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ABSTRACT

High-purity NaCl is required for chemical processes. Halite from the South Kazakhstan Bakhyt Tany
deposit contains CaSO,4 and Ca?*/Mg?* that degrade quality and operability. The article presents
statistical processing and modeling of impurity deposition with phosphate ions using an
automated calculation process. A stoichiometric amount of NazPO, was added to the NaCl 315
Received: November 7, 2025 mol/dm? brine, stirred for 25-30 minutes, precipitated for 30 minutes, and filtered. Sulfate was
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quantified by barium-sulfate turbidimetry; residual Ca?*/Mg?* in the filtrate was measured
titrimetrically. The Excel 2000 workbook performs coefficient estimation, significance testing,
model adequacy testing, and error analysis. Response optimisation is also carried out through
protected input fields. The resulting second-order models are adequate within the studied range
of factors, reflect significant main effects and interactions, and predict optimal process modes,
which have been confirmed experimentally. Under optimized conditions, removal reached 99.9%
for Ca?* and 99.8% for Mg?*. Sulfate ions remained at trace levels in the NaCl product. The
framework enables reproducible parameter selection and provides a basis for integrating near-
zero-waste handling of co-products in subsequent process design.

Keywords: phosphate-induced precipitation, high-purity sodium chloride, modeling & statistical
analysis, near-zero-waste flowsheet, Ca/Mg ions removal.
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Introduction

Sodium chloride is one of the most important
reagents in the chemical industry and one of the
most common mineral salts. Of all the Asian
countries, Kazakhstan has the largest number of salt
lakes [1]. The salt deposits in southern Kazakhstan
have a high sodium chloride concentration and also
contain sodium sulphate, as well as calcium and
magnesium salts in the form of chlorides and
sulphates. In deposits closer to the west, such as
Inder, Chelkar, and Satimola, the mineral also
contains potassium chloride [[2],[3]].

The price of sodium chloride is directly
dependent on its purity [4]. Sodium chloride is found
in a solid mineral state in nature. In most cases,
insoluble residue and calcite magnesium ions
crystallise into the mineral along with sodium
chloride [[5], [6]]. Consequently, it is imperative to

dissolve the mineral and subsequently precipitate
the residual ions [7]. The conventional
methodologies employed for the purification of
sodium chloride encompass the utilisation of sodium
bicarbonate and limestone. However, to obtain
high-purity sodium chloride by these methods, the
process must be multi-stage [[8],[9]].

After precipitation, any solid particles that are
insoluble in the solution are removed by filtration.
The crystallisation of sodium chloride allows pure
salt to be separated from impurities; this process is
also subject to the kinetic laws related to solubility
and temperature [10]. The technological processes
of natural salt raw materials are determined by the
final equilibrium states of the processed raw
materials' components and the introduced reagents,
as well as by kinetic factors. The latter either hinders
or facilitates the implementation of technical
solutions. The kinetics of dissolution processes
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depend on various factors, including the nature and
composition of solids, the composition and
temperature of solutions, the size and shape of
crystals, and the instrumental conditions of
dissolution [11].

Understanding the kinetics of the process of
purifying sodium chloride from calcium and
magnesium ions is key to developing effective
technologies for producing a high-purity product.
Understanding the reaction rate, mechanism, and
factors affecting the process enables the purification
conditions to be optimised and salt of the required
purity to be obtained [[12], [13]]. Using
mathematical modelling and experiments helps
control the process more accurately and achieve the
desired results. The precipitation rate depends on
the concentration of the reagent, the temperature,
and the reaction time [14]. The purification of
saturated brines containing sodium chloride from
calcium and magnesium is of great importance for a
number of industrial processes. These include the
production of chlorine and alkali, as well as food and
pharmaceutical salts.

