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Recovery of used acetic acid via sulfuric acid

Kazakhstan has a huge phosphate raw material base, where the basis is made up of micro-grained phosphate
ores of the Karatau basin. The depletion of reserves of high-quality commercial ores leads to the search for
new methods of using the enrichment and sorting of low-grade technogenic ores, one of which is phosphate-
siliceous slates. The presented study was carried out in two stages: at the first stage, phosphate-siliceous
shales were enriched by the acetic acid method, regime technological parameters, kinetic and thermodynamic
regularities of the process were determined. At the second stage of the research a method for recycling used
acetic acid during the enrichment of low-grade phosphate-siliceous slates is proposed. In this case, sulfuric
acid was chosen as the regenerating agent of acetic acid. The reliability of the performed studies was proved
by the use of modern complex research methods: scanning electron microscopy, Energy Dispersive X-Ray
and X-Ray difraction analyses. To determine the course of a particular reaction, a thermodynamic analysis
was performed using modern HSC 6.0 software. The kinetic data are determined by calculation. The obtained
experimental data were subjected to statistical analysis (Chaddock scale, standard deviation, coefficient of de-
termination). The mechanism of interaction of an acetate solution with sulfuric acid is illustratively described.
In conclusion, the sulfuric acid method is suitable for the regeneration of applied acetic acid. In this case, a
by-product is formed in the form of calcium sulfate. This product can be used as a building binder (confirmed
by the protocol of the “National Center of Expertise” of the Republic of Kazakhstan).

Keywords: acid recovery, acetic acid, low-grade phosphorites, beneficiation, sulfuric acid, phosphate-
siliceous slates, Chaddock scale, calcium sulfate.

Introduction

The globalization process of the economy and ensuring the sustainable development of all sectors of the
national economy requires timely and effective solutions to the problems accumulated by mankind. The
steadily increasing consumption of mineral raw materials ensures the dynamic development of the economy
and society of many countries of the world, including Kazakhstan.

The Republic of Kazakhstan is one of the countries in the world that has large deposits of phosphorite
in the Karatau phosphorite-bearing basin. When extracting phosphorites, an open method is usually used and
it is always accompanied by the formation of various wastes. The main by-products of open-pit mining of
phosphorites in the Karatau basin are phosphate-siliceous shales. The approximate volume of accumulated
waste is about 40 million tons. This indicator is growing every year, while high-grade (23-27 % P,0s) and
medium-grade (20-23 % P,0s) deposits of phosphorites are being depleted [1, 2]. Scientists attribute this
type of waste to the technogenic resources of the Karatau basin [3].

According to the lithological composition, this type of waste belongs to a variety of clay-siliceous
shales with an interlayer of carbonate-siliceous and pelitomorphic carbonate-siliceous phosphorites with
phosphate-clay-siliceous shales [3-4]. Its composition is dominated by clay compounds (SiO,) and one-and-
a-half oxides (Fe,O3, Al,O3), which complicate the enrichment process [5].

With an increase in the consumption of phosphorus-containing products [6], the reserves of rich and or-
dinary phosphorites are being depleted, and in a few years industrialists may face the problem of an acute
shortage of high-quality raw materials. In this regard, the strategy for the development of the mineral re-
source base should be based on the rational use of the identified resources and their timely reproduction.

The world reserves of phosphorites are dominated by hard-to-enrich ores of carbonate, siliceous-
carbonate and carbonate-siliceous composition [7, 8]. There are various methods for enriching low-grade
phosphorites: flotation, calcination, magnetic separation [9, 10]. One of the promising methods is the use of
dilute organic acids, the so-called chemical enrichment. Organic acids with slow heating have the ability to
dissolve dolomites and calcites in the composition of phosphorite, while not affecting the phosphate part of
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the raw material [11]. The use of organic acids is relevant for countries where the production of phosphorus-
containing products is one of the main sectors of the economy. So, scientists from China [11, 12], Egypt
[13], Uzbekistan [14], Pakistan [15, 16], and Russia [17, 18] conducted similar studies. In their works, organ-
ic acids of various types were used. However, in many studies [11-18], the use of acetic acid as the main
reagent that dissolves carbonate minerals well is particularly noted. The chemistry of the reaction of acetic
acid with carbonates can be represented as follows:

2CH3COOH + CaCO; = (CH;C00),Ca + CO, + H,0 (1)

2CH3;COOH + MgCO; = (CH;CO0),Mg + CO, + H,0O 2

As can be seen from the reaction equation, acetic acid reacts with carbonates to form salts of calcium
and magnesium acetates. The dissolved carbonates in the form of an acetate salt remain in the solution, and,
accordingly, the content of total P,Os increases in the insoluble part.

