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ABSTRACT 
This article deals with the processing of distiller liquid of the main waste of soda production by treating it with 
natural sodium sulfate to produce a gypsum binder and filtrate containing sodium chloride and impurities. The 
filtrate after dissolving an additional amount of table salt in it and cleaning it from undesirable impurities can be 
used in the technology of producing soda ash. Sodium sulfate, used in experiments, is a natural salt of the deposits of 
the Kyzylorda region, which crystallizes as tenardite. The model solution of distiller liquid of soda ash production is 
prepared in accordance with the technological regulations of the Sterlitamak soda plant. The Gibbs energy was 
calculated to determine the possibility of an interaction reaction between calcium chloride and sodium sulfate in the 
presence of impurities (Gт

0).Based on the chemical composition of the distiller liquid, the required amount of 
natural sodium sulfate is calculated. The optimal parameters of the process modes of distiller liquid utilization, the 
consumption of natural sodium sulfate in the range of 84100% of stoichiometry, the temperature and duration of 
the process are determined. 
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INTRODUCTION 
Kazakhstan is one of the leading countries in the world's mineral resource balance in terms of proven 
reserves of many minerals1. The extraction and processing of natural mineral salts are one of the most 
promising directions for the development of the chemical industry in Kazakhstan. Most of the developed 
production of inorganic salts is based on the use of soda ash, which must be purchased from the Russian 
Federation 2. The demand for the chemical industry of the Republic of Kazakhstan for soda ash is more 
than 300 thousand tons per year, which determines the need to create its production of soda ash. 
Currently, an agreement has been signed on the establishment of a joint Kazakh-Chinese enterprise for the 
construction of a plant for the production of soda ash in the Kyzylorda region with a capacity of 300 
thousand tons per year. 
Currently, there are mainly four methods of producing soda: ammonia (the solve method), from natural 
soda-containing raw materials, from nephelins and by carbonation of sodium hydroxide.3,4 
The wide practical use of the ammonia method for producing soda indicates its advantages over others. 
The raw materials needed to produce soda by the ammonia method are inexpensive, widespread and 
easily extracted, such as table salt or its brine and limestone, rock salt and deposited salt, as well as lake 
brine. The total reserves of table salt deposits in Kazakhstan are 1.3 billion tons. They are represented by 
various types of salt deposits: rock salt and deposited salt, as well as the brine of lakes.  
There are more than 75 soda factories in the world, where about 70% of soda ash is produced using the 
solve method4. 
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Currently, the leading position is occupied by China, which annually produces more than 20 million tons 
of soda ash, and the United States produces 11.7 million tons of soda per year.6 In Russia, which occupies 
the third position among the largest producing countries, the production of soda is much lower 4. 
However, with such multi-ton production facilities, the problem of recycling the liquid waste in the 
production of soda ash has not yet been solved and remains relevant.  
To solve the problem of disposal of liquid waste (distiller's liquid), the authors 5-7 proposed a method for 
producing soda ash and ammonium sulfate jointly - by processing the by-products of Merzeberg and 
Solway processes, including processing salt solution with distiller's liquid with soda ash for desulfation of 
salt solution to obtain gypsum and extracting pure salt from desulfated brine for its use in the production 
of soda ash. In some enterprises, distiller slurry is separated on filters and used in the production of 
cement or for other purposes. Settled or filtered distiller liquid can be processed into calcium chloride. 
This technology produced a product of soda ash and ammonium sulfate.  
The peculiarity of the production of soda ash using the dry lime method is the use of quick-ground lime 
for the regeneration of ammonia.8 This method can significantly reduce the specific consumption of water 
vapor and freshwater for production. 

 

Investigation of the Chemical and Mineralogical Composition of Natural Sodium Sulfate in the 
Southern Region 
Representative samples of raw materials – natural sodium sulphate of the southern region of Kazakhstan-
were previously selected for research. The salt composition of the samples is shown in Table-1. 
 