As demonstrated in the studies conducted by Mi
et al. [15], Bouaziz et al. [16], and Pérez-Gonzalez et
al. [17], elevated ion concentrations, in conjunction
with the presence of competing anions such as
sulfate, have been shown to impede the process of
calcium and magnesium precipitation. A variety of
purification methods are employed in industrial
settings, including the lime-soda method and
selective precipitation using phosphates or
carbonates. However, magnesium precipitates to a
greater extent than calcium and requires stricter pH
control. Despite the incorporation of a sufficient
quantity of reagent, magnesium may persist in
solution. Consequently, a combination of reagents
and multi-stage treatment is frequently employed in
practice. Presently, the potential for the utilisation
of impurities as valuable resources is a subject that
is being subjected to actively studied. Precipitation
of magnesium from brines is a promising area of
research. As research has shown, [[15], [16]]. The
brine purification process can be integrated with the
production of magnesium salts and magnesium
hydroxide. Magnesium salts have a wide range of
applications, including in the production of materials
or fertilizers. Studies have shown that the
effectiveness of purification from impurities
depends not only on the choice of reagent, but also
on consideration of kinetic factors such as time,
temperature, and mixing speed.

The objective of the present study is to develop
and validate mathematical models of the
purification of sodium chloride solutions from

calcium and magnesium ions by sodium phosphate
and to perform statistical analysis of the resulting
datasets. To enable optimization toward a high-
purity NaCl product, we further identify and quantify
the factors controlling the rate and efficiency of
impurity precipitation. In parallel, we design and
assess a near-zero-waste flowsheet that converts
phosphate-bearing by-streams into fertilizer co-
products. The combined modeling, statistical
treatment, and flowsheet evaluation provide a basis
for comparative benchmarking against conventional
purification routes.

Experimental part

The salt of the South Kazakhstan region of the
Bakhyt Tany deposit was selected for the study. The
guantification of sulfate ions was achieved through
the implementation of barium sulfate turbidimetry.
The content of calcium and magnesium ions was
measured using EDTA titration. Microstructure of
the samples and elemental analysis were performed
using a JSM 6610 LV scanning electron microscope
manufactured by the Japanese company JEOL, using
the INCA Energy 450 energy dispersive microanalysis
system. The measurement accuracy was within
0.01%.

In the process of cleaning the brine from
impurities, phosphate ions were used as a
precipitator. A saturated salt solution of halite with
a concentration of 315 mol/dm? was prepared for
the experiment. A stoichiometric amount of sodium
phosphate was added to the concentrated solution
to precipitate calcium and magnesium salts. The
resulting mixture was continuously stirred in a
thermostat for 25-30 minutes, then the particles
were allowed to settle for 20-25 minutes and
filtered. The filth was rinsed with clean water. The
remains of insoluble salt and insoluble calcium and
magnesium compounds settled on the filter in the
form of sediment. The amount of calcium and
magnesium ions present in the filtered brine was
determined by titration with EDTA. The NaCl
solution thus obtained is then employed in the
treatment and drying of the target product.

The objective of the present study is to
automate the processing of research results. To this
end, a program for a personal computer has been
developed. The program is based on MS Excel 2000
running on Windows. This development allows you
to quickly obtain all the necessary calculation results
online. This, in turn, made it possible to accurately
determine the optimal conditions for the ion
deposition reaction. The programme has been
developed in the form of an Excel workbook. It is
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evident that within the confines of the book, on a
specific page, ancillary materials are present. These
materials encompass matrices of intermediate
values, formulae for calculating parameter b, and
statistical processing, among others. It is important
to note that all fields on this page, with the
exception of input fields, are protected from random
changes. The following elements are designated as
input fields: a column for entering output Y values; a
row for entering input parameters X on a natural
scale, utilised in the search for the optimal mode;
and a field for entering the experimental output
value obtained after laboratory testing of
optimisation results. In addition to the current input
values, the main sheet displays: coefficient
estimates b; significant coefficients according to the
Student's criterion; the result of the Fischer criterion
adequacy test; for each experiment, there are
absolute and relative approximation errors when
using all b and only significant b; average total
relative error in the sample; the result of the search
for the optimal mode; absolute and relative error for
computational and experimental verification.

