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KINETICS OF CALCIUM CARBONATE PRECIPITATION AS A COMMERCIAL 

PRODUCT OF SODA INDUSTRY WASTE DISPOSAL 
 

The article studies the calcium carbonate precipitation process's kinetic characteristics. The liquid waste of 

sodium carbonate and purified sodium bicarbonate production was used as the raw material. The reaction order, 

rate constant, activation energy and the area of the course of the process were determined. 

 

Keywords: calcium carbonate, precipitation, waste, soda production, kinetics. 

 

Introduction 

Soda production is one of the leading branches of 

the chemical industry. The main products of soda 

production are sodium carbonate or soda ash (Na2CO3), 

sodium bicarbonate or baking soda (NaHCO3), and 

sodium hydroxide or caustic soda (NaOH). Soda ash is 

the largest-volume strategic product of the soda 

industry. The main areas of soda ash application include 

the glass industry (about 40 % of total consumption), 

chemical and petrochemical enterprises (26 %), 

metallurgical plants (15 %), pulp and paper production 

(4 %) and other areas (15 %) [1]. In recent decades, the 

average soda ash need in the domestic Ukrainian market 

has been about 300,000 tons per year. 

Almost all countries in the world produce soda ash 

by the Solvay method (ammonia-soda process), using 

sodium chloride as a raw material. According to this 

method, brine is first prepared – a concentrated solution 

of NaCl. Then the brine is purified from impurities 

(calcium and magnesium ions) and saturated with 

ammonia NH3. The ammonia solution is treated with 

carbon dioxide. CO2 is previously obtained by thermal 

decomposition of limestone or chalk CaCO3. During the 

carbonization process, a precipitate is formed in the 

form of sodium bicarbonate NaHCO3. The resulting 

precipitate is filtered, and the calcination process is 

carried out, as a result of which the product is formed – 

sodium carbonate Na2CO3. 

The main advantages of the Solvay method are 

widespread distribution and relatively simple raw 

materials (NaCl, CaCO3) extraction; well-established 

and stable technological processes; high product quality; 

and relatively low soda ash cost. Despite its significant 

advantages, the main disadvantage of the Solvay method 

is the generation of a large amount of waste. This is 

explained by the peculiarities of the technology, 

according to which it is practically impossible to fully 

utilize the starting raw materials. 

Thus, during the production of 1 ton of soda ash, 

approximately 1 ton of ammonium chloride NH4Cl is 

formed at the final stage. The solution of this substance 

is treated with lime milk Ca(OH)2 to regenerate 

ammonia. This produces a distillation suspension in the 

amount of 8–12 m3, which contains 200–250 kg/m3 of 

dry residue. The liquid phase of the suspension (distiller 

liquid) is an aqueous solution of mineral salts, the main 

components of which are calcium and sodium chlorides. 

The solid phase of the suspension consists of a mixture 

of calcium hydroxide, carbonate and sulfate, and 

magnesium, silicon, aluminium and iron oxides. The 

distillation suspension is the most voluminous waste of 

soda ash production [2]. 

It should be noted that the various types of soda 

production, including baking soda, are accompanied by 

the formation of solid, liquid and gaseous wastes. These 

wastes enter the environment and pollute it [3]. In turn, 

soda production waste and semi-products can be used as 

raw materials for the manufacture of other commercial 

products [4]. The authors proposed a method for 

obtaining chemically precipitated calcium carbonate 

from waste of soda ash and baking soda production. 

Literature Review 

Chemically precipitated calcium carbonate 

(CaCO3) belongs to the carbonate fillers group that is 

part of materials' wide range. The main function of 

fillers is to reduce the product's cost and give them 

specific properties: strength, hardness, thermal 

resistance, weather resistance, acid resistance, 

transparency, colour shades, etc. It is obtained in two 

ways. The first method involves grinding rocks and 

sedimentary deposits (limestone, chalk, marble) [5], and 

the second method is chemical precipitation from 

solutions [6]. In both cases, finely dispersed calcium 

carbonate is formed, but in the second method, as a rule, 

the particles are smaller. In addition, among the 

advantages of chemically precipitated calcium 
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carbonate, it is necessary to note the high content of the 

main substance – CaCO3, high purity and non-toxicity, 

high whiteness and low refractive index, low hardness, 

abrasiveness, hygroscopicity and the absence of 

crystallization water in the product. 