In addition, we have determined that potassium and aluminum-containing compounds in the composi-
tion of phosphorite also actively interact with acetic acid:

2CH;COOH + K,0 = 2KCH3COO + H,0 (3)
6CH3;COOH + Al,03= 2AI(CH3;C0OO0); + 3H,0 4)

Although these studies indicate that the process of enriching low-grade phosphorites has been success-
fully carried out, there is also a problem of disposing of the acetate solution. This issue is relevant, since a
large amount of dilute acetic acid is spent during enrichment (liquid/solid ratio = 8:1, 5:1, 3:1). Consequent-
ly, a considerable volume of the solution is formed. The authors propose various methods of disposal: the use
of the ion exchange method, regeneration with hydrochloric acid and hydrofluoric acid [19]. Also, in the fu-
ture, the sulfuric acid can be applied to obtain calcium sulfate [20].

All of the above studies are only at the theoretical level. Until now, no experimental studies have been
conducted on the recovery of acetic acid, so there is an acute lack of comprehensive data on this problem.

Thus, the aim of the research is to study the process of acetic acid recovery with the use of sulfuric acid
and the production of calcium sulfate. The given experimental data are new and can serve for further devel-
opment of research in the field of enrichment of low-grade phosphorites with organic acids.

The studies were conducted in two stages. At the first stage, the process of enrichment of phosphate-
siliceous shales of the Zhanatas deposit (Karatau basin) with acetic acid was carried out. The optimal operat-
ing parameters are established: the highest yield of P,Os is 21 % at 30 °C, 15 min and liquid/solid ratio = 1:3
[21]. Kinetic regularities are determined, a thermodynamic analysis of the acetic acid enrichment process is
carried out. During the enrichment process, an acetate solution was obtained, which must be disposed of or
returned to the process. Considering this issue, the second stage of the study provides the results.

Experimental

The recovery process of acetic acid was studied in the laboratory using experimental lab equipment
(Fig. 1): an acetate solution and sulfuric acid were mixed at temperatures of 333, 348, and 363 K on a mag-
netic stirrer, to which a pH meter 1-160MI was attached to observe changes during the process. The mixing
time varied from 15 min to 45 min. The suspension was filtered on a Buchner funnel with a constant dilution
of 0.06 MPa. The sediment on the filter was dried at 110 °C to a constant weight.

1 — magnetic stirrer; 2 — magnetic stir bar; 3 — solution of acetates and sulfuric acid; 4 — pH-meter

Figure 1. Experimental lab equipment
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The study of the element-weight composition and structural features of the source material and the re-
sulting product was implemented on a scanning electron microscope JSM-64901 V [22].

The X-ray difraction (XRD) analysis of the feedstock and the resulting product was performed on the
D8 Advance (Bruker), a-Cu apparatus. The processing of the obtained diffractogram data and the calculation
of interplane distances were carried out applying EVA software. The samples were decoded and the phases
were searched using the Search / match program and the PDF-2 powder diffractometric data base.

The multifunctional software package HSC 6.0 was used to conduct a thermodynamic analysis of the
acetic acid recovery process, taking into account the phase changes of the initial components and final prod-
ucts, with the calculation of changes in the enthalpy, entropy, Gibbs energy, and the logarithm of the equilib-
rium constant.

The calculation of the reaction rate of the acetic acid recovery process was performed according to the
formula:

_An
VAT
where: An — change in the amount of moles of starting substances, mol; V — volume of the mixture, I,
At — time, min.