The discussion of the results

The mineral halite from the Bakhyt-Tany deposit
in the Sozak district of the South Kazakhstan region
was selected for detailed study. The sodium mineral
present in the selected deposit is distinguished by its
low impurity content, its superficial location, and its
high sodium chloride concentration. Preliminary
research by the authors [18] indicates that the
moisture content of the samples ranges from 0.6 to
3%. It was possible to calculate the approximate salt
composition of the halite mineral based on the
results obtained. The composition of the solution is
as follows: calcium sulfate (CaSO,) at 2.5%,
magnesium sulfate (MgSQ4) at 0.18%, magnesium
chloride (MgCly) at 0.37%, and sodium chloride
(NaCl) at 88.4%. The mineral has been found to
contain up to 2-3% by mass of insoluble residue.

In a previously published paper [[17], [18]], we
presented experimental results on the purification
of NaCl solutions from Ca%* and Mg?* ions using
sodium phosphate. The present article is devoted to
the statistical processing of the aforesaid
experimental data and the mathematical modelling
of the process, with a view to identifying significant
factors, constructing predictive regression models,
and optimising the conditions for obtaining a high-
purity product. Consequently, the present study
extends the findings of [18] from the level of a
laboratory experiment to that of a quantitatively

verified model and computational optimisation,
whilst also addressing integration into a near-zero-
waste scheme.

A study was conducted to ascertain the most
effective method of purifying the natural mineral of
the Bakhyt Tany ore — halite. The study incorporated
various factors into its mathematical planning,
including the chemical composition of the raw
materials, the degree of purification, the
temperature, and the time of purification. The study
aimed to determine the dependence of the degree
of purification Y on such factors as: a) temperature
X1 (K), b) time Xz (min), and c) degree of purification
X3 (%). In order to establish the dependency sought,
it was necessary to ascertain the value parameters
in the mathematical model that adequately
described the cleaning process. These were given in
the form of the regression equation below:

V=Bo+B1X1+B2Xo+B3X3+B11X1%+ B2oXo?+ B3sXs+
B12X1Xo+ B13X1 X3+ B23X2 X3 (1)

The determination of the value parameters b
was achieved by utilising the method of planning a
second-order rotatable experiment. Following a
comprehensive analysis of the system in question,
the range of possible changes to the factors was
determined and is presented in Table 1 and Figure 1.
Based on the results of the experiments, the optimal
parameters of the technological regime were
determined, and they are shown in Table 2. The
processing of the experimental results was
conducted in accordance with the prevailing
methodology.

The following table presents the results of
studies undertaken to ascertain the levels of factors
and their ranges of variation.

Table 1 - Results of studies to determine the level of
factors and their ranges of variation

Factors X1 X2 X3

Lower level (-1) 10 20 90

High Level (+1) 45 25 105

Zero level (0) 27.5 22.5 97.5

Variation interval 17.5 2.5 7.5

(AX)
Shoulder+a 56.935 | 26.705 110.115
Shoulder-a -1.935 18.295 84.885
Table 2 - Calculated optimal parameters of the

technological regime

Ne X1,°C | X2, min | X3,% |Y, degree of
purification
1 25 30 95 99.9
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The equation is adequate!

(@)

Coefficients of the model Coefficients of the model

At: coeﬂfi‘lclients significant At: coef;i'lclients significant
BO 97.88290 97.88290 BO 99.07944 99.07944
Bl X1 -0.02928 0.00000 Bl | X1 0.75263 0.75263
B2 X2 -1.22742 -1.22742 B2 | X2 -0.27084 0.00000
B3 X3 -0.32341 -0.32341 B3 | X3 -0.42955 -0.42955
B11 | X1*X1 0.53413 0.53413 B11 | X1*X1 -1.40842 -1.40842
B22 | X2*X2 -1.28667 -1.28667 B22 | X2*X2 -1.12557 -1.12557
B33 | X3*X3 0.07451 0.07451 B33 | X3*X3 -0.78970 -0.78970
B12 | X1*X2 0.47500 0.47500 B12 | X1*X2 -0.13750 0.00000
B13 | X1*X3 -0.92500 -0.92500 B13 | X1*X3 0.11250 0.00000
B23 | X2*X3 -0.32500 -0.32500 B23 | X2*X3 -1.73750 -1.73750
The number is The number is

- - 9 L - 7

significant.coefficient. significant.coefficient.
The calculated F-criterion 4.1 The calculated F-criterion 4.5
Tabular F-criteria 5.1 Tabular F-criteria 5.1

The equation is adequate!