Table-1: Chemical Composition of Natural Sodium Sulfate (Thenardite) 
Appellation Salt Composition of Natural Sodium Sulfate, % in Samples 

No.1 No.2 No.3 No.4 No.5 No.6 
Na2SO4 94,18 93,98 96,80 84,02 92,19 91,82 
NaCl - - - 0,71 - - 

MgSO4 0,40 1,875 - - 0,90 1,32 
MgCI2 - - - 2,02 - 0,46 
CaSO4 2,465 3,859 2,07 4,951 5,12 4,42 
СаCI2 - - - 7,51 - - 
CaСO3 - - - - - - 
Al2O3 0,283 0,24 0,321 0,264 - 0,264 
SiO2 1,596 0,375 0,675 0,525 0,90 1,47 
К2O - - - - 0,085  - 

Fe2O3 0,10 - 0,071 - 0,221 0,121 
 

Content of the main component - sodium sulfate in samples of natural tenardite ranged from 84.02 to 
94.18%. Reduced content of the main component in sample 4 is associated with a high content of 
impurities - soluble calcium and magnesium salts, while the remaining impurities are almost on the same 
level with other samples. Sodium chloride was present in only one sample - No. 4, and its content was 
insignificant - 0.71%. Almost all samples of raw materials contain calcium sulfate from 2.07% to 5.12%. 
Magnesium-containing salts are represented by sulfate (sample 1, 2, 5, 6) and magnesium chloride 
(sample 4). The fluctuation of the content of magnesium salts is from 0.40% to 2.02% in terms of 
magnesium chloride and magnesium sulfate. The content of silicon compounds does not exceed 1.6%. 
The impurities of sesquioxides of iron and aluminum are insignificant and do not exceed 0.4% in total. 
When samples of natural sodium sulfate are dissolved in water, in addition to the basic substance, 
magnesium compounds may be present in the solution, the content of which does not exceed 0.6% of the 
basic substance content — sodium sulfate. At the initial stage, for the experiments, the average natural 
sodium sulphate (tenardite) composition was taken: Na2SO4 - 92.95%; CaSO4.H2O - 4.0%; MgSO4.H2O-
0.57%; Fe2O3-0.09%; Al2O3 - 0.40%; insoluble precipitate - 1.42; moisture - less than 1%. 

 

Thermodynamic Analysis of Chemical Reactions Occurring During the Conversion of Calcium 
Chloride in Distiller Liquid 
Distiller liquid for the production of soda ash contains, in addition to calcium and sodium chlorides, 
carbonates, sulfates and calcium hydroxide. Data on the joint decomposition of these compounds with 
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sodium sulfate and thermodynamic analysis of the reactions are not available in the literature. Interaction 
of calcium chloride with sodium sulfate is possible by reactions: 

Na2SO4+CaCl2+2H2O=2NaCl+CaSO4
.2H2Oтв     (1) 

 
Distiller liquid contains in addition to the main substance calcium chloride impurities MgCl2and Ca(OH)2. 
During the conversion of calcium chloride with sodium sulfate interaction is possible MgCl2and 
Ca(OH)2by the reaction: 

CaCl2+MgCl2+Ca(OH)2+3Na2SO4+4H2O=2CaSO4
.2H2Oтв+ 

+MgSO4+4NaCl+2NaOH                                 (2) 
 

Ca(OH)2+Na2SO4+2H2O=CaSO4
.2H2O+2NaOH                              (3) 

We can estimate the possibility of carrying out reactions 1, 2 and 3 by calculating the Gibbs energy. 
Based on the peculiarities of the temperature processes of distiller liquid formation in soda production, the 
Gibbs energy change is of particular interest (Gт

0) in the temperature range 293-373 К is of particular 
interest. 
Gibbs energy calculations (Gт

0) were performed using the HSC-51 program developed by the Finnish 
metallurgical company Outokumpy using the Reaction Equations subroutine and reference data НТ

0 and 
SТ

0 compounds.11The calculated thermodynamic data of the compounds and the dependence of the Gibbs 
energy change (Gт

0) on the temperature (t) for these reactions are given in Table-2. 
 