The study’s results of the kinetic regularities of the acetic acid recovery are processed using the

Pavlyuchenko equation [23]:

1-(1-a)" =k @)
This equation is typical for the processes that begin on the entire surface but the progress of the reaction
into the depth of the particle depends on the thickness of the layer formed by the reaction products through

which the reagent diffuses. This equation describes the processes, the limiting stage of which is diffusion.
The calculation of the apparent activation energy of the process (E,p) is graphically determined from the de-

1 . . .
pendence Inx = f [;j when the value of the reaction rate constant is known at certain process tempera-

tures.
Epp determined by the formula:

Eapp= 8.314-1g, (J/mol).
Kinetic data were subjected to statistical processing (standard deviation and correlation analysis)
[24, 25].
Results and Discussion
Characteristics of the acetate solution
The acetate solution obtained during the enrichment of low-grade phosphate-siliceous shales was sub-
jected to evaporation to study its element-weight composition. The evaporated acetate solution is presented

in the form of a white crystalline substance that is highly soluble in water. It has a faint smell of vinegar. The
results are shown in Figure 1 and in Table 1.

Table 1

Element-weight composition of the acetate solution

Element Weight, % In terms of oxides, %
C 26.77 -
) 45.88 -
Mg 0.59 0.97
Al 0.21 0.39
Si 0.62 1.32
S 0.68 1.7
Ca 24.15 33.78
Mn 0.32 0.41
Fe 0.79 1.12
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Figure 2. SEM image and EDX analysis of evaporated acetate solution

The data of the element-weight composition illustrate the predominant presence of calcium compounds.
There are also impurity elements in the form of magnesium, sulfur, silicon, iron, and manganese, which were
transferred during the acetic acid leaching of low-grade phosphate-siliceous shales by reactions 1-4.

For a more detailed study of the composition of the acetate solution, the method of XRD analysis was
used. The results are represented in Figure 3 and in Table 2.

i | Acetaty soli
1 1 PDF 00-010-0782 cakium ethanoate ethanoic acid hydrate | Calcium Acetate Acetic Acid Hydrate C6H10Ca06 H20 66,9%
a 1 2 PDF 00-019-0199 calcium ethanoate hydrate | Calcium Acetate Hydrate C4HECa04 0.5H20 16 9%
- | 3 PDF 01-082-9590 Potassium Aluminum Silicate KD.96AISIO4 11,7%
8 4 PDF 01-088-1797 cakium sodium tecto-alumosilicate | Calcium Aluminum Silicate Ca3 6(AI7.25i40 BOSE) 4,5%
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Figure 3. XRD image of evaporated acetate solution

Table 2
XRD decryption of evaporated acetate solution
Pattern # Compound Name Formula S-Q
e Calcium ethanoate ethanoic acid hydrate | Calcium Acetate ) 0
PDF 00-010-0782 Acetic Acid Hydrate CeH10Ca0s-H,0 66.9 %
PDF 00-019-0199 |Calcium ethanoate hydrate | Calcium Acetate Hydrate C4HgCa0,4-0.5H,0 16.9 %
PDF 01-082-9590 |Potassium Aluminum Silicate Ko.96AISIO, 11.7 %
PDF 01-088-1797 gﬁ:g;:gn sodium tecto-alumosilicate | Calcium Aluminum Cag (Al 2Sid050s0) 45%

The data of the XRD analysis clearly demonstrate the presence of the main compounds in the composi-
tion of the evaporated acetate solution. The main compound is calcium acetate hydrate in the amount of
83.8 %. There is also the presence of impurity compounds of potassium-aluminosilicates and calcium-

aluminosilicates.
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Reaction mechanism and thermodynamic analysis
The chemistry of used acetic acid recovery process with sulfuric acid can be represented as follows:

Ca(CH3COO0), + H,S0, = 2CH;COOH + CaS0,]| (5)
Mg(CH3CO00), + H,SO, = 2CH;COOH + MgSO, (6)
2AI(CH3COO); + 3H,S0, = 6CH;COOH + Al,(SO,)s 0)
2KCH5COO + H,S0O, = 2CH;COOH + K,S0,4 (8)
/"-’* ) /‘i G ~3. 9
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a — calcium acetate dissociation mechanism; b — sulfuric acid dissociation mechanism;
¢ — calcium acetate and sulfuric acid mechanism reaction