The main share of carbonate filler consumption is 

in the production of plastics, rubber products, paints, dry 

building mixtures, paper and glass. High-purity 

chemically precipitated calcium carbonate is used in the 

food industry as a food additive (E 170) and in medicine 

for the manufacture of medicines. In agriculture, CaCO3 

is used as a chemical plant protection agent and as an 

additive to animal feed to regulate calcium balance in 

their body. 

Currently, most plants of chemically precipitated 

calcium carbonate production obtain the product by the 

lime method. This method involves carbonization of a 

Ca(OH)2 suspension with carbon dioxide. The initial 

reagents (CaO and CO2) are formed during the carbonate 

raw materials calcination in lime kilns at a temperature 

of about 1000 °C [7]. The existing technology is 

characterized by high energy consumption, low intensity 

and high requirements for raw materials quality, since its 

preliminary purification from impurities is not provided. 

In this regard, the resulting product does not always 

meet the established requirements for the dispersion 

degree and bulk density. Those characteristics depend 

on the speed of the carbonization process, and the 

residual free alkalinity of the product in the form of 

CaO, which is a consequence of conversion low degree. 

It is possible to overcome the main disadvantages 

of the lime method if neutral solutions of calcium salts 

are used as a source of calcium ions [8]. 

Analysis of literary sources [9–11] shows that it is 

possible to obtain calcium carbonate with necessary 

properties only if it is precipitated from pure solutions 

that contain well-soluble calcium salts. From this point 

of view production of chemically precipitated СаСО3 on 

the basis of wastes of soda ash industry is of 

considerable interest. 

It is proposed to use a clarified distiller liquid of 

soda ash production and excess mother liquor of purified 

sodium hydrogen carbonate manufacture (baking soda) 

as raw materials. The distiller liquid contains 120–

180 g/dm3 of calcium and sodium chloride and the 

mother liquor contains up to 150 g/dm3 of carbonate and 

hydrocarbonate ions. Both of the solutions are not 

further used in the relevant production cycles and are 

pumped to sludge tanks or dumped into natural 

reservoirs. It all leads to an ecological catastrophe [12]. 

Therefore, the relevance of the authors' scientific 

research is due to the development of a method for 

industrial waste recycling to obtain a marketable 

product. This will contribute to increasing the 

environmental safety of the soda industry. 

Research Aim 

The work aims to study the process of calcium 

carbonate precipitation from the liquid wastes of soda 

production and determine the main kinetic 

characteristics. 

Discussion of Results 

The composition of the clarified distiller liquid and 

the excess mother liquor is given below (Table 1). 

 

Table 1 

Chemical composition of soda production waste 

Quality composition 
Qualitative composition, 

g/dm3 

Clarified distiller liquid 

CaCl2 149,77 

NaCl 69,78 

CaSO4 5,81 

MgCl2 2,44 

Excess mother liquor 

NaHCO3 145,25 

Na2CO3 52,99 

NaCl 5,26 

 

The qualitative composition of the specified wastes 

makes it possible to obtain calcium carbonate according 

to the equation of chemical reaction: 

 

СаС12 + Na2CO3 = CaCO3 ↓ + 2NaC1; 

СаС12 + 2NaНCO3 = CaCO3 + 2NaC1 + Н2О + СО2. 

 

During the study of calcium carbonate precipitation 

from solutions, considerable attention was paid to the 

research of the process kinetic regularities. This later 

made it possible to determine the mechanism and 

optimal technological conditions for obtaining CaCO3 

[13, 14]. 

