
LAPPEENRANTA UNIVERSITY OF TECHNOLOGY 

LUT School of Engineering Science 

Master’s Degree Program in Chemical & Process Engineering 

 

 

 

 

 

 

 

 

 

 

Misbahu Abdurrashid Mustapha 

 

CARBONATE PRECIPITATION WITH CARBON DIOXIDE GAS 

 

 

 

 

 

 

 

 

 

 

Examiner: Professor Marjatta Louhi-Kultanen 

Supervisor: D.Sc. (Tech) Bing Han 



ABSTRACT 

Lappeenranta University of Technology 

LUT School of Engineering Science 

Master’s Degree Program in Chemical & Process Engineering 

 

Misbahu Abdurrashid Mustapha 

 

Carbonate Precipitation with Carbon Dioxide Gas 

 

Master’s thesis 

2015 

98 pages, 49 figures, 12 tables and 2 appendices 

 

Examiners: Professor Marjatta Louhi-Kultanen 

         D.Sc. (Tech) Bing Han 

 

Keywords: Precipitation, Magnesium carbonate, Carbon dioxide, Crystallization 

 

The aim of this thesis research work focused on the carbonate precipitation of magnesium using 

magnesium hydroxide Mg(OH)2 and carbon dioxide (CO2) gas at ambient temperature and 

pressure. The rate of dissolution of Mg(OH)2 and precipitation kinetics were investigated under 

different operating conditions. The conductivity and pH of the solution were inline monitored 

by a Consort meter and the solid samples gotten from the precipitation reaction were analysed 

by a laser diffraction analyzer Malvern Mastersizer to obtain particle size distributions (PSD) 

of crystal samples. Also the Mg2+ concentration profiles were determined from the liquid phase 

of the precipitate by ion chromatography (IC) analysis. Crystal morphology of the obtained 

precipitates were also investigated and discussed in this work.  

For the carbonation reaction of magnesium hydroxide in the present work, it was found that 

magnesium carbonate trihydrate (nesquehonite) was the main product and its formation 

occurred at a pH of around 7-8. The stirrer speed has a significant effect on the dissolution rate 

of Mg(OH)2. The highest obtained Mg2+ concentration level was 0.424 mol L-l for the 470 rpm 

and 0.387 mol L-1 for the 560 rpm which corresponded to the processing time of 45 mins and 

40 mins respectively. The particle size distribution shows that the average particle size keeps 

increasing during the reaction as the CO2 is been fed to the system. The carbonation process is 

kinetically favored and simple as nesquehonite formation occurs in a very short time. It is a 



thermodynamically and chemically stable solid product, which allows for a long-term storage 

of CO2.  

Since the carbonation reaction is a complex system which includes dissolution of magnesium 

hydroxide particles, absorption of CO2, chemical reaction and crystallization, the dissolution of 

magnesium hydroxide was studied in hydrochloric acid (HCl) solvent with and without nitrogen 

(N2) inert gas. It was found on the dissolution part that the impeller speed had effect on the 

dissolution rate. The higher the impeller speed the higher the pH of the solution, although for 

the highest speed of 650rpm it was not the case. Therefore, it was concluded that the optimum 

speed of the stirrer was 560rpm. The influence of inert gas N2 on the dissolution rate of Mg(OH)2 

particles could be seen based on measured pH, electric conductivity and Mg2+ concentration 

curves. 
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1. Introduction 

1.1 Background 

 

Owing to the high carbon level in the atmosphere which increases daily and in view of the 

possible hazards in the climatic changes because of the increment in the amount of carbon 

dioxide (CO2) generated in the atmosphere, research around the globe on different approaches 

to tackle this issue has immensely increased. In addition to investigation and research on 

sustainable, free energy sources, such as solar energy, numerous researches are focusing on 

carbon dioxide capture and storage (CCS) to minimize the ecological impacts. A quick 

diminishment of CO2 discharges can be achieved by CCS if it is taken into utilization at our 

present and future power plants and other CO2 sources from industries, for example, cement 

plants (Fagerlund and Zevenhoven 2011). The most used energy sources in the world today are 

fossil fuels because of their availability compared to renewable fuels which are a little bit too 

expensive. Thus, fossil fuels will continue to be in use in the coming decades as their abundance 

reserves are large enough (Huijgen and Comans 2003). The annual total amount of CO2 emitted 

due to human activities in the world is 7.0Gton of which 5.4Gton is caused by the combustion 

of fossil fuels (Liu and Zhao 1999). Carbonates, such as calcium and magnesium carbonates, 

are present in high concentrations in natural waters. The presence of these Mg2+ and Ca2+ ions 

as impurities has a destabilizing effect on drinking water and therefore they are needed to be 

removed. Hardness of water depends on the amount of divalent salts which are mainly calcium 

and magnesium which depends on the availability of CO2 to yield the carbonate hardness (Singh 

2015). 

 

The available abundant magnesium sources are for instance naturally occurring magnesium 

rich- rocks like serpentine and Olivine, wastes and by-products generated from fertilizer 

industries. These magnesium sources can be utilized in the preparation of magnesium carbonates 

(Han et al. 2014a). Other sources of magnesium which can be used include seawater, evaporitic 

saline deposits and artificial salt pans, of which most of them are not suitable in terms of cost 

and energy efficiency processes of CO2 sequestration (Ferrini et al. 2009). For the long term 
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storage of CO2, carbonations of magnesium and calcium silicates play an important role as one 

of the options now utilized. A new method of capturing and storing of CO2 based on 

precipitation of magnesium and calcium silicates and carbonates is under development. Some 

of the minerals that can be utilized for large scale CO2 storage purposes comprise of 

alkali/alkaline earth metal oxide compounds. Among the mentioned two earth metals, the most 

suitable used in the carbonation process are the alkaline earth metals because of the high 

dissolution rate in water of alkali carbonates which makes them less suitable, i.e they are too 

soluble to be precipitated with CO2 (Lackner 2002). 

 

Chemical trapping is an important technique utilized in the capture and storage of CO2 using 

cations like Mg2+, Ca2+ and Li+ in the formation of carbonates which are highly stable. Certain 

factors such as concentration of anions and the concentration/availability of metal cations have 

to be taken into account for a successful recovery of carbonates, thus ensuring a favorable 

condition of the precipitation and crystallization methods. Because of the complexity of the 

reaction between magnesium compounds and carbon dioxide gas is really complex, multiple 

carbonates could be obtained as products from such reactions which include magnesite 

(MgCO3), lansfordite (MgCO3∙5H2O), nesquehonite (MgCO3∙3H2O), and hydromagnesite 

[Mg5(CO3)4(OH)2.4H2O]. Operational conditions such as temperature, reactant concentration 

and pH have effect on the formation of the above mentioned carbonates (Han et al. 2014b). 

