sorption properties of
Peer-reviewed: December 26, 2025 the clay by dissolving some components and restructuring the active sites. An excessive increase
Accepted: January 19, 2026 in the concentration of HCl leads to degradation of the mineral structure and partial breakdown
of the silica framework, which negatively influences sorption performance. Analysis of the
obtained results using the different mathematical approaches showed that an increase in SiO,
content during activation corresponds fully to a linear model. According to this, a linear model
was described by the equation y = 60.785 + 0.2088:X. Accuracy of the results obtained from the
linear equation was confirmed by a coefficient of determination, R? = 0.9845, indicating a high
accordance with the experimental data. This model mathematically predicts the increase in SiO,
content and proves that the activation process proceeds as a linear function. A mathematical
approach to the activation process enables one to calculate in advance the properties of sorption
of the clay, to reduce the consumption of acid and water, and to calculate the eventual demands
of other reagents.
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Introduction properties depend on the structure of the crystal

lattice of this mineral. The availability of ion-

Natural mineralized clays (including both raw  exchangeable components in bentonite clays

and activated forms) were characterized with high  provides possibilities to improve the sorption

sorption capacity, among which are bentonite, properties in the course of activation [1].

kaolin, palygorskite, opoka-type clays, and others. Depending on the mineralogical composition,

The structure of bentonite clays is based on the  structural characteristics, chemical properties, and

mineral montmorillonite, which represents the intended field of application, natural clays'
group of aluminosilicates. Their physicochemical activation methods are carried out under different
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conditions.

As a chemical modification process, acid
activation replaces exchangeable metal cations,
such as Na*, Ca?*, and Mg?*, with H* ions. After the
removal of the interlayer metal ions, a silica-rich
framework is formed. In addition, new kinds of
active sites within the clay structure will be
generated in this process [1].

The specific surface area varies depending on
the type of acid, its concentration, temperature,
duration of treatment, and the hydromodule. A
moderate acid concentration leads to an increase in

Due to acid activation, there is an increase in
the specific surface area of the clay, its pore size,
and pore volume [2].

The specific surface area depends on the kind
of acid, the acid concentration, temperature, time
of treatment, and the hydromodule. An increase in
specific surface area due to a moderate acid
concentration is accompanied by an increase in the
SiO, content. A further increase in acid
concentration reduces the ion-exchange capacity
and provokes the degradation of the crystal
structure of the mineral. As a result, the sorption
properties of the clay decrease [3].

Of the different parameters, specific surface
area and pH have been mainly considered in
activated bleaching clays used for refining
vegetable oils. The activation results in a manyfold
increase of the specific surface area of the clay
compared to its natural state, which increases its
sorption capacity [[4], [5]].

However, at acid concentrations beyond the
moderate values, deformation and blockage of
pores occur; this would further reduce sorption
performance. Controlling the type of acid and
conditions of activation can yield selective sorbents
suitable for different kinds of molecules, besides
making a structure with varying proportions of
micro, meso, and microporosity possible to obtain
([6], [71].

Adsorption processes occurring between the
sorbent and the sorbate generally proceed through
physical and chemical mechanisms. Maximum
sorption of dye compounds, oxidation products,
cations, anions, and other components present in
the sorbate is achieved when the pore size, pore
volume, and pH of the adsorbent are optimal. In
particular, harmful anionic substances can be
effectively removed from industrial wastewater
with polar sorbents [[8], [9], [10]].

Various compositions developed through
different approaches in adsorbent development
have been studied, which showed that the process

is kinetically described by the pseudo-second-order
model. This indicates that, aside from physical
adsorption, chemical bonding-i.e., chemisorption-
adds to the active role of the sorption process.
Thus, the mechanism of adsorption is not just a
physical interaction of the molecules with the
material but also involves chemical interactions.

The Langmuir and the Freundlich models are
two of the most frequent models used in the study
of the equilibrium state of adsorption processes.
According to the assumptions of the Langmuir
model, adsorption on the surface occurs as a
monolayer-that is, as a single layer of adsorbate
molecules. The Freundlich model characterizes
sorption on a heterogeneous solid that is composed
of sites with different energies and affinities [8].