Table- 2: Gibbs Energy Change (GТ
0) Depending on Temperature 

No. Reaction Equation T, K GО
Т, kJ LogK 

1 Na2SO4+CaCl2+2H2O=2NaCl+CaSO4
.2H2O 293 

303 
313 
323 
333 
343 
353 
363 
373 

-72,479 
-71,884 
-71,268 
-70,633 
-69,978 
-69,306 
-68,618 
-67,913 
-67,194 

12,916 
12,387 
11,889 
11,418 
10,973 
10,551 
10,15 
9,769 
9,407 

2 CaCl2+MgCl2+Ca(OH)2+3Na2SO4+4H2O= 
=2CaSO4

.2H2Oтв+MgSO4+4NaCl+2NaOH 
293 
303 
313 
323 
333 
343 
353 
363 
373 

-64,473 
-63,346 
-62,177 
-60,97 

-59,725 
-58,446 
-57,135 
-55,791 
-54,418 

11,489 
10,916 
10,372 
9,856 
9,365 
8,898 
8,452 
8,026 
7,618 

3 Ca(OH)2+Na2SO4+2H2O= 
=CaSO4

.2H2O+2NaOH 
293 
303 
313 
323 
333 
343 
353 
363 
373 

85,867 
86,366 
86,885 
87,423 
87,977 
88,548 
89,134 
89,735 
90,349 

-15,301 
-14,883 
-14,494 
-14,132 
-13,795 
-13,48 

-13,185 
-12,908 
-12,648 

 

Table-2 shows that in the temperature range of 293-373K for reactions 1 and 2, the values of, calculated 
using the HSC complex program have negative values, which indicates the possibility of a reaction of the 
interaction of calcium chloride with sodium sulfate to form NaCl, CaSO4.2H2O, MgSO4 and NaOH. The 
interaction of calcium hydroxide with sodium sulfate to form CaSO4.2H2O and NaOH is impossible 
(reaction-3), since the value Gт

0 has a positive value. 
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EXPERIMENTAL 
Following the logic of scientific research on the topic of the work, the authors selected a method for 
conducting research. It is a complex theoretical and experimental method, the combination of which gives 
the greatest accuracy to explore this complex and little-studied issue, as the technology of processing of 
distilled liquid soda ash production using natural sodium sulfate deposits in the Kyzylorda region of 
Kazakhstan. 
The paper studied the processes of thermal transformation of gypsum and the laws of hydration of its 
firing products, structural and textural transformations of gypsum under the influence of different 
temperatures. 
The composition of the model solution and model experiments conducted using chemically pure solutions 
are given below. 
Gibbs energy calculations (Gт

0) were carried out using the HSC-51 program developed by the Finnish 
metallurgical company Outokumpy using the Reaction Eguations subroutine, and reference data for НТ

0 
and SТ

0 compounds. 
 
Calculation of Stoichiometric Reagent Consumption 
Based on the chemical composition of the distiller liquid, its component composition is calculated. The 
total content of calcium ions was calculated taking into account its content in hard to dissolve compounds 
of calcium carbonate and sulfate. 
Distiller liquid composition, wt %: СаСl2 – 11.52; NaCl – 5.61; Са(ОН)2 – 0.89; СаSO4  - 0.25; СаСО3 - 
0,59; insoluble precipitate – 0.03, Н2О – 81.11; in the form of ions, %: Са2+ - 4.94; Cl—10.77; Na+ - 2.21; 
SO4

2—0.18; СО3
2- -0.35; insoluble precipitate – 0.03; Н2О – 81.52. 