Figure 4. Reaction mechanism

Interacting molecule (substrate) — the carboxylic acid salt dissociates as follows (Fig. 4a): the stability
(hence the acidic properties) of the carboxylate anion is explained by the delocalization of the negative
charge in 2 oxygen atoms due to p,r-pairing (fusion). Concentrated H,SO, is a very strong oxidizing agent
[26], especially when heated (Fig. 4b). The concentration of sulfuric acid determines the rate and direction of
the sulfating process, as well as the mass of the sulfate reagent necessary for its implementation, since the
reaction occurs and the acid concentration decreases (as a result of diluting it with reaction water). This leads
to an increase in the possibility of acid dissociation of H,SO, and a decrease in the concentration of
sulfonated particles.

At Stage 1 (Fig. 4c), the electrophilic center (Sg) is a carbon atom of the carboxyl group, in the presence
of which carboxylic acids and their functional derivatives enter into nucleophilic substitution reactions. At
Stage 2, the main center-an oxotope with one pair of electrons is protonated at the catalysis stage in
nucleophilic substitution reactions. At Stage 3, the oxotope forms a salt after protonation, displacing the cal-
cium cation and the formation of weak acetic acid. All stages of the reaction are reversible. A detailed illus-
tration of the process of interaction of an acetate solution and sulfuric acid is shown in Figure 5.

During the reaction 5-8, calcium sulfate precipitates, and the remaining formed compounds, such as
magnesium, aluminum, and potassium sulfate, are soluble and thus will be present in the solution.

To determine the ability of a particular reaction to proceed, a thermodynamic analysis was carried out
taking into account the phase changes of the initial components and final products, with the calculation of
changes in the enthalpy, entropy, Gibbs energy, and the logarithm of the equilibrium constant. The thermo-
dynamic characteristics of the processes were determined in the temperature range of 333, 348, and 363 K.
The results of calculating the thermodynamic characteristics as a function of the temperature in the proposed
reaction are represented in Table 3.
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Figure 5. Schematic illustration of the process
Table 3
Thermodynamic parameters of the reactions (5-8)
AH’, AS?, AGY,
T.K kJ/mol J/(mol'K) kJ/mol K log(K)
Ca(CH;C00), + H,S0, = 2CH3;COOH + CaS0,|
333 -69.207 221.692 -141.031 2.740E+022 22.438
348 -64.295 236.120 -146.465 9.686E+021 21.986
363 -59.308 250.149 -150.112 4.004E+021 21.603
Mg(CH5COO), + H,SO, = 2CH;COOH + MgSO,
333 30.789 285.047 -64.131 1.150E+010 10.061
348 35.627 299.255 -68.514 1.927E+010 10.285
363 40.532 313.055 -73.107 3.317E+010 10.521
2AI(CH;CO0); + 3H,S0, = 6CH;COOH + Al,(SO4)s
333 222.513 1210.239 -180.496 2.066E+028 28.315
348 212.167 1179.832 -198.415 6.087E+029 29.784
363 203.133 1154.406 -215.916 1.181E+031 31.072
2KCH3;COO0 + H,S0, = 2CH3;COO0H + K,S0,
333 -132.494 -33.184 -121.444 1.126E+019 19.051
348 -133.098 -34.961 -120.931 1.423E+018 18.153
363 -133.432 -35.905 -120.399 2.121E+017 17.327

The values of AG® in the studied temperature range are in the negative region, and this indicates the
thermodynamic probability of reactions 5-8. From the comparison of the values of AG® reactions, it follows
that from a thermodynamic point of view, the probability of reactions occurring at these temperatures chang-
es in the following sequence: AI(CH;COQ); > Ca(CH;COQ), > KCH;COO > Mg(CHsCOQ),. In this case,
reactions 5 and 8 are exothermic, which follows from the negative values of AH’.

Kinetic regularities

Based on the above reactions, temperatures in the range of 333, 348, and 363 K were selected for effec-
tive recovery of acetic acid. The process time is 15, 30, and 45 minutes. The reaction rate was calculated ac-
cording to the formula (1). The results of the experiments are illustrated in Table 4.

The data in Table 4 designate the reaction rate slows down with increasing temperature and time. An
increase in temperature negatively affects the value of a-the degree of expenditure of sulfuric acid, since this
value decreases. This means the remaining part of the sulfuric acid did not have time to react with the ace-
tates in the solution.