As a result of acid treatment, the dissolution of
soluble components in the octahedral layer
increases or redistributes active sites surrounding
the Si-O bonds. In this way, it increases the
energetic activity of these sites and strengthens
their interactions with organic compounds,
pigments, peroxides, and other oxidation products.
In bleaching clays applied in the oil and fat industry,
activation with moderate acid concentrations is
effective. High acid concentrations destroy the
crystal structure of the mineral and subsequently
its sorption properties. Washing the suspension in
water after the process should be conducted at pH
= 4-5, because, under such conditions, ion-forming
substances present in oil bind effectively [4].

The pH of the sorbent, therefore, plays an
important role in the efficient removal of
contaminants in industrial wastewater. Its surface
charge is one of the most important parameters for
treating a variety of sorbates with differing pHs.
Control of the surface charge of the sorbent
properly orients the adsorption process and makes
it highly feasible to achieve maximum efficiency in
wastewater treatment applications [5].

Bentonite clays are considered to be abundant,
low-cost materials that can be easily activated. At
the same time, they offer the possibility to produce
environmentally safe sorbents. They find wide
application both as bleaching earths in the food
industry and as sorbents for the removal of
contaminants from industrial wastewater. Specific
application of bleaching earths depends on their
pore structure: mesopores effectively adsorb larger
molecules such as phospholipids, while micropores
are more suitable for the adsorption of smaller and
more polar molecules. In the process of vegetable
oils bleaching, the sorption properties and pH value
of the sorbent directly influence the final result of
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the process. The linear relationship between these
parameters facilitates optimization of practical
applications. Moreover, in the analysis of
adsorption processes, it is recommended to
evaluate the compatibility of kinetic and isotherm
models, verify relative errors and statistical criteria,
and assess the stability of the selected model [[4],
[11], [12], [13], [14], [15], [16]].

Activated clays, due to their high specific
surface area, tunable particle size distribution, and
adjustable pH values, can be used as selective
adsorbents that preferentially remove
contaminants from multicomponent mixtures. In
addition, in the study of physical and chemical
properties of adsorbents obtained by activation of
natural clays, adsorption isotherms and the kinetic
characteristics of the adsorption processes have
been described in detail [17].

In the detailed analysis of adsorbents, the study
of adsorption—desorption isotherms is of great
importance, as these curves characterize the
equilibrium established between the sorbent and
the sorbate. In this context, the Langmuir model is
considered a classical approach, assuming that all
active sites on the surface possess identical
energies. Accordingly, molecules occupy the
surface in a monolayer fashion. This model of
monolayer adsorption applies to homogeneous
surfaces with similar structural active sites and is
based on assumptions of a finite number of
adsorption sites. In contrast, the Freundlich model
assumes that sorbent surfaces are inherently
heterogeneous, possessing adsorption sites with
dissimilar energetic characteristics. The
arrangement of the molecules on such
heterogeneous surfaces, according to this model, is
not restricted to a monolayer; the adsorption may
be a polylayer, reflecting a more complex nature of
adsorption [18].

In  the adsorption of different organic
compounds using various modified bentonite clays,
kinetic and isotherm properties of the process have
been evaluated according to the pseudo-second-
order kinetic model. This model is considered one
of the most valuable mathematical models that
describes the basic mechanisms of the adsorption
rate. Usually, the use of a pseudo-second-order
model indicates that the adsorption rate proceeds
via a chemical mechanism, so that the active sites
on the surface of the adsorbent interact with
sorbate molecules through a direct covalent or
strong chemical bonding. Therefore, the pseudo-
second-order kinetic model can provide a

theoretical basis for the study of the extent and
rate at which the sorbate molecules are bound by
the adsorbent [19].

The chemical mechanisms of adsorption are

described by the pseudo—second-order kinetic
model (1).
t 1 t
P + — 1
. k23 qe (1)
here:
gt - amount of substance adsorbed at time t,
mg/g;

ge - amount of substance adsorbed at
equilibrium, mg/g;

ks - rate constant, g mg™" min~";

t - time, min.

According to the volumetric distribution of their
pores, bentonite clays can serve as selective
adsorbents, catalysts, or raw materials in the
production of pharmaceutical preparations [20].

In scientific studies on the purification of
wastewater from pharmaceutical manufacturing
facilities, the sorption efficiency of natural
bentonite clay and acid-activated samples has been
comparatively evaluated for the removal of harmful
antibiotics. The results indicate that the adsorption
of antibiotic compounds from wastewater follows
the pseudo-second-order kinetic model. Among the
isotherm analyses based on the Langmuir and the
Freundlich models, the Langmuir model yielded the
highest coefficient of determination (R?) [21].