The stoichiometric flow rate of sodium sulfate was determined taking into account the total amount of 
calcium ions in distiller liquid. The total calcium content in distiller liquid was calculated as follows, %: 
content Са2+inСаСl2 =11,52∙40/111= 4,16;  
contentСа2+inСа(ОН)2 =0,89∙40/74= 0,48; 
contentСа2+in СаSO4 =0,25∙96/136= 0,07;  
content Са2+in СаСО3 =0,59∙40/100= 0,24;  

Total content Са2+ =4,94% 
Consumption Na2SO4 = 4.94 ∙ 142/40 = 17.54 g per 100 g distiller liquid  
Where: 142 molar mass of Na2SO4. 
 

Consumption of sodium sulfate without regard to "bound" calcium in the form of carbonate and calcium 
sulfate will be: 

Ca = 4.94-0.07-0.24 = 4.63g 
Na2SO4 = 4.63 ∙ 142/40 = 16.44 g per 100 g distiller liquid 

When performing analytical control in real technological conditions, the total content of calcium ions in 
distiller liquid was determined, so we decided to calculate the norm of sodium sulfate for the total content 
of calcium in distiller liquid. 
Then the stoichiometric consumption of sodium sulfate, taking into account its content in natural raw 
materials (92.95%) will be: 

N = 17.54 / 0.9295 = 18.87 g of sodium sulphate per 100 g distiller liquid 
 

In experiments, 200 g distiller liquid was used; the consumption of natural sodium sulfate (tenardite) 
varied in the range of 84127% of stoichiometry. The choice of the norm of sodium sulfate in this 
interval will determine the maximum degree of conversion of calcium chloride to form large-scale 
dihydric calcium sulfate and the filtration rate of gypsum. Sodium sulfate was supplied as a solution and 
as solid salt. The time of conversion of calcium chloride was changed within 15-60 minutes, the 
temperature - from 293 to 373°C. The timing is associated with a period of dissolution of natural sodium 
sulfate and formation of calcium sulfate, and recycling the heat of distilled liquid of soda production 
coming out of the distiller with a temperature of 366-368 K. Direct processing of distilled liquid natural 
sodium sulfate allows to carry out the process without additional cost and prior cooling of distilled liquid 
within the temperature range of 343-363K. 
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Method of Conducting the Experiment 
To comply with the composition of the model distiller liquid used in our research, CaCl2 and NaCl were 
dissolved in water with the addition of appropriate amounts of impurities. In the course of the 
experiments, the amount of distilled liquid used varied depending on the experimental conditions.  
The reaction was carried out in a 0.5 L glass flask with a reflux condenser and a stirrer. The flask was 
fixed in a thermostated water bath of the ULABUT-4302E type with a paddle stirrer of the G-2000A type 
with a power of 120 W with a rotation speed of the stirrer from 60 to 1000 rpm. The choice of the rotation 
speed of the mixer 60 rpm is because below this speed (5-50 rpm) the upper part of the resulting viscous 
pulp does not stir, and there is a stagnation of the pulp. Therefore, in the experiments, the speed of the 
stirrer was set at 60 rpm. In each experiment, 200 ml of distiller liquid was charged to the flask and the 
calculated amount of sodium sulfate was heated to a given temperature. Sodium sulfate was added to the 
solution as a solid salt or a previously prepared saturated solution (35-40% Na2SO4) at a rate of 0.11 g/s. 
depending on the conditions of conversion in accordance with the specified amount (within the 
consumption rate of 0.84-1.3). The mixing time was changed from 15 to 60 minutes to determine the time 
to reach equilibrium in the system and to achieve the maximum degree of conversion of calcium chloride. 
Figure-1 shows the laboratory setup, consisting of a thermostat and a mixing device. 
To prevent water evaporation during the conversion process, the reactor is equipped with a reverse 
refrigerator. Upon completion of the conversion, the resulting suspension was separated by filtration 
under vacuum at the Bunsen flask – Buchner funnels installation (Fig.-2). The resulting precipitate of 
calcium sulfate was washed with hot water and then dried in a drying Cabinet. 
After drying, the washed and unwashed sediment and filtrate were analyzed for the content of basic and 
impurity components using chemical analysis. The content of calcium and magnesium ions in the filtrate 
was determined by volume method (EDTA titration), the content of chlorine ions was determined by 
AgNO3 titration, the content of sulfate ions was determined by weight method by precipitation of barium 
chloride in a hydrochloric acid solution in the form of BaSO4 according to GOST 6318. 
 