Statistical processing of experimental data showed that at 333 K, the relationship between the studied
features is direct, the closeness (strength) of the connection on the Chaddock scale is high, the average ap-
proximation error (characterizes the adequacy of the regression model) is 5.0 %. Data at 348 and 363 K, the
dependence between the studied features is direct, the closeness (strength) of the connection on the
Chaddock scale is functional, the average approximation error is 1.8 % and 2.1 %, respectively.
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Table 4
The obtained experimental data
. . The degree e o Coefficient
Time, min| pH C, mol/l of expenditure, o v, mol/l-min Standard deviation of determination
333K
15min | 0.117 | 0.76383 42.23 0.07436 3.02
30min | 0.129 | 0.74190 76.30 0.06718 3.18 0.975
45min | 0.150 | 0.70794 95.46 0.05603 2.66
348 K
15min | 0.169 | 0.67622 25.92 0.04564 1.52
30min | 0.172 | 0.67236 50.40 0.04437 2.32 0.998
45min | 0.177 | 0.66484 71.40 0.04191 2.15
363 K
15min | 0.190 | 0.64534 20.17 0.03551 0.83
30min | 0.197 | 0.63530 36.60 0.03222 191 0.997
45min | 0.203 | 0.62661 49.99 0.02934 1.89
100 ~ y=18.10+1.77x
R=0.975
=
. y=3.76+1.51x
S 75 - R?=0.998
E
E —#—333K
=
i 50 - —8—348K
b —#—363K
= y=5.76-+0.99x .
@ R1=0.997 —— Linear (333K)
£ 25 - .
o - Linear (348K)
= .
— Linear (363K)
0 T T 1
15 30 45
Time, min

Figure 6. Dependence of sulfuric acid expenditure degree on time

The highest degree of expenditure of sulfuric acid, as presented in Table 4 and Figure 6, is 333 K and
45 min. This means that not all the sulfuric acid has been reacted and an excess of acid remains in the solu-
tion. The unreacted free sulfuric acid will interact with the formed soluble sulfates of magnesium, aluminum,
and potassium:

MgSQ, + H,SO, = Mg(HSO,),| 9
A|2(804)3 + 3HQSO4 = 2A|(HSO4)3l, (10)
K,SO4 + H,SO, = 2KHSO,| (12)

According to the reaction 9-10, insoluble compounds of magnesium, aluminum, and potassium hy-
drosulfate are formed, which precipitate without passing into solution.
The experimentally found Kinetic parameters are processed by the Pavlyuchenko method applying the

equation (2).

The effect of temperature and time on the degree of expenditure (o) during the recovery of acetic acid
and the results of processing experimental data in relation to the Pavlyuchenko equation are shown in Ta-

ble 5.
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Table 5
Results of experimental data processing
o (shares of 1) ‘ 1-o ‘ 3M_a 1-31—a ‘ T, min Ne
T=333K
0.4223 0.5777 0.832851 0.167149 15 3.87298
0.7630 0.2370 0.618846 0.381154 30 5.47722
0.9546 0.0454 0.356740 0.643260 45 6.70820
T=348K
0.2592 0.7408 0.904830 0.095170 15 3.87298
0.5040 0.4960 0.791578 0.208422 30 5.47722
0.7140 0.2860 0.658853 0.341147 45 6.70820
T=363K
0.2017 0.7983 0.927660 0.072340 15 3.87298
0.3660 0.6340 0.859072 0.140928 30 5.47722
0.4999 0.5001 0.793753 0.206247 45 6.70820

Based on the data in Table 5, a dependency graph 1—(1—oc)

0,7

U3

= f(«/? ) is constructed:

—8—333 K
348 K
363 K

Tl/2

3,87298 5,47722 6,7082

Figure 7. Dependency graph 1_(1_a)1’3 —f (ﬁ)

The reaction rate constants are found by the tangent of the angle of the straight lines to the abscissa axis
shown in Figure 7:

—at 333K, tg,1=k;=0.1175827;

— at 348K, tg,,=k,=0.0315797;

—at 363K, tg,3=k3=0.0096065.