Mathematical modeling of  production
processes enables the preliminary analysis of
technological systems and the optimization of
operational costs [[22], [23]]. A mathematical
approach to industrial operations allows
technological processes to be expressed in a digital
framework and facilitates the examination of the
relationship between theoretical predictions and
practical outcomes. Such an approach significantly
enhances production efficiency by reducing the
consumption of raw materials and energy
resources.

Although numerous studies have been devoted
to the acid activation of bentonite clays, the
majority of these works primarily focus on changes
in adsorption properties and increases in specific
surface area. In contrast, the quantitative
relationship between hydrochloric acid
concentration and the increase in silicon dioxide
(Si0;) content has not been systematically
investigated. In particular, for alkali-earth bentonite
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from the Navbahor deposit, the dependence of SiO,
content on hydrochloric acid concentration has not
yet been consistently described using a
deterministic mathematical approach.

The scientific novelty of the present study lies
in the fact that, for the first time, a statistically
reliable and clearly defined linear relationship
between hydrochloric acid concentration and the
increase in SiO, content during the acid activation
of Navbahor bentonite has been established. Unlike
previous studies that relied mainly on empirical
observations, this work proposes a simple yet
highly reliable  mathematical model that
qguantitatively = characterizes  the  structural
transformation of the silica framework during acid
treatment.

The mathematical modeling of the HCI
activation process of natural bentonite clay allows
for an examination of the effect that increasing SiO,
content has on the behavior of the specific surface
area, as well as to predict the surface area that can
be obtained. This makes it possible to maximize the
quality parameters of the resulting adsorbent,
control the process of activation digitally, and
optimize the consumption of reagents.

Based on the experimental data, an empirical
and deterministic mathematical model is developed
to describe the relationship between SiO, content
and hydrochloric acid concentration. An analysis of
the proposed model was then made using a linear
regression equation, as well as an evaluation of its
reliability based on statistical indicators (R2).

Materials and Methods

The material of the research is alkaline
(calcium) bentonite of the Navbahor deposit, which
is located in the Navoi region. The main
component, according to the chemical composition
of natural bentonite clay, is Si0,-61.54%. That very
fact testifies to the presence of a silica-based
structural framework of this mineral. A high
proportion of SiO, in its composition ensures
stability of the mineral layers, and it acts as a non-
degradable  structural carcass during acid
activation.

In addition, the bentonite clay contains 12.60%
aluminum oxide (Al;0s), 6.23% iron oxide (Fe,0s),
as well as other oxides, the respective amounts of
which are presented in Table 1. This chemical
composition was taken as the initial parameter for
modeling the kinetics of SiO, increase during the
activation of bentonite with hydrochloric acid.

Bentonite clay samples weighing 100 g each
were activated in HCl solutions of varying
concentrations (5, 10, 15, and 20%) at a
hydromodule of 1:2.5 and a temperature of 373 K
for 2 hours under continuous stirring in a water
bath. The activated suspension was washed with
distilled water until reaching pH 4, followed by
drying at 473 K, grinding, and sieving through a 56
pum mesh. The SiO, content in the clay was
determined using the colorimetric method [7].

Three parallel experiments were conducted
simultaneously, and their average values were used
for analysis. Based on the obtained experimental
results, the relationship between the increase in
hydrochloric acid concentration and the change in
Si0, content was examined. Accordingly, a
mathematical model was developed that describes
this process. The analytical results were processed
by mathematical-statistical methods, and the
reliability of the data was checked.

Accordingly, it has been determined that the
increase in SiO, content as a function of
hydrochloric acid concentration can be given by the
linear regression Equation (2), from which the
mathematical treatment clearly shows the level of
accuracy of the experimental results.

vyv=a+b-X (2)

here:

y - SiO, content, %

a - Value of ywhen X=0

b — Regression coefficient, %

X = hydrochloric acid concentration, %

In the model, hydrochloric acid concentration
was an independent variable, while SiO, content
was the dependent variable. The value of the
coefficient of determination (R?) was used to
determine the exactitude of the results from the
model. Mathematically, R? is given by expression 3.