In laboratory experiments, calcium carbonate 

precipitation was carried out in a precipitator reactor, 

where the starting solutions were fed in the appropriate 

sequence. The process was carried out at a given 

temperature range (323–363 K) with constant mixing 

(Re = 16000). The time range for the calcium carbonate 

sediment formation was set from 1 to 10 minutes. 

The obtained СаСО3 sediment was separated from 

the mother liquor on a vacuum filter, washed with 

distilled water from chlorine ions, dried and tested to 

determine its basic physical and chemical properties. 

The obtained mother liquor after filtration was analyzed 

for the residual calcium ions content. Therefore, the 

kinetics of the calcium carbonate formation process was 

studied by determining the precipitation degree 

dependence of the initial substances (in terms of Ca2+ 

ions) on the time and temperature of the process. The 
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precipitation process was carried out at simultaneous 

mixing of the clarified distillation liquid with excess 

mother liquor at a stoichiometric ratio of reagents. 

The study’s results (Fig. 1) indicate for increase in 

calcium carbonate precipitation degree with increasing 

process temperature. This is explained by the decrease in 

the solubility of CaCO3 under the experimental 

conditions. It is known that NaCl, in the solution of 

which a precipitate is formed, increases the calcium 

carbonate solubility. However, according to the “salt” 

effect equation [15], it was determined that both in a 

pure solvent (water) and in a sodium chloride solution, 

the calcium carbonate solubility decreases with 

increasing temperature. 

 

 
Fig. 1. The dependence of precipitation degree of 

calcium carbonate on temperature and process time (K): 

1 – 323; 2 – 343; 3 – 363 

 

During the research, the main kinetic 

characteristics of calcium carbonate formation were 

determined: rate constant, reaction order and activation 

energy. Also, a kinetic equation for the precipitation 

process of CaCO3 from the initial solutions was 

obtained. The kinetic model was derived using the 

general equations of chemical reaction kinetics. In this 

case, the initial solution supersaturation, which is the 

driving force for the precipitate formation, was used as 

the reactant concentration. 

The kinetic equation of calcium carbonate 

precipitation in the general case has the following form: 

 

,)(
)( nxCk

d

xCd

d

dx
−=

−
−=



  (1) 

 

where x – precipitated substance amount at time τ in 

unit volume of solution, mol/dm3; ∆C – absolute 

supersaturation of the initial solution, mol/dm3; k – rate 

constant; n – reaction order; τ – time, s. 

The absolute supersaturation of the initial solution 

in calcium ions ∆C under the experimental conditions is 

1.35 mol/dm3. 

The amount of precipitated substance x can be 

expressed in terms of the precipitation degree (α, %): 

= Cx .  (2) 

 

It is known that crystallization can be described by 

a first- or second-order equation. The reaction order will 

depend on the salt precipitated nature, the temperature, 

the solution supersaturation degree, and the impurities 

presence. To determine the reaction order, the rate 

constant was calculated for the cases when n = 1 and 

n = 2. The reaction order will be chosen correctly if the 

rate constant value at a constant temperature does not 

change with time. In this case, the average relative error 

of the calculations should not exceed 10 %. 

For a first-order reaction, the rate equation has the 

form: 

 

)(
)(

xCk
d

xCd
−=

−
−


.  (3) 

 

After separating variables and integrating 

formula (3) over the ranges from 0 to τ and from 0 to x, 

we obtain the equation for calculating the rate constant 

for n = 1: 

 

 −
=

1

1
ln

1
k .  (4) 

 

For calculations, the precipitation process time was 

chosen from 1 to 3 min. It is on this section that the 

process goes most intensively. After 3 min, the calcium 

carbonate precipitation degree, and therefore the process 

rate, practically does not change over time (Fig. 1). 

Using formula (4), the rate constants values of the 

calcium carbonate precipitation reaction for the first-

order kinetic equation were calculated at different times 

and temperatures (Table 2). 