 

1.2 Aims and objectives 

 

In this research work of precipitation studies of MgCO3 with CO2, the main aim of the research 

was to find out the dissolution rate of Mg(OH)2 when the particles dissolve in the reaction of 

magnesium hydroxide with CO2 to produce MgCO3. Because of the complex nature of the 

reaction of Mg(OH)2 and CO2 due to solids that are always present in the whole process, it is 

not easily possible to study this complex reactions because of the many steps involved in it. The 

steps involve dissolution of reactant, absorption of CO2 gas, chemical reactions and 

crystallization. Thus, the dissolution of magnesium hydroxide was investigated in a 



15 

 

hydrochloric acid solution with and without nitrogen inert gas in order to better understand the 

dissolution mechanism and how bubble behaviors affect the dissolution in Mg(OH)2-CO2-H2O 

system. As the experiment in this research work was carried out by a semi batch crystallization 

in a jacketed stirred tank, another aim of the research work was to find out the effect of rotation 

speed, how the crystals nucleate and the growth rate based on the morphology analysis of the 

particle size distribution of the crystals in the precipitation experiments of the carbonates. 

If the above mentioned aims and objectives will be carried out successfully in the experimental 

part of the research work, a better understanding of precipitation of carbonates using carbon 

dioxide gas will be made clearer to those willing to find out more information on this topic. The 

main aim and objectives of any good scientific research is building knowledge, information and 

understanding regardless of its potential end uses. This research was undertaken with the 

unequivocal objective of tackling the issue of precipitation of carbonates using carbon dioxide 

gas. Adding to the innovation and along the way to that objectives, new learning and 

clarifications are built and added to the existing results already achieved experimentally on the 

same topic. 

 

1.3 Structure of the research study 

 

This research basically consists of two major parts. The first part of the research study concerns 

the literature review of the topic starting with the introduction part where the background of the 

topic with its aims and objectives were briefly discussed. The reasons for the capture and storage 

of carbon dioxide are also discussed. CO2 being an important gas is been generated from daily 

emissions of human activities. Therefore it has to be mitigated to make the environment safer 

for living in it. The research study goes on to talk about different carbonates from mineral 

carbonation which is a good procedure being used nowadays to capture carbon dioxide with 

different metal oxides that include magnesium, calcium etc. to form carbonates which are 

insoluble. Some of the important carbonates such as magnesium (which is the main carbonate 

to be studied in the experimental part), calcium and lithium carbonates were discussed in the 

research study. Precipitations of magnesium and calcium carbonate are introduced in the section 

of the literature part. As nucleation is a very important factor in the formation of crystals, 
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different types of nucleation-1) primary nucleation which is further subdivided into 

homogeneous and heterogeneous nucleation and 2) the second type of nucleation which is 

secondary nucleation were also discussed. Lastly, crystal formation and breakage are discussed 

before the experimental part. The experimental part describes the procedures of the experiments 

being used in the research work in order to achieve the desired goal of the intended objectives. 

The discussions about the experimental results were also discussed including 

suggestions/remarks that were observed during the experimental procedures. A conclusion 

based on the finding of the results were given. Figure 1 shows a scheme of the structure of the 

thesis. 

 

 

 

Figure 1. Structure of the thesis. 

 

 

Theoretical Part 
(Literature)

• Introduction

• Carbon dioxide (CO2) 

• Carbonates

• Nucleation & crystal growth

• Dissolution theory

• Analytical methods used in precipitation & 
dissolution studies

Experimental 
Part

• Experimental procedures

• Results & discussions

• Conclusion
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2. Carbon dioxide (CO2) 

2.1 CO2 capture and storage 

 

The influence of carbon dioxide (CO2) on climate as one of the principle greenhouse gases 

(GHGs) has been recognized for decades. The discharge of CO2 from combustion of fossil fuels 

and other sources such as from industrial processes have increased a lot because of rapid 

industrialization thus having an adverse effect on the climate on the earth surface. Assessments 

have shown that power generation account for 70% of the total CO2 discharged into our 

atmosphere due to combustion of fossil fuel around the world (Bandyopadhyay 2014). 

According to a research on greenhouse gases emissions by the U.S Energy Information 

Administration (EIA) as shown in Figure 2, most of the energy-related CO2 emissions originate 

from the combustion of natural gas, petroleum and coal. 

 

 

Figure 2. Global anthropogenic greenhouse gas emissions in 2004 (Metz et al. 2007). 

 

There will be an annual increase rate expectation of the CO2 emissions in the world of around 

1.8% between the year 2004 and 2030 as shown in Figure 3, this increase will be as a result of 
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the development in some countries like China and India (EIA 2006). An annual growth of about 

2.6% is expected from the emissions of countries outside the Organization for Economic 

Cooperation and Development (OECD) between 2004 and 2030 (EIA 2007). 

 

 

Figure 3. World carbon dioxide emissions by region, 2003-2030 (EIA 2007). 

 

Carbon dioxide capture and storage (CCS) is an imperative alternative for moderating CO2 

discharges from human exercises (Metz et al. 2005). This takes place by separating and 

compressing CO2 from power plants and industries, followed by a long term storage in the 

storage tanks. There are basically four methods which can be utilized in the capture of CO2 as 

shown in Figure 4 below and they are explained as follows: 

 Post combustion capture: this is a process of CO2 capture from flue gases produced by 

combustion of fossil fuels and biomass in the air. The flue gas is being passed through a 

separation equipment for separating the CO2 instead of being discharged to the 
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atmosphere directly. The CO2 is then discharged to the atmosphere and the rest of the 

flue gas is being released to the atmosphere. 

 Pre-combustion capture: this involves reacting a fuel with oxygen or air to give a syngas 

which is composed of carbon monoxide and hydrogen. The carbon monoxide is being 

reacted with steam in a catalytic reactor which yields more carbon dioxide and hydrogen. 

The CO2 is then separated by chemical or physical absorption giving a hydrogen rich 

fuel. 

 Oxy-fuel combustion capture: in this method, pure oxygen is being used for the 

combustion instead of air which gives carbon dioxide and water. The oxygen required is 

being separated from air before the combustion takes place and then the fuel is 

combusted in diluted oxygen. Among the methods of CO2 capture in, oxyfuel 

combustion systems are in the demonstration phase. 