R?=1->2 (3)

here:

R? - coefficient of determination

SST - deviation of experimental values from the
mean

SSE - difference between the model and
experimental values.
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Table 1 - Chemical composition of natural Navbahor alkali-earth bentonite

Content, %

Sampl
ampie Si02 ALOs | Fe:0s | TiO: Ca0 MgO | Na0 K20
:::/“ra' bentonitic ¢, <, 1260 623 0.56 0.75 3.98 0.82 211

A high value of the coefficient obtained, R?
means that the increase in the concentration of
hydrochloric acid translates into a rise in the rate of
disruption of the silicon-oxygen bonds within the
silica framework; that is, it reflects structural
changes corresponding to increasing the acid
concentration. For example, usually, when R? >
0.95, the model is considered highly accurate;
however, with R?* < 0.80, the model has failed to
effectively describe the process at hand. In this
context, the results of the correlation analysis also
support the findings above. The value of r = 0.992
further confirms the linear relationship between
acid concentration and SiO, content. That is to say,
it demonstrates the stability of the model and its
physical soundness 4.

(ui—0)-(yi—y

r=—— Y 4
J (=02 ()2 @)

here:

r - correlation coefficient

ui- independent variable

yi- dependent variable

0y - mean value of the variables

A larger value of the correlation implies that
the model is strongly accurate and that random
scattering in the experimental data is practically
absent. The closeness of the r value to 1 indicates
that with an increase in SiO;, content, this proceeds
in a well-defined and deterministic linear pattern.

MRE = = IIL, [%] .100 (5)

here:

yi - experimental value

yi - model value

n - number of experiments

(yi - vi) - relative error for each experiment

MRE gives the estimation of the average
deviation of the model results from the
experimental values. The standard deviation (SD)
and the root mean square error (RMS) are used to
further judge the reliability of the model results.

These kinds of analyses confirm the accuracy and
stability of the empirical model describing the
dependence of SiO, content in the clay on the acid
concentration.

The coefficient of determination obtained from
the modeling was R 2 = 0.9845, which reveals an
excellent fit of the model to the experimental data.
Origin 2021 Pro software was used to build the
graphical analyses shown in Figure 1 below. These
plots are a visual representation of the agreement
between the model predictions and the
experimental values.

Results and Discussions

The results of experiments carried out in this
research demonstrate the processes of structure
transformations during the hydrochloric acid
activation of Navbahor alkaline earth bentonites. In
contrast with previous observations made on
certain qualitative criteria, in this research, the
linear relationship between hydrochloric acid
concentration and content of SiO, has been
revealed.

Table 2 shows the variations in SiO, content in
samples activated with HCl solutions of different
concentrations (5%, 10%, 15%, and 20%) at
hydromodule 1:2.5.

Table 2 — SiO, content (%) for the clay samples activated
at different concentrations of hydrochloric acid

HCL concentration, % SiO2 content, %
5 61.95
10 62.79
15 63.72
20 65.12

Experimental results indicated that whereas the
specific surface area for the natural clay was 43.52
m?2/g, that of the sample activated with 15% HCI
had a specific surface area of 134.43 m?/g as
obtained by BET analysis. This value reduced to
95.34 m?/g at an HCl concentration of 20%. In other
words, with increasing acid concentration beyond
20%, the specific surface area of the clay
decreased. Such findings suggest that when the
acid concentration exceeds the optimum, both

—— 94 ——



2027; 342(3):90-99

ISSN-L 2616-6445, ISSN 2224-5243

exchangeable ions are removed from the clay
structure, and structural degradation of the mineral
occurs.

As observed from the table, SiO, content in the
bentonite increases steadily with an increase in the
hydrochloric acid concentration. While the value of
SiO, content for the natural clay was 61.54%, this
reached up to 65.12%, increasing the acid
concentration to 20%.

The SiO; increase caused by acid activation can
be explained by the forced leaching of alkaline and
alkaline-earth metals, magnesium, aluminum, and
iron from the clay structure. In this procedure, the
removal of a large proportion of bonded hydroxyl
ions from the silicate lattice, together with the
release of Ca?*, Mg?*, Na*, K*, and other cations,
formed unsatisfied valences with a net increase in
surface area. This implies that structural
rearrangement occurred in the montmorillonite
crystal lattice during the process of acid activation.
Thus, more extensive voids were created, and
atoms or ions located in these areas were
transformed into an unsaturated state, increasing
their potential to bind other atoms or ions; in other
words, enhancing adsorption capacity.