The “apparent” activation energy of the recovery process is found by the graphical method. For these

purposes, a dependency graph Ink = f (le is constructed (Fig. 8).
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0,002754 0,002873 0,003003

Ink
o
ol

|

Figure 8. Dependency graph Ink = f [%j

Based on Figure 8 and using the formula (3), the “pparent” activation energy of the process was calcu-
lated. For the studied process, the E,y, Was 59.65 kd/mol. The found value of the apparent activation energy
allows concluding that the studied process takes place in the intra-diffusion region [23].

Characteristics of the resulting product

During the mixing of the acetate solution and sulfuric acid, a white crunocrystalline precipitate and a
solution of acetic acid were formed. The precipitate was pure calcium sulfate (gypsum). For the analysis, the
resulting calcium sulfate was dried isothermically at a temperature of 110 C to a constant weight. Dried cal-
cium sulfate was subjected to SEM and XRD analysis (Table 6, Fig. 9).

Table 6
Element-weight composition of the formed sediment
Element Weight, % | Interms of oxides, %
0) 48.03 -
Mg 0.29 0.48
Al 0.58 1.09
Si 0.54 1.15
S 22.33 55.82
K 0.32 0.38
Ca 27.91 39.04
: e e
:
: P F - g 3 P
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Figure 9. XRD analysis of sediment
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As mentioned above, in addition to calcium sulfate, there were compounds in the form of magnesium,
aluminum, and potassium hydrosulfate in the sediment. The data of element-weight and XRD analysis
proved the presence of these compounds in the composition of the sediment. From the XRD analysis, it was
found out the main structural compound in the sediment was calcium sulfate — 94.9 %. The remaining
5.1 % was probably occupied by the magnesium aluminum hydride compound. The white crystalline product
was acidic with a pH = 0.159, since it contained a small amount of free sulfuric acid.

The resulting by-product in the form of calcium sulfate can be used as a building material (gypsum)
[27]. To determine the suitability and use, a radiological analysis was carried out in the “National Center of
Expertise”. The samples were examined in accordance with the requirements of regulatory documents, in
particular “GOST 30108-94. Building materials and elements. Determination of specific activity of natural
radioactive nuclei” at the Progres BG gamma-spectrometric equipment. The results are shown in Table 7.

Table 7
Results of measurements of specific radioactivity
Specific effective Perm|§§|ble Ievgl of Construction Terms of use
Sample name o specific effective . . .
activity, Bk/kg f material class of building materials
activity, Ba/kg
Use in residential and
Calcium Sulfate 10£2 370 1 public bun_dlngs under
construction and re-
construction

As the measurement results show, the specific effective activity is within the permissible level and cor-
responds to the conditions of use in residential and public buildings under construction and being recon-
structed. The results of the study were confirmed by Protocol No. 18-pl/s / RO-21-0-1170 from 03.06.2021
“National Center of Expertise”.

Conclusions

The obtained research results demonstrate the suitability of the sulfuric acid method of recovery of an
acetate solution for reuse in the enrichment of low-grade phosphorites. The obtained and statistically pro-
cessed experimental data illustrate the operating technological parameters that are the temperature at 60 °C
and the time of 45 min. It was at these indicators that the highest degree of consumption of sulfuric acid was
achieved for the complete precipitation of calcium sulfate. Thermodynamic analysis revealed the regularity
of the reaction. The calculated “apparent” activation energy of the heterogeneous process was 59.65 kJ/mol.
This means the process takes place in the intradiffusion region. The resulting by-product in the form of cal-
cium sulfate can be used as a building material (gypsum). The presented results are complementary to the
information about the acid enrichment of low-grade phosphorites.
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E.b. PaitsimGexoB, Y. becrepexos, [1.A. AGnypazoBa, Y.b. Hazap6ek, 1.A. IlounTtankuna