(b)

Figure 1 — Coefficients of the quadratic regression model and the experimental plan in coded variables (X1-X3);
the values of all significant coefficients, a matrix of dimensionless inputs, as well as the result
of the adequacy test by the F-criterion are shown: (a)Mg; (b) Ca

During the mathematical processing of the
fractional factor experiment data, the coefficients of
the regression equations were estimated, and the
following second-order models were obtained in
encoded coordinates:

Y=97,88290-0,02928X1-1,22742X-
0,32341X5+0,53413X1%-1,28667X,2+0,7451X52 )
+0,47500X1X-0,92500X1X3-0,32500X2X3
¥=99,07944+0,75263X1-0,27084X,-0,42955Xs-
1,40842X:%-1,12557X,2- 0,78970X32 (3)
-0,13750X1X,+0,11250X1X5-1,73750X2Xs

The obtained regression equations (2) and (3)
adequately describe the behavior of the system in
the studied range of factors (verification by the
Fisher criterion: Feacuation<Ftable The signs and
relative values of the coefficients are consistent with
chemical expectations: the linear contribution of X»
and negative quadratic terms for X;-Xs indicate the
existence of internal limitations on
"supersaturation" and optimal dose/time windows
beyond which precipitation efficiency decreases.
The presence of statistically significant interactions
confirms that process management requires
balancing factors rather than independently
adjusting them. The mean relative approximation
errors are negligible, and the discrepancy between

the calculated and verified (laboratory) Y output is
within the stated margin of error. This renders
models a viable engineering tool for operational
forecasting of the degree of purification and the
selection of modes. To assess the reproducibility of
the results, the variation in the degree of purification
of the solution from magnesium and calcium ions
was analysed. The measurements were performed
in three parallel repetitions (n = 3), and the obtained
values are presented as fluctuation intervals. The
degree of purification from magnesium ions after
optimisation was 98.5—-99.8%, which corresponds to
a relative error of approximately +0.6%. Similarly,
the degree of purification from calcium ions was in
the range of 98.2-99.8%, which corresponds to an
error of approximately +0.8%. Such small
fluctuations in the results indicate high stability and
reproducibility of the process.

Flow chart and its comparison with analogues

The conventional protocol for the purification of
salt rocks and brines involves a series of operations,
including rock crushing, dissolution, removal of
insoluble residue, precipitation of impurities, and
filtration. In patent KG 1428 (CO1D 3/08,
03/30/2012) [19], it is proposed that barium
hydroxide be introduced into a heated (50-70 °C)
solution at a sulfate-ion ratio of 1.37-1.50:1. The
method's primary benefits are twofold: firstly, it
accelerates the process by eliminating multi-stage
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deposition; secondly, it reduces consumption of
reagents and energy.

The principal disadvantage of the barium
approach is the use of toxic Ba(OH) (hazard class 2),
which complicates the achievement of a reagently
pure salt and increases safety and waste
management requirements. Furthermore, in the
presence of Ba(OH),; and subsequent neutralisation
of HCl, soluble CaCl, and MgCl, are formed; thus,
calcium and magnesium pass into solution and are
not removed from the sodium chloride matrix.

An evaporative method for producing
commercial salt is also widely known [20] [RU
2075440, C01D 3/06, 1997], which provides "Extra"
quality for the food industry (Ca = 0.02 wt.%, Mg =
0.01 wt.%, K = 0.02 wt.%, SO.> = 0.16% by weight).
Nevertheless, this level of purity is inadequate for
the tasks of fine organic synthesis, electrochemistry,
and microelectronics, where lower levels of
impurities and the absence of corrosive acid
residues are required.