Furthermore, sorption properties depend not
only on the specific surface area but also on the pH
of the medium. Thus, the increase in the specific
surface area of the clay during the activation
process can be predicted based on changes in SiO,
content and by mathematical modeling. This, in
turn, helps reduce the number of expensive
analyses such as BET measurements.

The model vyielded a coefficient of
determination R? = 0.9845, indicating a high degree
of accuracy and strong agreement with the
experimental data.

65,5
65,0

64,5

ES
s 640
=
Q -
< i
o 635 1
o
3
‘(,_) 63,0 - ! Equation y=a+b'x
- Plot
Weight No Waelghting
62,5 - Intercept 60,785 40,2534
Slope 0,2088 40,0185
Residual Sum of Square 0,08562
62,0 - Pearson's r 0,99224
| R-Square (COD) 0,98453
Ad). R-Square 0.9768
61,5 T T T T T 1 T T 1
4 6 8 10 12 14 16 18 20 22

HCL concentration, %

Figure 1 - Linear increase in SiO, content as a function of
hydrochloric acid concentration

Based on the results obtained during the
activation process, the dependence of SiO, content
on hydrochloric acid concentration was established
and graphically illustrated (Figure 1).

According to the graph, the linear increase in
SiO, content is confirmed by the model, and the
value R? = 0.9845 indicates an excellent agreement
between the model and the experimental data. This
relationship is expressed by the following equation:

SiO,=60.785 + 0.2088 -X

According to the above equation, each 1%

increase in hydrochloric acid concentration results
in a 0.2088% increase in SiO, content.
During the activation process, H* ions leach out the
exchangeable cations Ca%*, Mg?*, Na*, K*, AP¥*, and
Fe3* from the interlayer spaces of the bentonite
clay. At the same time, when the acid
concentration reaches 20% and above, it leads to
degradation of the mineral structure, as illustrated
in the figure (Figure 2).

As shown in the figure, the ion-exchange
process leads to the expansion of interlayer spaces
in the clay structure, resulting in an increase in
specific surface area and an improvement in
adsorption properties.

The experimental results and the model-
calculated values were compared.

HCI
EYYXZ Y X

Si‘Oz
0000000
00 0 O oo0°

Figure 2 - lon-exchange mechanism during
acid activation

The differences between these values, along

with evaluation parameters such as relative error

(RE), standard deviation (SD), and root mean
square error (RMSE), are presented in Table 3.
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Table 3 - Experimental and modeled values of SiO, content increase in the clay

Standard Root mean
H;I, (Expersiin?;ntal), SiO2 (z/nodel), DifftirenAce R::?(t)i:e d(eSVEi)E)\:CLZn sql;:lr\jSeEr)ror
4 % 6 (b=y-9) (RE), %
5 61.95 62.36 04t 0.65 0.289914 62.155
10 62.79 63.29 0-50 0.80 0.353553 63.04
15 63.72 64.23 -0.51 0.79 0360624 63.97
20 65.12 65.16 -0.04 0.06 0.028284 65.14

The table presents the absolute difference and
relative error between the experimental and
model-derived SiO, values for each trial. Relative
error values below 5% indicate a high degree of
accuracy of the model.

Conclusion

The results of the study indicate that the SiO,
content increases consistently with rising
hydrochloric acid concentration. This relationship is
given by the equation SiO, = 60.78 + 0.187-X, and
the coefficient R? = 0.9845 testifies to an excellent
fit of the model to the experimental data. The rate
of the SiO, increase in the silica framework rises
linearly with acid concentration, confirming that
the process proceeds according to a linear
mechanism.

The destructive change in the structure during
acid activation with HCl results in fragmentation of
montmorillonite particles. This way, the dispersity
of the clay increases. During the first stage of
activation, the exchangeable cations Ca%*, Mg%,
Na*, and K* are leached out and replaced by H* and
APB* ions acting as active sites afterward. In the
second stage, each particle was further divided into
thinner units-down to a single elementary layer-
while each fragment retains the internal structure
of the original crystal packet.

Based on the above findings, it can be
concluded that treating Navbahor alkaline-earth
bentonite with HCI solutions up to 15% increases

the adsorption properties of the clay, while
treatment at 20% or higher concentrations results
in degradation of the mineral crystal structure and
a reduction in specific surface area.