 Capture from industrial processes: this method has been utilized for almost 80 years 

(Kohl and Nielsen 1997) to capture CO2 from industrial process streams eventhough 

most of the captured CO2 is vented to the atmosphere as there is no need to store it. 

Examples of processes where CO2 is been captured are purification of natural gas and 

production of hydrogen containing syngas. 
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Figure 4. Different CO2 capture system techniques (Metz et al. 2005). 

 

Common silicate minerals such as magnesium oxide (MgO) and calcium oxide (CaO) which 

contain antacid earth oxides can be used for long-term storage of CO2 because of their spillage 

free option in utilizing underground topographical arrangements. A study showed that Finland 

is one of the nations that can make utilization of this even though research showed that the 

availability of underground storage sites were not enough while vast resources of suitable 

magnesium silicates exist (Koljonen et al. 2004).  

 

2.2 CO2 absorption in water 

 

“Absorption is a physical or chemical process in which atoms, molecules or ions are dissolved 

in a bulk phase” (Pires et al. 2011). Absorption of different gases is an important unit operation 
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in chemical industries. In absorption, the soluble gas components dissolute in liquid media. This 

process normally occurs when the liquid and gas flow in a countercurrent manner. The 

absorption process can be divided into two processes, i.e. physical and chemical absorption. The 

partial pressure of the gas involved in the mixture is considered as the main factor for absorption 

to take place. Nowadays the chemical absorption is the most used method because occurrence 

of chemical reactions in the liquid phase can increase absorption rate and enhance the liquid 

dissolution capacity in the solute when it is compared to the physical absorption process (Perry 

et al. 1999).  

The solubility of carbon dioxide in water is low and it decreases with increasing temperature, 

which is shown in Table 1.  

 

Table 1. Carbon dioxide solubility in water at 1 bar (Lower 2014). 

Temperature (°C) 
Solubility 

(mol/litre) 

0 0.077 

4 0.066 

10 0.054 

20 0.039 

 

According to Henry’s law, the solubility of a gas in liquid is influenced by the partial pressure 

exerted by the gas on the surface of the liquid. Hence if pressure is about 5 atm, the solubility 

of CO2 can be expressed as: 

 

[𝐶𝑂2] =  𝐾𝐻 ∙  𝑃𝐶𝑂2          (2.1) 

 

Where KH = Henry’s constant (kmol m-3 atm-1) 

PCO2 = Partial pressure of CO2 (atm) 



22 

 

After dissolution, a certain portion of the CO2 reacts with H2O forming H2CO3 as shown below 

 

𝐶𝑂2(𝑎𝑞) +  𝐻2𝑂(𝑙)  →  𝐻2𝐶𝑂3(𝑎𝑞)         (2.2) 

 

The dissolved CO2 comprises often of the hydrated oxide CO2(aq) which consists of small amount 

of carbonic acid. In order to differentiaite the real H2CO3 concentration between the equilibrium 

mixture, the carbonic acid is designated thus as 𝐻2𝐶𝑂3
∗. 

In any solution containing carbonate, the equilibria expressions are as follows 

 

[𝐻+][𝐻𝐶𝑂3
−]

[𝐻𝐶𝑂3
∗]

=  𝐾1          (2.3) 

 

 
[𝐻+][𝐶𝑂3

2−]

[𝐻𝐶𝑂3
−]

=  𝐾2          (2.4) 

 

Figure 5 below shows the equilibrium curve of carbon dioxide absorption in water. As we can 

see from the trend of the curve, the value of the mole fraction of CO2 in water is found to be 

temperature dependent. The value generally increases with increasing temperature. 



23 

 

 

Figure 5. Absorption - Henry's law (Bolland 2013). 

 

2.2.1 Physical absorption 

 

The physical absorption process is based on Henry’s law which takes place at a very high partial 

pressure of carbon dioxide in a solvent. That is to say CO2 is absorbed under a high pressure 

and a low temperature and then it is desorbed at a reduced pressure and increased temperature 

(Yu et al. 2012). In considering the absorption of CO2 in water, based on the film model the rate 

of absorption, R0, per unit area of surface is given as: 

 

𝑅0 =  
𝐷

𝛿
 ( 𝐶∗ −  𝐶0)                     (2.5) 
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where D is the diffusivity of CO2 in solution, 𝛿 is the thickness of the stagnant film, C* is 

concentration of CO2 at the surface and C0 concentration in bulk of the layer. Equation (2.5) 

also leads to the form: 

 

𝑅0 = 𝐾 √
𝐷

𝜏
   ∙ ( 𝐶∗ − 𝐶0)         (2.6) 

 

where τ is characteristic time and K a numerical constant. Thus, the rate of absorption predicted 

by the model is proportional to the driving force (C* - C0), which is shown as: 

 

𝑅0 =  𝑘𝐿 (𝐶∗ −  𝐶0)          (2.7) 

 

where kL is the liquid film coefficient. It depends on diffusivity (Danckwerts 1965). 

 

Some typical solvents such as Rectisol (methanol) and Selexol (dimethyl ethers of polyethylene 

glycol) (IEA GHG 1993) are used for physical absorption of CO2. Due to the fact that high 

partial pressures are needed for physical absorption to take place, Chakravarti reported that the 

important energy needed for it to occur comes from the flue gas pressurization. Therefore 

physical absorption is not considered to be economical when the flue gas streams with carbon 

dioxide partial pressures are lower than 15vol% (Wang et al. 2011). The process of capturing 

CO2 by absorption has been employed for a very long time in different industrial processes 

including natural gas, hydrogen production with high CO2 content and synthesis gas (Olajire 

2010). 
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2.2.2 Chemical absorption 

 

Chemical absorption normally occurs when there is a need for the total removal of solute in a 

mixture involving gas such as carbon dioxide, the absorption reactions takes place in the liquid 

phase which decreases the equilibrium partial pressure of the solute on the solution thereby 

making an increment towards the driving force of the mass transfer (McCabe et al. 1993). The 

chemical absorption process has been used for long time since the early 19th century for the 

capture of CO2 and it is the best utilized method for the post-combustion process of carbon 

dioxide capture. 

In chemical absorption, an absorber and a desorber are present and the separation of CO2 is 

achieved through flue gas by passing the flue gas over a continuous scrubbing system. The 

reversible reaction process of CO2 is used in the absorption process with a solvent such as amine 

in an aqueous solution (Kothandaraman 2010). Table 2 shows the comparison between physical 

and chemical absorption. 

 

Table 2. Physical vs. chemical absorption (Bolland 2013). 