The closest method to ours is the RU 2495825
method (C01B 3/14, 10/20/2013) [21], which
involves the purification of a saturated NaCl solution
at 25 °C from mechanical impurities. This is achieved
through a series of processes including evaporation,
crystallisation, centrifugation, subsequent washing
and drying. Before the process of evaporation, the
solution is subjected to treatment with HCl at a
concentration of 1.0-1.5 wt. %. This is followed by
the process of boiling and the washing of the crystals
with high-purity water. The process is characterised
by multifarious disadvantages, including but not
limited to:

- Multi-stage
inefficient and costly.

- The use of concentrated hydrochloric acid,
which is liable to cause corrosion of equipment and
necessitates additional flushing with expensive
water, thus increasing capital and operating costs.
Existing solutions are characterised by the utilisation
of toxic reagents (Ba(OH),), the provision of food but
not chemical purity, or the requirement of acid
treatment and energy-intensive steaming. It is
imperative that a technologically simple, safe, and
economical scheme is implemented for the selective
removal of Ca?* and Mg* ions, without the
introduction of corrosive components.

The proposed method is based on the selective
precipitation of calcium and magnesium in the form
of insoluble phosphates during the treatment of
brine with sodium phosphate. The technology
combines mechanical desalination, dissolution, and
circulation of saturated NaCl fluxes with single-stage

operation, which is both

stoichiometric phosphate injection and subsequent
gravity filtration phase separation. CaSO,4 is an
undesirable impurity in the composition of salt and
insoluble residue. In the production of soda, it
increases the formation of scale in evaporators and
reduces the efficiency of the process. There are
special purity requirements for food salt.

Calcium sulfate is a valuable raw material.
Recent studies [[22], [23]] have shown that it is
widely used in various fields, including the
production of building materials, ceramics, soil
improvement products, and asphalt concrete
composites. Thus, the removal of CaSO,4 from halite
has two main advantages. The first is to improve the
quality of salt. Secondly, the creation of
opportunities for processing and reuse of this by-
product in other industries.

Based on the results of the study, a technological
scheme was developed, shown in Figure 2. The
production process of table salt begins with loading
salt into a mixer (1). Then, mechanical impurities are
removed using a circulating saturated solution,
which is heated to a temperature of 20-25 ° C and
remains for 30 minutes.

Throughout the entire process, a constant ratio
of solution and salt is maintained — 3:1 by weight.
The resulting suspension is separated by sieving on
a sieve (2). The solution containing mechanical
impurities passes through a walnut filter (3), where
it is cleaned. This solution is returned to wash the
sodium chloride salt.

The ore that has been washed is dissolved in
water, and the resulting solution is passed through a
filter press to remove any remaining water. Then the
solution reaches a saturation state in the reactor at
a temperature of 25 °C. At this point, sodium
phosphate is added to the solution in an amount
equal to 95% of the stoichiometric norm. This is
necessary for the precipitation of calcium and
magnesium impurities. The resulting suspension is
then settled in a sump (5), where it is divided into
two layers. The top layer containing impurities is a
condensed pulp, which is filtered in a filter (6). The
filtered sludge is removed, and the filtrate and
washing water are returned to the reactor (4) for
reuse.

The clarified part of the solution is drained from
the sump and enters the spray dryer (7), where it is
dried using flue gases at a temperature of 100-110 °
C. As a result of this process, sodium chloride
crystallizes. The dried crystalline product is
transferred from the dryer to the screw feeder (9),
where it undergoes a cooling period, and then
packed.
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Residues for
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§

Mechanical
impurities

Final product NaCl

Figure 2 - Technological scheme

The proposed method has several advantages
over the existing method. Firstly, it does not require
the use of concentrated hydrochloric acid in the
cleaning process, which avoids corrosion of the
equipment and eliminates the need for thorough
washing of sodium chloride crystals with high-purity
water. Secondly, this method significantly simplifies
the technological process and reduces energy costs.

This scheme provides three valuable products:

1. Pure NaCl

2. Building composite CaSO,4

3. Phosphorites, which can be used as raw
materials for fertilizers

In addition, solutions are recycled during the
processing process, which helps to reduce costs and
minimize toxic by-products. This technological
approach is characterized by almost zero waste,
which is an important aspect of sustainable
production. During the processing process,
impurities are converted into resources, which
effectively eliminates their waste status.