 
 

Fig.-1: Laboratory Installation for Studying the Conversion of Distiller Liquid 
 

RESULTS AND DISCUSSION 
Research on the impact of time on conversion process indicators. 
During the deposition of calcium sulfate, the influence of conversion temperature, reaction time, and 
sodium sulfate norm on the process parameters was studied. The filtration performance of the sludge, the 
content of the main components in the filtrate, wash water and sediment were determined. Precipitation 
analysis was further studied using a scanning electron microscope and compared with the results of 
analytical studies. 
The conversion of calcium chloride was studied in a time interval of 15 to 60 minutes. The optimal 
indicator of the process was considered to be the lowest content of calcium ions in the filtrate since it is 
then fed to dissolve an additional amount of sodium chloride to form a saturated solution and is purified 
from the dissolved calcium. The results of the study are presented in Table-3 and Figs.-3 and 4. 
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Fig.-2: Installation for Filtering the Resulting Suspension 

 

Table- 3: Changes in the Composition of the Filtrate in Various Modes of Conversion Distiller Liquid 
No. Time, min Process 

Temperature, K 
Sodium Sulphate Norm 

N 
Content in the Liquid 

Phase, Wt. % 
Mole Ratio 

(Ca2+/ SO4
2-) 

Ca2+ SO4
2- 

1 15 

343 

100% Stoichiometric 
 

0,58 0,52 2,7 
2 30 0,24 0,41 1,4 
3 

45 
0,14 0,71 0,47 

4 0,07 0,65 0,2 
5 60 0,18 0,51 0,85 
6 15 

353 

100% Stoichiometric 
 

0,88 0,25 8,4 
7 30 0,55 0,18 7,3 
8 

45 
0,31 0,34 2,2 

9 0,15 1,02 0,35 
10 60 0,49 0,23 5,1 
11 15 

343 

84% of stoichiometry 
 

1,39 0,17 19,6 
12 30 1,07 0,29 8,8 
13 

45 
0,42 0,30 3,4 

14 0,58 0,30 4,6 
15 60 1,13 0,06 45,2 
16 15 

353 

84% of stoichiometry 
 

0,64 0,14 11,0 
17 

30 
0,25 0,20 3,0 

18 0,54 0,16 8,1 
19 

45 
0,37 0,34 2,2 

20 0,33 0,32 2,5 
21 60 0,39 0,13 7,2 
22 15 

363 

84% of stoichiometry 1,20 0,10 28,8 
23 30 1,16 0,12 23,2 
24 45 1,06 0,12 21,2 
25 60 2,07 0,11 45,1 

 

The molar ratio of calcium ions and sulfate ions for experiments varies greatly depending on the ratio of 
reagents. The most optimal parameters should be considered "zero" or slightly less than 1 sulfate mode, 
since in this case the cationic-anionic equilibrium of calcium sulfate in the solution is established and high 
conversion rates are achieved. 
From Table-3 and Fig.-3, 4 it follows that the minimum content of calcium ions in the filtrate is achieved 
by 45 minutes in all experiments, but a pattern of increasing content of calcium ions by increasing the 
processing time 45 to 60 minutes is maintained for all temperatures and norms that can be explained by 
the effect of salting-out calcium. 
The process with a lack of precipitator causes the incomplete conversion of calcium chloride to sulfate 
and, as a consequence, a higher (compared to stoichiometry) calcium ion content in the filtrate for all 
temperatures throughout the entire process time range. Thus, the minimum attainable Ca2+ content, in this 
case, does not exceed 0.33%, whereas, at the stoichiometric rate of the precipitant, it is 0.07%. 
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Based on the kinetic study, the duration of the conversion process was determined to be 35-45 minutes, 
ensuring the minimum content of calcium ions in the filtrate, regardless of the process temperature and 
sodium sulfate rate. 
 