Physical absorption Chemical absorption 

Low heat of absorption High heat of absorption 

 

Desorption achieved mainly by pressure 

reduction (flashing), and sometimes with 

additional heating of the solvent 

Desorption achieved mainly by temperature  

increase and in high pressure cases, also by 

pressure reduction (flashing) 

 

Extent of acid gas removal limited Potential to reduce level of acid gas to a 

very low level 

 

The capacity or solubility is sensitive to 

the partial pressure of the gas to be 

removed 

The capacity or solubility shows in practice 

limited sensitivity to the partial pressure of 

the gas to be removed 
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3. Carbonates 

3.1 Mineral carbonation 

 

Mineral carbonation is a new concept. It is based on the reaction of carbon dioxide with various 

metal oxides such as magnesium and calcium forming insoluble carbonates. This reaction 

normally takes place on a geological time scale and it is called silicate weathering in nature 

(Abanades et al. 2005). The reactions occur slowly in nature in the process of physical 

weathering of the silicate minerals although the reactions are highly exothermic (Huntzinger et 

al. 2009). For example, the reaction either between Mg2+ and CO2 or between CO2 and any other 

Mg-silicate rock is spontaneous and exothermic. In mineral carbonation, different compounds 

of magnesium carbonates are formed. The hydrated magnesium carbonates are less effective 

when it comes to long term storage of carbon dioxide because of their high solubility. The 

hydrated carbonates contain water and possibly some hydroxides which makes them less 

effective also for transportation and storage (Edward et al. 2014). In the formation of carbonate 

minerals, magnesium cation comes second after calcium among the cations involved in the 

process. In sedimentary rocks, the most common magnesium-rich carbonate minerals are 

dolomite CaMg(CO3)2 and magnesite (MgCO3) (Pokrovsky et al. 1999). 

 

3.2 Carbonation processes and mechanisms  

 

Calcium carbonate (CaCO3) is formed by reactions between cementitious materials and CO2. 

Maries (1985) introduced that the carbonation reaction was strongly exothermic and achieved 

in eight steps as shown in Figure 6. Generally, carbonation is a controlled diffusion reaction in 

which carbonation of the outside surface of the solid by diffusion of CO2 into the inner region 

of the solid thus the carbonated area becomes larger and larger again (Lim et al. 2009). In the 

controlled diffusion reaction, a diffusion of the gas occurs in the solid which brings a developing 

carbonated material encompassing the internal zone of the non-carbonated material as shown in 

Figure 7 (Fernández Bertos et al. 2004).  
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Figure 6. Schematic of carbonation process (Maries 1985).    

 

Figure 7. Carbonation controlled diffusion (Bin-Shafique et al. 1998). 

 

The carbonation process can be divided into two kinds of processes which are natural and 

accelerated carbonation. Natural carbonation is also called weathering. In this process, alkaline 

materials react with atmospheric CO2. This process is very slow due to the low amount of CO2 

in the atmosphere. Thus it takes a long term to obtain carbonates as the reaction depends on 

certain factors such as chemical composition, quantity of CO2 uptake and characteristics of the 

alkaline/mineral materials (Lim et al. 2009). The accelerated carbonation on the other hand is a 

new method that was developed to be used in industry as an alternative because of the slowness 

of natural carbonation. In this type of carbonation, instead of atmospheric CO2, carbon dioxide 

with a high percentage of purity is introduced artificially in solid wastes. The reaction is 
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accelerated and completed in few minutes or hours because of the addition of high quantity of 

CO2 (Costa et al. 2007). 

An experimental study of the carbonation of magnesium hydroxide has been carried out in Åbo 

Akademi University, Finland by Fagerlund and Zevenhoven (2011). Magnesium was extracted 

from serpentinite (a magnesium rich rock type) followed by the conversion of the MgSO4 into 

Mg(OH)2 and lastly converting it into magnesium carbonate (MgCO3) as shown in Eq. (3.1) to 

Eq.(3.3). The serpentinite was heated to a temperature range of 400-500°C and reacted with 

ammonium sulphate to produce magnesium sulphate. The reaction is endothermic. Thus the 

carbonation efficiency has to be effective in order to make compensation for the heat input 

required. 

 

Mg3Si2O5(OH)4 (s) + 3(NH4)2SO4 (s) ⇔ 3MgSO4 (s) + 2SiO2 (s) + 5H2O (g) + 6NH3 (g) (3.1) 

MgSO4 (aq) + 2NH4OH (aq) ⇔ (NH4)2SO4 (aq) + Mg(OH)2 (s)    (3.2) 

𝑀𝑔(𝑂𝐻)2(𝑠) +  𝐶𝑂2(𝑔)  ⇔  𝑀𝑔𝐶𝑂3(𝑠) +  𝐻2𝑂(𝑔)     (3.3) 

 

Eq. (3.3) is slow at ambient condition although the rate of the reaction can be increased with an 

increment of temperature. However, if temperature passes a specific limit, the following reaction 

(3.4) becomes dominant. Reaction (3.4) is more or less governed by the water content of the 

gas. Dihydroxylation slows down the carbonation of magnesium hydroxide due to the fact that 

MgO is less reactive than Mg(OH)2. 

 

Mg(OH)2 (s) ⇔ MgO (s) + H2O (g)        (3.4) 

 

An increase of the temperature will make the formed carbonates to release their carbon dioxide 

in accordance with reaction (3.5): 

 

MgCO3 (s) ⇔ MgO (s) + CO2 (g)        (3.5) 
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Avoiding the forward reactions shown in Eqs. (3.4) and (3.5) is very important. The balance of 

reaction (3.5) is responsible for the success of the carbonation process. However, if the CO2 

pressure can be maintained above a certain specified level, reaction (3.5) can be ignored. 

 

3.3 Carbonates 

3.3.1 Calcium carbonate 

 

Due to significant importance of calcium carbonate, its dissolution and precipitation in aqueous 

solution have become a subject of interest nowadays. CaCO3 exists in various biological 

(sediments of oceans and reefs), ecological and geological systems (Petrou and Terzidaki 2014). 

Calcites, vaterites and aragonites are the three polymorphic crystalline phases of CaCO3. These 

three crystalline phases differ in solubility and they are affected by pH, temperature and the 

presence of foreign ions or compounds (Dalas and Koutsoukos 1990). A huge number of 

research and studies have been carried out by scientists and chemists on the formation of calcium 

carbonates. It was found that most of the calcium carbonate existing in nature is calcite which 

is thermodynamically the most stable form among the three types and having a solubility 

product log 𝐾𝑠𝑝 = -8.48 at 25°C. Aragonite being the less stable form has a solubility product 

of log 𝐾𝑠𝑝 =  -8.34 and is mostly found in biosynthetic calcium carbonates like corals and shells. 