As illustrated in Figure 3, the spectrogram of
the resulting product is evident. As demonstrated in

Table 3, the analysis of the elements has been shown
to confirm the high degree of purity of the sodium
chloride obtained.

Table 3 - Elemental composition of the obtained sodium
chloride

Element Mass % Atom, %
Na 36.87 47.39
cl 63.13 52.61

Figure 3 - Spectrogram of the obtained sodium chloride
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Cost analysis showed that the main costs of
obtaining one ton of purified sodium chloride are
related to the price of the feedstock and reagent,
sodium phosphate. Under optimal conditions, the
cumulative variable costs amount to KZT 25,782 per
ton, and the permanent costs amount to KZT 5,000
per ton. This results in a total cost of about 30,782
tenge per ton. Taking into account the trade margin
of 15%, the selling price of the product is 35,399
tenge per ton. Thus, the expected profit from the
sale of one ton of purified sodium chloride is
approximately 4,600 tenge. Calculations confirm
that the use of sodium phosphate as the main
reagent significantly affects the cost of the process.
However, the optimized technology remains
economically beneficial. The absence of significant
energy costs and a small amount of waste make this
method more preferable from an environmental
and economic point of view compared to alternative
cleaning methods.

Conclusions

A statistical and mathematical model of
phosphate-induced purification of NaCl brines from
Ca?* and Mg* has been developed and verified;
second-order models (2)-(3) are adequate according
to the Fisher criterion and technologically
interpretable.

The identification of dominant factors and
significant interactions has been achieved, thereby
excluding independent parameter setting and
requiring coordinated mode management.

The calculation of optimisation, based on the
models, provides the target removal rates: The
concentrations of Ca?* and Mg** were found to be
99.9% and 99.8%, respectively, within the specified
factor windows.

It has been demonstrated that SO4% does not
integrate into the halite lattice and is concentrated
in the mother cell; only trace amounts of sulfates
remain in solid NaCl, which confirms the consistency
of the model with product analysis.

A scheme for the reduction of waste, with three
distinct streams, has been established. The target
product is pure NaCl, CaSO,; with mechanical
impurities, has been identified as a suitable building
material/filler. Phosphates of calcium and
magnesium are considered suitable as co-products
for use as fertiliser.

In  comparison with conventional acid-
evaporation and barium methods, the proposed
scheme eliminates the use of toxic reagents and
corrosive media, reduces the number of stages,
water capacity and OPEX, while maintaining or
exceeding the purity level.

The implementation of an application tool in the
form of an Excel workbook has been undertaken for
the purpose of facilitating instant calculations,
optimising search functions and expediting the
verification of modes. This development serves to
streamline the transfer of results to the production
site.

The dependencies obtained provide direct
engineering regulations, including factor operating
windows, sensitivity gradients, stopping criteria, and
guality control metrics.

The original experimental arrays from the
previously published work have been rethought, and
through statistical processing and modelling they
have been transformed into a predictive
optimisation tool ready for scaling.

The environmental impact of the process is
evident in the transformation of "impurities" into
resource flows, as well as the closure of brine
circulation. These factors serve as indicators of a
practical, waste-free process. This section is not
mandatory but can be added to the manuscript if the
discussion is unusually long or complex.

The proposed model and scheme ensure
industrially significant purity of NaCl with a
minimum of stages and waste, as well as create
economically useful co-products (CaSO4 and Ca/Mg
phosphates). This makes the technology competitive
and sustainable for implementation in modern
chemical technology chains.
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Kocnanappapb! KeTipyai MHAYKUUANAY apKbl/bl }KOFapbl Ta3a/bIKTaFbl HaTpUiA
X/10pUAiH any TEXHONIOrUACBIH 33ip/iey XKaHe NpouecTi moaenbaey

Vpaskenpuesa [.A., ‘Kapup6aesa A.A.