KOJII[aHbIJIFaH cipKe KbIIIKbIJIBIH KYKipT KbIHNIKBIJILIMEH PETr¢HEpalnsjiay

Kazakcranma Kaparay OacceifHiHIH MIarblH TYHIpIIKTI docdar KeHAepiHiH HETI3iH KYpalThIH OpacaH 30p
¢docdar mmkizar 6asacel Gap. JKorapsl camanbl TayapiblK KEH KOPJIapbIHBIH CapKbUTYbl TOMEH CYPBIITHI
TEXHOTEHJIK KeHJIep/i OaifbITy MEH CYpBINTayIbIH KaHa dIICTepiH i3aeyre oKeieni, onapabiH Oipi Gocdat-
KPEMHUILT KaTtnap TacTap OONbIN TaObUIaAbl. 3epTTEy €Ki Ke3eHae Kyprisuuui: Oipinmm kesewae ¢ocdar-
KPEMHUIlTI KaTmap TacTap Cipke KbIIIKbUIBL 9[iCi apKbUIbl OaMbITBUIIBI, PEKUMIIK TEXHOIOTHSIIBIK,
napameTpiep, YpAICTiH KMHETHKAJIBIK )KOHE TEPMOAMHAMHKAIIBIK 3aHIbUIBIKTApbI aHBIKTaIbl. OChl Makaiana
3epTTEYOiH CKiHII Ke3eHI KapacTBIPBUIFaH: OHOa TOMEH CYpHINTH (ocdaT-KpeMHUilII Katmap TacTapibl
OalbITy Ke3iH/e MaiialaHbUIFaH CipKe KBIIIKBUIBIH KOJIETe JKapary ofici YChIHbUIFaH. byl sxarmaiiaa KyKipT
KBIIIKBUIBI CIPKE KBIIIKBUIBIHBIH KAJIbIHA KENTIPETiH areHTi peTiHae TaHaaiasl. JKypri3iireH 3eprreyiiepain
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Y.B. Raiymbekov, U. Besterekov et al.

IIBIHAWBUTBIFBI Ka3ipri 3aMaHFbl KeLICH i 3epTTeY SAICTEePiH KOIAaHyMEH HeTi3/eNe/li: pacTPIIbIK dJICKTPOHIBI
mukpockonusi, EDX jxone XRD rtanmay. HakTel peakuusHbIH KYpy MYMKIHIIMH aHBIKTay YLIH Ka3ipri
samanrel HSC 6.0 OarmapiaManblK >KacaKTaMachlH KOJAaHA OTBIPHI, TEPMOAMHAMHUKAIBIK Talaay
Kyprizinai. KnHeTHKambIK JepekTep ecenTey *KOMBIMEH aHBIKTAABL. AJBIHFaH SKCIEPUMEHTTIK MOIIMETTEp
CTATUCTHKAIBIK TangayaaH oTTi (YemIok 1IKanackl, CTaHIAPTThl aybITKY, aHbIKTay Kod(duimenti). Auerar
epITIHAICIHIH  KYKIPT KbHIIIKBUIBIMEH OpEKeTTeCy MEXaHW3Mi CypeTTelreH. 3epTIey  HoTIDKelepi
HaiagaHblIFaH CipKe KBIIIKBUIBIH KaJMblHa KeATIpyre KYKIPT KbIIIKbUIBI OMICIHIH JKapaMIIbUIBIFBI TypAaibl
KOPBITBIHABI JKacayFa MYMKIHIIK Oepeni. By jkarnmaiina xanpluii cynbgarel TYpiHIE )KaHaMa eHIM maiina
Oomampl. Byn eHiMal KypbUIBIC MaTepuanbl peTiHAe naipananyra Oomaabl (KP «¥nTTeIK capanrama
OpTaJIbIFbI» XaTTAMACBIMEH PacTANIFaH).

Kinm ce30ep: KBpIIKBUIIBI ATy, Cipke KBIIIKBUIBI, TOMEH CYPHINTH! (pocopurrep, 6aibITy, KYKIPT KBIIKBLTEL,
(hochaT-kpeMHUILT KaTmap Tactap, YeanoK IMKatackl, KaIbIUI CyIb(QaThL.