The relative error δ was determined by the formula: 

 

%100
−

=
−

−

k

kk
 .  (5) 

 

Calculation data (Table 2) show that the rate 

constant values for the first-order kinetic equation 

gradually decrease with increasing precipitation time, 

and the average relative error exceeds 10 %. A 

systematic decrease in the reaction rate constant with 

time is a sign of an underestimated value of the selected 

reaction order. Thus, it can be assumed that the reaction 

order of calcium carbonate formation is higher than 1. 

For a second-order reaction, the process rate is 

described by the equation: 

 

.)(
)( 2xCk

d

xCd
−=

−
−


  (6) 
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Table 2 

The rate constant value of the calcium carbonate precipitation reaction at n = 1 

Time, s 
Rate constant, k, s−1 

323 К 343 К 363 К 

30 0,0376 0,0435 0,0538 

60 0,0276 0,0323 0,0419 

120 0,0181 0,0218 0,0260 

180 0,0138 0,0171 0,0193 

Average value of the rate constant, 
−

k , s−1 
0,0243 0,0287 0,0353 

Average relative error, 
−

 , % 34,3 32,2 35,8 

 

Then the rate constant for a second-order reaction 

can be calculated using the formula: 





 −



=

1

11

С
k .  (7) 

The rate constant calculated values for the second-

order kinetic equation (Table 3) change little with the 

precipitation time. This shows that the reaction order is 

chosen correctly, and the kinetic equation (6) is adequate 

to the experimental data presented in Fig. 1. 

 

Table 3 

The rate constant value of the calcium carbonate precipitation reaction at n = 2 

Time, s 
Rate constant, k, mol−1·dm3·s−1 

323 К 343 К 363 К 

30 0,0517 0,0665 0,0994 

60 0,0525 0,0733 0,1403 

120 0,0477 0,0786 0,1343 

180 0,0449 0,0854 0,1291 

Average value of the rate constant, 
−

k , mol−1·dm3·s−1 
0,0492 0,0758 0,1258 

Average relative error, 
−

 , % 5,9 7,9 10,4 

 

The kinetic equation (6) in differential form is not 

very convenient for practical use. It can be transformed 

into the dependence of CaCO3 precipitation degree on 

time, temperature, and the starting solutions initial 

supersaturation. Then, the kinetic model of the calcium 

carbonate precipitation process will have the following 

form: 

 

Ck

Ck

+


=






1
.  (8) 

 

During the calculations, the rate constants values 

of CaCO3 precipitation depending on temperature were 

obtained. This made it possible to determine the 

activation energy of the precipitation process. The effect 

of temperature on the rate constant is described by the 

Arrhenius equation: 

 











−=

TR

E
kk exp0

,  (9) 

 

where k0 − pre-exponential factor; E – activation 

energy, kJ/mol; R – universal gas constant, which is 

8.3143 J/(mol·K); T – temperature, K. 

Taking the logarithm of equation (9) gives it the 

form: 

 

RT

E
kk −= 0lnln .             (10) 

 

To determine the activation energy of the calcium 

carbonate precipitation process, a graph was 

constructed. The graph has a form of a linear 

dependence of the rate constant logarithm on the inverse 

temperature ln k = f (1/T) (Fig. 2). 

Based on the calculations, the following empirical 

equation was obtained: 

 

T
k

1
1,27454664,5ln −= .             (11) 

 

According to equation (11) 
R

E
 = 2745,1 та 

0ln k  = 5,4664. 
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Fig. 2. The dependence rate constant of the calcium 

carbonate precipitation process on temperature 

 

Then the pre-exponential factor will be 

k0 = 236.6060 mol−1·dm3·s−1, and the activation energy 

will be E = 22.824 kJ/mol. 

Conclusions 

During experimental studies, it was found that the 

calcium carbonate precipitation process at simultaneous 

mixing of clarified distillate liquid with excess mother 

liquor at a stoichiometric ratio of reagents is described 

by a second-order kinetic equation.  