M. dyesoe ameiHdarel Ohmycmik KazakcmaH 3epmmey YHusepcumemi, LLibimkeHm, KazakcmaH

TYAIHAEME

XvMUANbIK npouecTepre }ofapbl TasanbikTafbl NaCl kaxeT. JereHmeH OHTYCTiK KasakcTaHaafbl
BaKbIT TaHbl KeH OpPHbIHAH aNblHFaH raAnTTiH KypambiHaa CaSO, waHe Ca?*/Mg?* 6ap, onap eHim
canacblH TemeHgeTeai. byn makanaga ¢dochat MoHAApPbl apKbIbl KOCManapAblH, TYHYbIH
aBTOMATTaHAbIPbIFaH ecenTey NPOLECiHIH, KOMEriMeH CTaTUCTUKANbIK 6HAEY KaHe Mmoaenbaey
yCbiHbInagpl. 315 monb/am® NaCl Tysabl epiTiHgiciHe cTexnomeTpuanbik menwepae NazPO,
Kocblnabl, Kocna 25—-30 MMHYT apanactbipbingpl, 30 MUHYT TYHABIPbIIAbI KOHE KeWiH cysinai.
CynbdattbiH, Menwepi 6apuii cynbdaTbiH KONAAHATBIH TYPOUAUMETPUANDIK DAICNEH aHbIKTaNAb!;
dunbTpatTarbl Kanabik Ca?*/Mg?* TuTpumeTpuanbik agicneH enweHai. Excel-2000 xymbic
KiTabblHAA@ KOpFfanfaH eHrisy epictepi apKpiabl KoddoduumeHtTepai 6aranay, CTblOAEHTTIH, t-
CblHafblHA HerisgenreH MIHAINIKTI Tekcepy, ®PuwepaiH CaMKecTiK Kputepuiti, KaTenepai
AMarHOCTUKaNay KaHe KOpfanfaH eHrisy epicTepiH naiganaHbin kayan 6eTiH oHTalnaHablpy
JKy3ere acblpbingpl. HaTuxKeciHAe anblHFaH eKiHwi peTTi mogenbaep 3eptrenreH $aKTop/bIK,
KEHiCTiKTE afeKBaTTbl 6ObIN LWbIKTbI, MaHbI3Abl HETI3ri }XaHEe ©3apa SpEKeTTecy acepepiH alwbin
KOPCETTI XKaHe Taxipnbe »Ky3iHAe pacTanfaH }KyMbIC allmaKTapblH 601Kaabl. OHTaNaHAbIPbINFaH
wargannapga Ca®* ywix skoto Trimginiri 99,9%-ra, Mg2* ywin 99,8%-fa »eTTi, an NaCl eHimingeri
cynbdat menwepi 6onmawbl AeHrerge Kangpl. YCbiHbUIbIN  OTbIpFaH d4iC  ONTUMAanabl
napameTpnepai TaHAayFa MYMKIHAIK 6epegi »KoHe npouecTi KeliH »obanay KeseHiHae
KaNAbIKCbI3 TEXHONOTUANBIK YPAICTI KypacTblpyFa Heris 6onaabl.

Makana kengi: 7 kapawa 2025
CapantamagaH eTTi: 19 kapawa 2025
Kabbinpganapl: 12 kaHmap 2026

Tyiiin ce30ep: dochaTTapmeH TYHAbIPY, KOFapbl Ta3a/blKTaFbl HATPUI XNOPUAI, MOAENbAEY KIHE
CTAaTUCTUKA/bIK Tangaay, KanablKTapablH Here skaKkblH geHreii, Ca/Mg MoHAaPbIH KO0,
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Kaodipbaesa Anmazyn AKkeneliKbi3bl

Pa3paboTKa TeXHONOrMM NoAy4YeHUA XA0PUAA HaTPUA BbICOKOM YMCTOTbI C
MHAYUMPOBaHUEM yaa/leHUA NPUMeceii U MoAeNnpoBaHMeE npouecca

Ypaskenguesa A.A., "Kagupb6aesa A.A.