Vaterite with log 𝐾𝑠𝑝 = - 7.91 is the most unstable polymorph of CaCO3 which occurs rarely in 

natural, although it plays a significant role in CaCO3 formation from solution (Sawada, 1997).  

The precipitation of CaCO3 has been studied under supersaturations which shows that it is 

sufficient for spontaneous precipitation. Thus this study implies the precipitation in aqueous 

solution depends on supersaturation and that activation energy is not needed for ions diffusion 

(Koutsoukos and Kontoyannis 1984). The dissolution of calcite (limestone) and its precipitation 

is been governed by some important reactions which take place in the system of CaCO3, CO2 

and water (H2O). These reactions as shown in Eqs. (3.6) to (3.14) are the main basis for the 

deposition and or removal of calcite in respect to CO2. Eq. (3.6) shows the dissociation of water.  

𝐻2𝑂 ⇔ 𝐻+ +  𝑂𝐻−            (3.6) 
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Eq. (3.7) describes the physical dissolution that occurs with carbon dioxide (CO2) in water. 

 

𝐶𝑂2,𝑎𝑡𝑚  ⇔  𝐶𝑂2             (3.7) 

 

In Eqs. (3.8) and (3.9), bicarbonate is obtained from the conversion of carbon dioxide and 

hydrogen which depends on pH value of the solution. 

 

𝐶𝑂2 +  𝐻2𝑂 ⇔  𝐻2𝐶𝑂3  ⇔  𝐻+ +  𝐻𝐶𝑂3
−       (3.8) 

 

𝐶𝑂2 +  𝑂𝐻−  ⇔ 𝐻𝐶𝑂3
−          (3.9) 

 

Hydrogen ion and carbonate ions dissociate in Eq. (3.10) from bicarbonate. 

 

𝐻𝐶𝑂3
−  ⇔ 𝐻+ +  𝐶𝑂3

2−                   (3.10) 

 

The dissolution of calcite occurs from Eqs. (3.11) to (3.13) which takes into account of pH. 

 

𝐶𝑎𝐶𝑂3 + 𝐻+  ⇔  𝐶𝑎2+ +  𝐻𝐶𝑂3
−                   (3.11) 

 

𝐶𝑎𝐶𝑂3 + 𝐻2𝐶𝑂3  ⇔  𝐶𝑎2+ + 2𝐻𝐶𝑂3
−                   (3.12) 

 

𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 ⇔  𝐶𝑎2+ + 𝐶𝑂3
2− +  𝐻2𝑂 ⇔  𝐶𝑎2+ +  𝐻𝐶𝑂3

− +  𝑂𝐻−            (3.13)

  

Eqs. (3.6) to (3.13) above can be summarized to give Eq. (3.14). 

 

𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 +  𝐻2𝑂 ⇔  𝐶𝑎+ +  2𝐻𝐶𝑂3
−                  (3.14) 

 

Eq. (3.14) shows an important condition of stoichiometry in the solution which shows one Ca2+ 

ion dissolution equals to the consumption of one CO2. It can be concluded from the above 

equations that three (3) rate-controlling processes are important for the dissolution of calcite in 
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CO2 containing aqueous solutions: (1) kinetics of dissolution which depends on the chemical 

composition of the solution, (2) mass transport by diffusion for the dissolved material Ca2+, 

HCO3
−    and CO3

2−  for the reactant CO2 and (3) conversion of CO2 into H+ and HCO3
−    

(Kaufmann and Dreybrodt 2006). 

 

3.3.2 Magnesium carbonate system 

 

Although studies on the synthesis routes and formation of magnesium carbonates have been 

investigated for decades, certain questions have remained unanswered concerning these natural 

and industrial precipitation processes and their production at the industrial scale and laboratory 

level. Synthesis of magnesite at the laboratory scale requires several days or weeks based on the 

experimental conditions and usually magnesite occurs at a high temperature (> 90°C). Due to 

this reason, there is limitation on industrial-scale magnesite production (Montes-Hernandez et 

al. 2012).  

A number of hydrated and basic carbonates can be formed at ambient temperature and at 

moderate CO2 pressure in the system of MgO-CO2-H2O. Typically, all forms of Mg-carbonates 

containing the hydroxy groups (i.e., Mg(OH)2 are called basic carbonates since they form 

alkaline solutions upon their dissolution. Stable phases in equilibrium with aqueous solutions 

that contain dissolved Mg-ions and carbon dioxide are either brucite (Mg(OH)2) or magnesite 

(MgCO3).  

 

Table 3 shows the forms of common magnesium carbonates. Magnesite is the most stable form 

and others are metastable compounds in the magnesium carbonate system. 

 

Table 3. List of selected minerals in the MgO-CO2-H2O system (Hanchen et al. 2007). 

Mineral     Composition   𝛥𝐺𝑓
0 (𝑘𝑗𝑚𝑜𝑙−1) 

Brucite   Mg(OH)2   -835.32 

Magnesite  MgCO3   -1027.83 
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Nesquehonite  MgCO3∙3H2O  -1723.95 

Lansfordite  (MgCO3)4∙5H2O  -2199.2 

Artinite   MgCO3∙Mg(OH)2∙3H2O -2568.62 

Hydromagnesite   MgCO3∙Mg(OH)2∙4H2O -5864.66 

𝛥𝐺𝑓
0values taken from CMP database of the software package EQ3/6 (Wolery 1992). 

 

The synthesis of magnesite (MgCO3) is practically impossible at ambient temperature (Hanchen 

et al. 2007). Nesquehonite is the only mineral that can precipitate at ambient temperature and 

pressure using carbon dioxide from aqueous solution.  Various basic carbonates are formed at a 

higher temperatures, i.e., above approximately 40°C, however they are mostly precipitated in 

the form of hydromagnesite according to the references (Dell and Weller, 1959; Davies and 

Bubela, 1973; Fernandez et al. 2000; Zhang et al. 2006). Synthesis of magnesite process 

involves two main reactions: 

1. Aqueous carbonation of synthetic magnesium hydroxide through the addition of carbon 

dioxide in a highly alkaline medium at ambient temperature (20°C).  After 24h of solid-

liquid interaction, this step leads to the precipitation of dypingite 

(Mg5(CO3)4(OH)2·5H2O). 