E.b. PaiipimGekoB, Y. becrepekos, I[1.A. A6aypasosa, ¥Y.b. Hazapbek, M.A. [Tountankuna

Perenepanust HCIOJIb30BAHHOM YKCYCHOM KHCJIOTBI CEPHOM KUCI0TOM

Kazaxcran pacmonaraer orpomMHo# (ocdaTHOH ChIppeBOl 0a30i, Ille OCHOBY COCTABISAIOT MHKPO3EPHUCTHIC
¢docdarubie pyasl Kaparayckoro 6acceiina. VcromeHne 3anacoB Ka4eCTBEHHBIX TOBAPHBIX Py IPHBOIHT K
IIOUCKaM HOBBIX METO/I0B HCIIOJIb30BaHUS 00OTallEHUsI U COPTUPOBKU HU3KOCOPTHBIX TEXHOT€HHBIX Py, OJI-
HHUM U3 KOTOPBIX SIBISIIOTCS (ocaTHO-KpEeMHHUCThIE claHIpl. IIpeacTaBieHHoOe HccaeqoBaHUe ObIIO BBIION-
HEHO B J[Ba 3Tala: Ha IepBOi cTaauu $ochaTHO-KPEMHHUCTHIE CIIAHIBI 000TAIATNCH OCPEACTBOM YKCYCHO-
KHCJIOTHOTO METOJa, OBUIN OIPEAENICHbl PEKIMHBIE TEXHOIOTHUECKUE TTapaMeTphl, KHHETHIECKHE H TepPMO-
JUHAMUYECKHEe 3aKOHOMEPHOCTH TIporecca. B craTthe paccMOTpeH BTOPOM 3Tall HCCIEAOBAHUS, TI€ MPEIo-
JKeH METOJ YTHJIM3AIMU HCIIOIb30BAaHHOH YKCYCHOI KHCIIOTHI IIpH 00OTalieHHH HU3KOCOPTHBIX (ochaTHO-
KPEMHHUCTHIX CIIaHIEB. B 3TOM citydae cepHast KMCI0Ta OblIa BEIOpaHa B Ka4eCTBE PETCHEPHPYIONIETO areHTa
YKCYCHOHM KHCIJIOTHI. JlOCTOBEpHOCTH BEIITOJTHEHHBIX MCCIIEIOBAaHNI 000CHOBaHA IPUMEHEHHEM COBPEMEHHBIX
KOMIIJIEKCHBIX METOJIOB HCCIIEOBaHUN: pacTpoBOM 1eKTpoHHON Mukpockonuu, EDX- nu XRD-ananuza. s
OIIpe/IeNICHNs] IPOTEKaHUsI KOHKPETHOHM peakMy ObLI MPOBEJCH TePMOIUHAMUYECKHH aHAIN3 C MOMOIIBIO
coBpeMeHHOro mnporpamHoro obecneyenuss HSC 6.0. Kunetnueckue qaHHBIC MONyYEHBI PaCYETHBIM IIyTEM.
OKCcnepuMeHTalbHbIe JaHHbIE ObUIH MOABEPrHYTHI CTATHCTHYECKOMY aHammu3y (mkama Yengmoka, cTaHmapT-
HO€ OTKJIOHEHHE, KO3 (HUIUEHT AeTepMUHAnuy). MumocTpaTHBHO omvcaH MEXaHU3M B3aUMOJICHCTBHUS alle-
TaTHOTO PacTBOPA C CEPHOH KHUCIOTOH. Pe3ymbTaThl MCCle[OBaHMI TTO3BOJISIIOT CAETATh BHIBOA O MPUTOTHO-
CTH CEpPHOKHUCIIOTHOTO METO/Ia JUIsl pereHepaliy HCI0JIb30BaHHON YKCYCHOM KHCIIOTH. [1pu aTOM 00pasyercs
NOOOYHEIH MPOJYKT B BUJIE CyJb(aTa KaJbl¥sl, KOTOPBIH MOXXHO IPUMEHSTH B Ka4eCTBE CTPOUTEIILHOTO BSI-
KyIero marepuana (moarsepxkaeH Ilporokonom HarmonansHoro neHtpa sxcneptusbl Pecry6muku Kaszax-
CTaH).

Kniouegvie crosa: U3BIeUeHHE KUCIOTHI, YKCYCHAsl KUCIIOTa, HU3KOCOPTHBIE (ocHOPHUTHI, 0OOTaleHue, cep-
Hast KHCII0Ta, pocdaTHO-KPEMHHUCTHIE CIIaHIIbL, MKaida Yeanoka, cyab(ar KalbIus.
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