tOx3HO-KasaxcmaHckuli iccnedosamensckuli YHusepcumem umeHu M. Ayesoea, LLbimkeHm, KazaxcmaH

AHHOTALMUA

Ona  xumuyeckux npoueccos TpebyeTca BbicokouncTbli NaCl, OogHaKO ranut C  OXHO-
Ka3axCTaHCKOro MecToposaeHua baxbiTraHbl cogepxuT CaS0, n Ca?' /Mg?” KoTopble yxyawaoT
KayecTBo M paboTocnocobHOCTb. B 3TOM Uccnef0BaHUM NpeacTaBIeHa CTaTUCTMYecKan 06paboTka
M MOAENUPOBaHWE OYUCTKM, BbI3BAHHOM WcNonb3oBaHMem ¢ochaToB, C MCNONAb30BAHUEM
aBTOMaTM3MPOBAHHOIO NpoLEecca pacyeTos. B cTaTbe NpeacTaBieHa cTaTucTMyeckas o6paboTka u
MOZe/IMpoBaHWe  ocaxaeHne npumecer ¢ ¢dochaT MOHaMM, C  UCMONb30BAHMEM
aBTOMaTM3MpPOBaHHOrO npouecca pacyetoB. B paccon NaCl 315 monb/am3, gobasnanu
cTexmomeTpuyeckoe Konamyectso NasPO,, nepemelwsvsanu B TeyeHune 25-30 MUH, ocakganu B
TedeHne 30 mMUH U dunbTpoBanun. KonuyectseHHoe onpegeneHne cynbdata NpoBoauAn C
nomoLbto Typbuammetpuu cysbdatom 6apus; octaTouHoe cogepskavue Ca?’ /Mg?* B punbTparte
onpeaenanu turpumeTpuyeckun. Pabovas tetpagp Excel-2000 peannsyeT oueHKy KOadpULMeHTOB,
NPOBEPKY 3HAYMMOCTM Ha OCHOoBe t-KpuTepua CTbiOAEHTa, KpuUTepuii ageksaTHocTM ®Puwepa,
AMarHOCTUKY OWKBOK M ONTUMM3ALMIO NMOBEPXHOCTU OTK/IMKA C MOMOLLbIO 3aLWMLLLEHHbIX Nonen
BBOAA. MMonyyeHHble B pe3ynbTaTe MOAENN BTOPOro NopAAKa afeKBaTHbl B pamKax M3y4aemoro
(baKTOpPHOro NPOCTPaHCTBa, BbIABAAIOT CyLLECTBEHHble OCHOBHble 3ddeKTbl U 3ddeKTb
B3aMMOAENCTBUA WU NpeAcKasbiBaloT pabouve nepuoapl, KoTopble 6bian 3KCNepumMeHTaNbHO
NoOATBEPKAEHDI. B ONTUMM3NPOBAHHbIX YCN0BUAX yaaneHune aocturno 99,9% ana Ca?* n 99,8% ana
Mg?" B TO Bpems Kak cogepxaHue cynbdaTa B npogykte NaCl octaBanocb He3HAUMTENbHBIM.
Cuctema no3BosseT BOCNPOM3BOAMMO noabupaTb napameTpbl M obecneymBaeT OCHOBY ANA
MHTErpaumm npoLeccos nepepaboTkn NoBOYHbIX NPOAYKTOB C NPAKTUYECKU HYJEBbIM YPOBHEM
OTXOZ0B NP NOCAeAyoLWEeM NPOEKTUPOBAHMM NpoLiecca.

Moctynuna: 7 Hoabpsa 2025
PeueH3npoBaHue: 19 Hosbpsa 2025
MpuHAaTa B Neyatb: 12 AHeapAa 2026
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Kniouesbie caosa: ocaxaeHve pocdatamu, BbICOKOUUCTBIN XN0pUA HAaTPUA, MOAENMPOBAHUE U
CTAaTUCTMYECKMI aHanW3, TexHosornyeckaa cxema, 61mM3Kaa K Hy/NeBOMY YPOBHIO OTXOZOB,
yaaneHue noHos Ca/Mg.
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