2. A heat-aging step from 20°C to 90°C: this is done after 24h for the complete 

transformation of dypingite to magnesite. The precipitation of magnesite can be shown 

by a global carbonation reaction in Eq. (3.15): 

𝑀𝑔(𝑂𝐻)2(𝑠) +  𝐶𝑂2(𝑎𝑞) → 𝑀𝑔𝐶𝑂3(𝑠) +  𝐻2𝑂                          (3.15) 

It is important to know that the above reaction takes place only when NaOH is used as a 

catalyst. Otherwise there will be incomplete carbonation of Mg(OH)2 and 

MgCO3.Mg(OH)2.4H2O. i.e. hydromagnesite will be the dominating Mg-carbonate after 

the heat-aging process (Montes-Hernandez et al. 2012). 

FESEM images as shown in Figure 8 show the morphology of the products precipitated from 

the Mg(OH)2-H2O-CO2 system in the presence of NaOH.  
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Figure 8. Magnesite (S1), hydromagnesite (S3), hydromagnesite-magnesite-brucite composite 

(S2), and hydromagnesite-eitelite composite (S4) (Montes-Hernandez et al. 2012). 

 

3.3.3 Lithium carbonate 

 

Due to high abundancy of lithium in the earth’s crust and the rising demand for its usage in 

several applications including chemical, pharmaceutical, glass, ceramics and metallurgical 

industries, it can be extracted from lithium ion batteries (LIBs) because of its high 

electrochemical potential (3.045V) and high energy density by weight (Meshram et al. 2014). 

According to the reference (Shuva and Kurny 2013) lithium can be extracted from LIBs through 

leaching process then followed by precipitation. Other special methods for getting lithium 

carbonate were reported Yi et al. (2007) including re-crystallization method, Zintal-Harder-

Dauth method, carbonation method and precipitation method can be employed in the preparation 

of high purity of lithium carbonates (Li2CO3). 
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Studies on the carbonation reaction of lithium hydroxide (LH) – CO2 – H2O system show that 

the solid – gas reaction between lithium hydroxide and carbon dioxide has been used to remove 

CO2 in life support systems in submarines and spacecrafts. The formation of Li2CO3 reaction is 

an exothermic irreversible reaction, which occurs at room temperature and has a high absorption 

capability due to the low molar mass of lithium hydroxide as show in Eq. (3.16). 

 

2𝐿𝑖𝑂𝐻(𝑠) +  𝐶𝑂2(𝑔) →  𝐿𝑖2𝐶𝑂3(𝑠) +  𝐻2𝑂(𝑔)               (3.16) 

 

The physico-geometrical mechanism of the reaction (3.16) is so complex and similar with the 

carbonation reaction of Ca(OH)2 due to the fact that carbon dioxide gas must diffuse into the 

reacting particle while the product water vapor must diffuse away from the reacting particle 

through the generated product surface layer. The reaction is been accelerated by atmospheric 

water vapor, the effect of the water vapor causes the formation of lithium hydroxide 

monohydrate (LHMH) as an intermediate compound (Williams and Miller, 1970). Findings by 

Zho et al. (2007) showed that the reaction rate of lithium hydroxide is almost 10 times higher 

than that of lithium hydroxide monohydrate. When using LHMH as the carbon dioxide 

absorbent, the quantity of water vapor gotten is three times higher than that generated while 

using LH as shown in Eq. (3.17). 

 

2𝐿𝑖𝑂𝐻 · 𝐻2𝑂(𝑠) +  𝐶𝑂2(𝑔) →  𝐿𝑖2𝐶𝑂3(𝑠) + 3𝐻2𝑂(𝑔)              (3.17) 

 

When LH reacts with CO2 at constant temperature between 303 and 573K, the solid products 

obtained are Li2CO3. Figure 9 shows SEM images of partially reacted samples at differenct 

reaction conditions. It was noticed that different surface textures were obtained for the final 

products at 323K and 573K as figure 9a and 9b depict respectively. Similar product layers for 

all of the final products were observed for the reaction at a temperature higher than 373K.  
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Figure 9. Typical SEM images of surface textures of the solid product obtained by the reaction 

of LH with CO2 (40%). (a) Final product (Li2CO3) produced by the isothermal heating at 323 

K, (b) final product (Li2CO3) produced by isothermal heating at 573 K, (c) enlarged surface 

texture of panel a, (d) surface texture of the sample partially reacted by isothermal heating at 

473 K (Noda and Koga, 2014). 

 

3.4 Precipitation of carbonates 

 

Precipitation is a very important procedure which is been employed in different industries 

especially in chemical industries for various manufacturing processes of powders. It is 

sometimes referred to or called ‘fast crystallization’ although it exhibits some characteristics 

that distinguishes it from evaporative crystallization or cooling crystallization (Mullin 2001). In 

a precipitation or crystallization process, there are three main distinctive phases that occur, i.e., 

supersaturation, nucleation and growth. The main difference that distinguishes precipitation 
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from crystallization is that in precipitation much higher degree of supersaturation is needed. The 

supersaturation equations are as follows: 

Supersaturation ratio (S) is defined by Eq. (3.18): 

𝑆 =  
𝐶

𝐶𝑒𝑞
                    (3.18)

  

The concentration driving force (ΔC) is given by 

𝛥𝐶 = 𝑐 −  𝑐𝑒𝑞                    (3.19) 

And the relative supersaturation as 

𝜎 =  
𝛥𝐶

𝐶𝑒𝑞
= 𝑆 − 1                              (3.20) 

where c and ceq stand for solute concentrations in supersaturated and equilibrium saturated 

solutions, respectively. 

In a precipitation process, various conditions should be taken into account as each precipitation 

reaction depends on the system being employed. A schematic diagram of the processes involved 

in a precipitation formation is shown in Figure 10. 
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Figure 10. Schematic precipitation process transients (Wachi and Jones 1995). 

 

As seen from Figure 10, in a precipitation process, after the mixing of the reactants, 

supersaturation is generated by chemical reaction and mass transfer. If the reagents in the 

precipitation process are quite soluble whereas the product is not, the supersaturation level can 

be very high. Nucleation and crystal growth then occurs. A large amount of particles are 

generated due to the high level of supersaturation, which give rise to agglomeration of the 

crystals. Lastly, Ostwald ripening occurs based on the size dependency of the solubility where 

bigger particles growth happens at the expense of the smaller particles (having higher solubility) 

dissolving (Jones 2002). 