The importance of this approach is that, based
on the increase in SiO, content, one might predict
increases in the specific surface area of the clay
during activation and through mathematical
modeling. This reduces the number of analyses
involving such expensive analytical techniques as
BET measurements.

This mathematical model of the acid activation
process allows for a digital approach to enhance
the specific surface area of bentonite, optimizes the
concentration of hydrochloric acid, and minimizes
the consumption of water during the neutralization
of acidic effluents.
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Hasabaxop cinTtini 6eHTOHUTIH Ty3 KbIWKbINbIMeH 6enceHaeHAaipy KesiHae SiO,
MeJLepiHiH CbI3bIKTbIK apTyblH MaTeMaTUKa/bIK Tanaay

'poiixanos H.WN., Paxumos Y.B6., 2Ataynnaes 3.M., 36ontaes M.A., 3Cepkaes K.I., *Xamugosa M.O.
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2 YpeeH4 memsaekemmik nedazo02uKasnblK UHCmumymel, YpeeHy, ©36ekcmaH
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Makana kengi: 11 senmokcaH 2025
CapanTtamagaH eTTi: 26 xceamokcaH 2025
Kabblnganabl: 19 kahmap 2026

TYWIHAEME

Byn 3epTreyae Mai-TOH, Mali eHepKacibiHe apHanfaH afapTKbi cOpbeHT any makcaTbiHAA
JKYprisinreH 6eHTOHMT casblH KbIWKbIAABIK aKTMBALMA MNpoueciHe MaTemMaTuKanblk Tangay
Kyprisingi  9pTypni  KoHueHTpaumagafbl HCl  acepiHge SiO, menwepiHiH, apTybl  TypAi
MaTeMaTUKanbIK MoAenbAep KONAAHYy apKblabl TandaHabl. KbIWKbIIAbIK  aKTUBTEHAIPY
6apbiCbiHAA  KbIWKbIN  KOHUEHTpaumAcbiHbiH,  5%-aaH  20%-fa  aeiiH  Kofapblnaybl  SiO;
KypambiHblH, 61,94%-p0aH 65,12%-fa peiiH ecyiHe anbin Kengi. AKTMBTeHAipy KesiHae HCI
KOHLLEHTPALMACBIHbIH, OpTalla AeHreiae apTybl Keilbip KOMNOHEHTTEPAIH, epyi KaHe benceHai
OpTanbIKTapAblH, KaiTa Kypbliybl ecebiHeH casabliH, copbumanbik KacueTTepiH xakcaptagbl. HCl
KOHLLEHTPALMACBIHbIH, LWaMaaH TbiC }KOFapblaaybl MMHEPanablK KYpblbIMHbIH 6y3bllyblHa KaHe
KPeMHEe3eM KaHKaCbIHbIH, illiHapa biablpayblHa anbin Kenedi, 6yn copbumanbik cunaTramanapra
Tepic acep eTesi. OPTyp/i MaTemaTUKaNbIK dAicTepai KONAAHY apKbl/ibl anblHFaH ManimeTTepai
Tanpay benceHgipy npoueci KesiHgeri SiO, KypamblHbIH, KOFapblaaybl Cbi3blKTbIK MOZAesbre
TONbIK CaMKec KeneTiHiH KepceTTi. OcblfaH COWKeC, CbI3bIKTbIK MOLEAb MblHA TeHAeyMeH
cunattanagbl: y = 60.785 + 0.2088:X. CbI3bIKTbIK TeHAEY apKblibl a/blHFAH HITUXKeNepAiH,
nanairi petepmuHauma Koadpduumenti R? = 0.9845 maHimeH pacTangbl, 6yn 3KCNepUMeHTTIK
MINIMETTEPMEH KOFapbl COMKECTIriH KepceTeai. ¥CbiHbINFaH mogenb SiO2 KypambiHbIH, apTybiH
MaTemaTuKanblK Typae 6omKaliabl KaHe aKTUBTEHZIpY Mpoueci Cbi3bIKTbIK GyHKUMA peTiHae
JKYPETiHIH aanenpeinai. AKTUBTEHAIPY MpoLeciH MaTeMaTUKanblK TACI/IMEH CUMMATTay CasfgblH
copbumMAnbIK KacueTTepiH anablH ana 6omKayFa, KbIWKbII MeH CyAblH LWbIFbIHbIH a3aliTyFa,
COHbIMEH KaTap 6acka peareHTTepre AereH KasKeTTiNiKTi ecenTeyre MymKiHAiK bepeai.