 
Fig.- 3: Dependence of the Content of Ca2+ in the Liquid Phase on the Process Time with the Stoichiometric Norm 

of Sodium Sulfate-From 100% of Stoichiometry 
 

 
Fig.- 4: Dependence of the Content of Ca2+ in the Liquid Phase on the Process Time at a Rate of Sodium Sulfate - 

From 84% of Stoichiometry 
   

CONCLUSION 
The composition of natural sodium sulfate (tenardite) of the South region of Kazakhstan was studied and 
studied. It is established that natural sodium sulfate consists of Na2SO4; CaSO4∙2H2O; MgSO4∙H2O; 
Fe2O3; Al2O3; insoluble precipitate and H2O. 
A model solution of distiller waste of soda ash production was prepared in accordance with the 
technological regulations of the Sterlitamak Soda Factory. The composition of the model solution is 
prepared using chemically pure reagents. 
To determine the possibility of a reaction between calcium chloride and sodium sulfate in the presence of 
impurities, Gibbs energy (∆GT

0) was calculated using the HSC-51 program developed by the Finnish 
metallurgical company Outokumpy using the Reaction Aguations subroutine and reference data for ∆HT

0 
and ST

0 compounds.  
The performed thermodynamic analysis (based on the calculation of ∆GT

0) shows that: 
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 the interaction of calcium chloride with sodium sulfate according to reactions 1 and 2 is 
thermodynamically possible. With an increase in temperature from 293 K to 373 K, due to the 
decrease in the negative value of the Gibbs energy, the thermodynamic probability of the formation of 
CaSO4∙2H2O decreases; 

 the interaction of calcium hydroxide with sodium sulfate is characterized by positive values of ∆GT
0; 

therefore, the formation of calcium sulfate dihydrate and sodium hydroxide in the temperature range 
293-373 K is thermodynamic impossible. 

Based on the chemical composition of the distiller liquid, the required amount of natural sodium sulfate 
was calculated. The choice of the modes of the process of utilization of distiller liquid, the consumption 
of natural sodium sulfate in the range of 84-100% of stoichiometry, the temperature and the duration of 
the process were made. 
Based on the kinetic study, the duration of the conversion process was determined to be 35-45 minutes, 
ensuring the minimum content of calcium ions in the filtrate, regardless of the process temperature and 
sodium sulfate rate. 

REFERENCES 
1. Today.kz/news/ekonomika/2017-05-17  
2. http://fr.zone-secure.net/13451/451623/#page=53 
3. M.Y. Khan, A. Samanta, K. Ojha, A. Mandal, Asia-Pacific Journal of Chemical Engineering, 3, 

579(2008), DOI:10.1002/apj.212   
4. http://fr.zone-secure.net/13451/451623/#page=53 
5. https://www.statista.com/statistics/587223/sodium-carbonate-production-worldwide/ 
6. https://minerals.usgs.gov/minerals/pubs/commodity/soda_ash/mcs-2017-sodaa.pdf  
7. https://www.statista.com/statistics/587223/sodium-carbonate-production-worldwide/ 
8. Yanmin Shena, Tiangui Wangb  Advanced Materials Research, 233(235), 897(2011), 

DOI:10.4028/www.scientific.net/AMR.233-235.897 
9. European Chemical Industry Council, Ippc Bat Reference Document Large Volume Solid 

Inorganic Chemicals Family Process Bref for Soda Ash, ESAPA- European Soda Ash 
Producers Association Issue, No.3, March 2004, Document approved by ESAPA.  

10. ROINE, Outokumpy HSC Chemistry for Windows, Chemical Reaction and Equilibrium Software 
with Extensive Thermochemical Database, Pori: Outokumpy Research OY. 

11. D. L. Aulifa, I. K. Adnyana, Sukrasno and J. Levita, Rasayan Journal of Chemistry, 13(1), 11(2020), 
DOI:10.31788/RJC.2020.1315397 

[RJC-5888/2020] 