Experimental data on the dependence of the rate 

constant of the CaCO3 precipitation on temperature 

made it possible to determine the activation energy and 

the area of the course of the process. The calculated 

activation energy value shows that the calcium 

carbonate precipitation process from solutions occurs in 

the diffusion-kinetic (transitional) area. This activation 

energy value shows that the calcium carbonate 

precipitation process from solutions occurs in the 

diffusion-kinetic (transitional) area. In this case, the 

rates of diffusion (transfer process of the dissolved 

substance from the depth of the solution to the surface 

of the growing crystal) and interaction of initial reagents 

at the phase boundary (deposition process of the 

substance that crystallizes on the surface of the crystal) 

are approximately equal to each other. Therefore, both 

of these stages affect the process rate. 

Thus, the CaCO3 precipitate formation will be 

influenced by those factors that determine the stages 

listed above. These include temperature, intensity of 

solutions mixing, presence of impurities in solutions, 

the supersaturation of the solutions, etc. 
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КІНЕТИКА ОСАДЖЕННЯ КАРБОНАТУ КАЛЬЦІЮ ЯК ТОВАРНОГО ПРОДУКТУ УТИЛІЗАЦІЇ 

ВІДХОДІВ СОДОВОЇ ГАЛУЗІ 

Є. О. Михайлова 

Харківський національний економічний університет імені Семена Кузнеця 

 

У статті розглянуто кінетичні дослідження процесу осадження кальцій карбонату з відходів содової 

галузі. Через особливості технологій у циклах відповідних содових виробництв утворюється велика 

кількість рідинних відходів, які зберігаються у шламонакопичувачах або скидаються до природних 

водоймищ, створюючи екологічну небезпеку для довкілля. Актуальним завданням є розроблення способів 

утилізації відходів содової галузі з одержанням товарних продуктів. Таким продуктом може стати 

хімічно осаджений карбонат кальцію, який широко використовується як мінеральний наповнювач для 

створення різних матеріалів. Зазвичай хімічно осаджений СаСО3 одержують вапняним способом шляхом 
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карбонізації суспензії кальцій гідроксиду газоподібним карбон (IV) оксидом. Даний спосіб має низку 

недоліків, що не дає можливість отримати продукт високої якості. На основі проведених теоретичних та 

експериментальних досліджень встановлено, що одержати хімічно осаджений кальцій карбонат потрібної 

якості можливо, якщо осадження проводити з чистих розчинів, які містять добре розчинні солі кальцію. 

Як вихідну сировину запропоновано використовувати розчини-відходи содової галузі: освітлену дистилерну 

рідину виробництва натрій карбонату (кальцинованої соди) та надлишковий маточний розчин виробництва 

гідрокарбонату натрію (харчової соди). Під час досліджень визначено основні кінетичні характеристики 

(порядок реакції, константу швидкості, енергію активації) та отримано кінетичне рівняння процесу 

осадження СаСО3 з вихідних розчинів. Це дало можливість визначити механізм і оптимальні технологічні 

умови одержання продукту. Кінетику утворення осаду кальцій карбонату вивчали шляхом встановлення 

залежності ступеня осадження вихідних речовин (у перерахунку на іони Са2+) від часу та температури 

процесу при одночасному змішуванні дистилерної рідини з надлишковим маточним розчином при 

стехіометричному співвідношенні реагентів. Осадження проводили від 1 до 10 хвилин. Встановлено, що 

процес утворення СаСО3 описується кінетичним рівнянням другого порядку. Значення констант швидкості 

при температурах 323, 343 та 363 К дорівнюють 0,0492, 0,0758 та 0,1258 моль-1·дм3·с-1 відповідно. При 

цьому середня відносна похибка розрахунків не перевищує 10 %. Енергія активації процесу осадження 

становить 22,824 кДж/моль. Величина енергії активації свідчить, що процес осадження кальцій карбонату 

протікає у дифузійно-кінетичній області. Отже, швидкість процесу осадження СаСО3 буде залежати від 

пересичення й складу вихідних розчинів, інтенсивності перемішування реакційної суміші та температури 

процесу. 

Ключові слова: карбонат кальцію, осадження, відходи, содове виробництво, кінетика. 