Tyiiin ce30ep: 6eHTOHUT Ca3bl, aTMBALMA, COPOLMANBIK KacMeTTep, MaTeMaTUKabIK MOLENbAEY,
CbI3bIKTbIK MOAEb.
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

AHHOTAUMA
B paHHOM uccnepoBaHuMM 6bln NPoBeAEH MaTeMaTUYECKMIA aHanuM3 npouecca KUCIO0THOM

aKTUBaUMWN BEHTOHUTOBOM MNHbI, OCYLLECTBAAEMON A4 NoaydeHus otbenumsatowero copbeHTa
ONA MacC/NIOKMPOBOW MNPOMbIWNEHHOCTU. [loBbllweHMe cogepKaHua SiO, npu  PasnuHbIX
KoHUeHTpaumax HCl 6bino npoaHann3MpoBaHO C MCMO/Jb30BAHUMEM Pa3HbIX MaTEMaTUYECKUX
mozenen. B xoge KUCNOTHOW aKTMBALMWM YBE/IMYEHME KOHLEHTpauuu Kucaotbl ¢ 5% po 20%
npuBeNno K pocty cogepkaHua SiO, ¢ 61,94% po 65,12%. MNpu akTMBaUMM yMepeHHoe

Moctynuna: 11 dexabpsa 2025 nosblleHne KoHueHTpaumuu HCl yaydwaeT copbLmOHHbIE CBOMCTBA FMHbI 32 CYET pacTBOpPeHMs
PeueH3nposaHue: 26 dexabps 2025 OTAENbHBIX KOMMOHEHTOB W MEPEecTPOiKM aKTWMBHbIX LEHTPOB. YpesmepHoe ysenuueHue
MpuHata g neuatb: 19 aHeaps 2026 KOHUeHTpauun HC| Bbi3biBaeT gerpafaumio MUHEPasbHOM CTPYKTYPbI M YacTUYHOE paspylueHue

KPeMHe3EMHOro Kapkaca, 4To OTPUL,ATENbHO CKa3blBAETCA Ha COPOLMOHHBIX XapaKTepUCTUKaX.
AHanu3 NONYYEHHbIX AAHHbIX PA3IUYHBIMKM  MaTeMaTMYeCKUMM MeTof4aMMu MNOKasan, uTo
nosbllleHNe cogepkaHua SiO; B mpouecce akTMBALMKM MONHOCTbIO COOTBETCTBYET /IMHEWHOW
mozenn. CornacHo 3TOMy, /IMHEeNHas 3aBUCMMOCTb OMUCbIBaeTCs ypaBHeHuem: y = 60.785 +
0.2088:X. TO4YHOCTb pPe3y/NbTaTOB, MONYYEHHbIX MO JMHEMHOMY YpPaBHEHWIO, MOATBEPXKAEHA
KoaddpuumeHTom petepmuHaumm R? = 0.9845, 4TO yKa3biBAaeT Ha BbICOKYIO COraCOBaHHOCTb C
3KCNEePUMEHTaNbHbIMM AaHHbIMU. [laHHaA MoAe/lb MaTeMaTUYECKN NPesCcKa3biBaeT yBeNnyeHmne
copepaHua SiO, M [0Ka3bIBAET, YTO MPOLECC aKTUBALMM NPOTEKAET KaK AUHENHan yHKUMA.
MaTemaTtnyeckuii NoAxos K ONMCaHWIo NpoLiecca akTUBaLLMKM NO3BONAET 3apaHee PaccymTbiBaTb
COpOLMOHHbIE CBOWCTBA [/IMHbI, CHWXKATb Pacxod KUCNOTbI M BOAbI, @ TaKKe onpeaenatb
noTpebHOCTb B APYr1X peareHTax.

Kniouesvble cnoea: 6eHTOHUTOBaA FNMWHa, aKTMBaUuUA, C0p6LI,MOHHbIe CBOWCTBA, MaTemaTnyeckoe
MmoaennpoBaHue, NVHelHas mogenb.
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