Various carbonate bearing magnesium phases such as magnesite, nesquehonite, lansfordite, 

hydromagnesite, and artinite can occur at low temperature. At high temperatures, magnesite is 

stable. However other carbonate phases might be kinetically favored when the initial magnesium 

carbonate forms. It has been experimentally observed that these metastable carbonates can be 

converted to magnesite over time. In the process of the magnesite formation, activation energy 

is one of the thermodynamic barrier that hinders the formation. The activation energy is 
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responsible for the disruption of the hydration sphere of the Mg2+. However, partially hydrated 

carbonates form more readily from an aqueous solution (Guthrie et al. 2001).  

Research and studies on precipitation of magnesium carbonates improve the understanding of 

several important processes such as weathering, also in the industries for the designs of materials 

used in construction and pharmaceuticals products. Precipitation kinetics of magnesium 

carbonates is being influenced by several factors such as composition of the solution, 

temperature and pressure. The precipitation kinetics at atmospheric conditions is slow due to 

high dehydration free energy of magnesium ions (Mg2+). Precipitation of magnesite occurs by 

the Ostwald rule of phases at low temperature (25-40°C) and CO2 partial pressure, where the 

least stable hydrous Mg-carbonate, e.g., nesquehonite or hydromagnesite precipitates first after 

which it transforms into magnesite. This shows that even with conditions of highly 

supersaturation achieved, there is a hindrance to the direct precipitation of magnesite by high 

hydration of magnesium ions, which has up to six molecules of water in its hydration shell. The 

hydration effect can be mitigated by several factors (Prigiobbe & Mazzotti 2013) which include:  

(i) Addition of complex compounds such as organic substances in order to decrease the 

activity of magnesium ions;  

(ii) Addition of alkaline reactants and carbon dioxide which increases the activity ratio 

of carbonate species and magnesium ions;  

(iii) Addition of microorganisms reduces the hydration energy. 

 

3.5 Solubility and supersaturation 

Solubility of crystalline compound is one of the main aspects in crystallization process design.  

It designates the temperature at which a certain solution composition is in equilibrium with a 

certain crystalline phase. Solubility is a function of the composition of solvent and temperature. 

In most chemical industries, the most commonly used solvent is water. Pharmaceutical products 

are often crystallized from solvent mixtures or organic solvents. Solubility curve of a crystalline 

compound is best described using the van’t Hoff equation as shown in Eq. (3.21). 
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ln 𝑥 =  −
𝛥𝐻

𝑅
 (

1

𝑇 
− 

1

𝑇𝑚
)                  (3.21) 

 

where ΔH is the heat of fusion, T is the temperature, 𝑇𝑚 is the melting temperature and R is the 

gas constant. Crystallization driving force can be represented by the difference in chemical 

potential of the out-of-equilibrium state of the system and the corresponding equilibrium state. 

At a specific temperature and pressure, the chemical potential difference serves as a function of 

both the concentration 𝑐 and solubility 𝑐∗. The supersaturation ratio S as shown in Eq. (3.22) 

can be deduced for the driving force of crystallization (ter Horst et al. 2015). 

𝑆 =  
𝑐

𝑐∗                     (3.22) 

The equilibrium phase diagram of solubility-supersolubility (Miers and Isaac 1907) gives 

important information for considering the reason why crystallization occurs and also the type of 

process that could be more suitable for the production of a particular substance. The solubility-

supersolubility curve which is shown in Figure 11 can be divided into three parts as follows: 

i. Undersaturated: dissolution of the crystals present; 

ii. Metastable: a supersaturated region where the crystals grow; 

iii. Labile: a region where the solution will nucleate spontaneously. 
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Figure 11. Solubility-supersolubility curve (Jones, 2002). 

The solubility signifies the degree of different substances who are miscible in one another in 

whatever condition of aggregation. The solvent is the constituent of the resulting solution found 

in large quantity while the other constituent being the solute. For a substance to dissolve in a 

fluid, it must be able to disrupt the structure of the solvent and allow the bonding of the solvent 

molecules to enter the solute or its component ions of the substance. The solubility of a 

substance is determined by the resultant of the forces binding ions, molecules or atoms in the 

lattice which oppose the tendency of a crystalline solid to enter the solution. 

Precipitation process normally occurs in a closed system as supersaturation decreases with time 

or with a constant supersaturation in an open system as shown in Figure 12. 
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Figure 12. Time dependence of supersaturation ratio S in a closed system (curve a), an open 

system with constant supersaturation (curve b), and in a system with slowly developing 

supersaturation (curve c) (Söhnel and Garside 1993). 
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4. Nucleation and crystal growth  

 

Nucleation occurs when a new phase develops from an old phase due to the free energy of the 

old phase becoming higher in comparison to the free energy of the developing new phase 

(Kashchiev 1999). Experiments by Young (1911) have shown that certain parameters such as 

agitation, friction, mechanical shock and high pressures within the solutions are the general 

conditions that make the nucleation occur. Nucleation happens spontaneously by itself or 

sometimes artificially induced by some external factors. However, it is not always possible to 

predict if a system nucleated on its own naturally or if it has been induced by some external 

influence. Nucleation can be divided into two types which are primary nucleation (nucleation 

that occurs in systems having no crystalline matter) and secondary nucleation which is caused 

by crystals inducement. The primary nucleation contains homogeneous (which is spontaneous) 

and heterogeneous (brought about by inducement of foreign particles) nucleation. Figure 13 

shows the simple scheme. 

 

Figure 13. Classification of nucleation as presented by Mullin (2001). 
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However, in another way, secondary nucleation can be subdivided into six types as presented in 

the reference (Myerson 2002). These subdivisions include: initial breeding, polycrystalline 

breeding, macroabrasion, dendritic, fluid shear and contact. 

  

4.1 Primary Nucleation 

 

This is the ‘classical’ type of nucleation which occurs when the level of supersaturation is very 

high. It is the most prevalent type of nucleation which happens during the unseeded 

crystallization or precipitation. This type of nucleation is further subdivided into two parts 

namely the homogeneous and heterogeneous nucleation as mentioned earlier (Jones 2002). Both 

these two types of nucleation occur in the absence of solution-own crystals and are collectively 

referred to primary nucleation (Mersmann, 1995). In industry, most of the primary nucleation 

that do occur are almost heterogeneous which is induced by the presence of foreign particles in 

the solution (Coulson and Richardson 2002). A high supersaturation level is normally required 

in order to have primary nucleation. Therefore it takes place mostly during unseeded 

crystallization or precipitation processes. 

 

4.1.1 Homogenous Nucleation 

 

In homogenous nucleation, stable nuclei are formed in a supersaturated solution. Gibbs (1928), 

Volmer (1939) and Becker and Döring (1935) developed the Classical Nucleation Theory 

(CNT) in order to explain the thermodynamics involved in the formation process. They assumed 

that through an addition mechanism, clusters are formed in solutions continuously until a critical 

size is achieved. Arrhenius proposed an expression for the nucleus formation rate of this 

mechanism, which is shown in Eq. (4.1). 

𝐵0 = 𝐴 𝑒𝑥𝑝 (− 
𝛥𝐺𝑐𝑟

𝑘𝑇
)          (4.1) 

Where A is the pre-exponential factor with a theoretical value of 1030 nuclei/cm3s. 
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The new phase energy change formation equals the summation of the nucleus formation free 

energy change and the phase transformation free energy change as given by the expression in 

Eq. (4.2): 

𝛥𝐺 =  𝛥𝐺𝑠 + 𝛥𝐺𝑣 = 𝛽𝐿2𝜎 + 𝛼𝐿3𝛥𝐺𝑣       (4.2) 

Where 𝛥𝐺𝑠 is the excess free energy between the surface of the particle and the bulk of the 

particle and 𝛥𝐺𝑣 is the free energy change of transformation per unit volume, σ is the surface 

tension, α and β are the area and volume shape factors respectively, which are based on the 

nuclei length L. Due to difference in geometric shapes, Eq.(4.3) shows the new phase energy 

change for a spherical nuclei. 

𝛥𝐺 = 4𝜋𝑟2𝜎 +
4

3
𝜋𝑟3𝛥𝐺𝑣         (4.3) 

By minimizing the free energy, take derivatives of equation (4.3) in respect to the radius, the 

critical size could be known as given by Eq. (4.4) and Eq. (4.5) 

𝑑(𝛥𝐺)

𝑑𝑟
= 8𝜋𝑟𝑐𝜎 + 4𝜋𝑟𝑐

2𝛥𝐺𝑣 = 0         (4.4) 

𝑟𝑐 =  −
2𝜎

𝛥𝐺𝑣
            (4.5) 

Substitution for 𝛥𝐺𝑣  from equation (4.5) in equation (4.4) gives us Eq. (4.6). 

𝛥𝐺𝑐𝑟 =  
4𝜋𝑟𝑐

2𝜎

3
           (4.6) 

Where 𝛥𝐺𝑐𝑟 is the energy change in critical size of nucleus. 

The equation of Gibbs-Thompson as shown by Eq. (4.7) governs the clusters growth. 

ln
𝑐

𝑐∗ = 𝑙𝑛𝑆 = 2𝜎𝑣/𝑘𝑇𝑟         (4.7) 
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Here c is the concentration of clusters with size r, clusters with very small particles dissolve and 

the larger ones keep growing to critical size rc thereby creating a new phase. Substitution of rc 

in Eqs. (4.6) and (4.7) gives Eq. (4.8): 

𝛥𝐺𝑐𝑟 =  
16𝜋𝜎2𝑣2

3(𝑘𝑇𝑙𝑛𝑆)2           (4.8) 

From Eq. (4.1), the nucleation rate can be derived as shown in Eq. (4.9).  

𝐵0 = 𝐴 𝑒𝑥𝑝 [
−16𝜋𝜎2𝑣2

3𝑘3𝑇3(𝑙𝑛𝑆)2]          (4.9) 

According to a study report by Turnbull and Fisher (1949), when viscous free energy is taken 

into account, the viscous effect can be added to the nucleation rate Eq. (4.9) to get a modified 

version leading to Eq. (4.10): 

𝐵0 = 𝐴 𝑒𝑥𝑝 [
−16𝜋𝜎2𝑣2

3𝑘3𝑇3(𝑙𝑛𝑆)2 +  
𝛥𝐺𝑣𝑖𝑠𝑐

𝑘𝑇
]                  (4.10) 

When the supersaturation is high, the first term in Eq. (4.10) will be very small whereas the  

𝛥𝐺𝑣𝑖𝑠𝑐 term becomes larger (Myerson 2002). 

 

4.1.2 Heterogeneous nucleation 

 

Heterogeneous nucleation is caused or being enhanced by foreign particles present in a solution 

with low supersaturation levels. Majority of the primary nucleation that occur in practice are 

likely to be heterogeneous nucleation. It is sometimes hard to differentiate homogeneous 

nucleation from heterogeneous nucleation. However the difference between homogeneous and 

heterogeneous nucleation is that in heterogeneous nucleation the heteronuclei are immediately 

being used up, the nucleation cease to stop therefore limiting the maximum nucleation rate 

achievable (Dirksen and Ring 1991). The supersaturation level must be very low in order to 

have heterogeneous nucleation (Myerson 2002). Figure 14 shows that nucleation happens easily 

when the supersaturation is very low because the supersaturation curve shows the nucleation 

rate displacement for both homogeneous and heterogeneous nucleation.  
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Figure 14. Effect of supersaturation on the rates of homogeneous and heterogeneous nucleation 

(Coulson and Richardson 2002). 

 

4.2 Secondary Nucleation 

 

This type of nucleation occurs when the seed crystals are present. This nucleation has a vital 

role in chemical industries as it is used in most industrial crystallization processes. There are 

various types of secondary nucleation mechanisms. However, according to the reference 

(Mersmann 1996) the mechanisms can be divided into two kinds of nucleation which are 

attrition and surface nucleation. Attrition nucleation happens when there is collision of the 

crystals with the walls of the crystallizer or with the pump impeller or stirrer in the suspension, 

whereas surface nucleation occurs when there is a formation of new nuclei on the crystal surface 

in the solution which solely depends on the level of supersaturation (Klein and David 1995). 
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4.3 Crystal growth 

 

In the processes of crystallization and precipitation, formation of particles occur ranging from 

nucleation, which brings about the formation of crystals and crystal growth,  which determines 

the sizes of the crystals. Crystal growth rate can be expressed as the rate of displacement of a 

given crystal surface in the direction perpendicular to the face. Crystal growth rate could be 

expressed as rate of linear increase of characteristics dimension or as a mass deposition rate as 

shown in Eq. (4.11). 

𝐺 =  
𝑑𝐿

𝑑𝑡
 ≃  

𝛥𝐿

𝛥𝑡
                    (4.11) 

 

Crystal growth is a diffusional and integrational process. It is being modified on the solid surface 

of its occurrence as shown in Figure 15. Through diffusion in the liquid phase, solute molecules 

reach the growing faces of a crystal. The growth of crystals from solution happens via two major 

processes: mass transport from the solution to the crystal surface by diffusion or/and convection; 

incorporation of material into the crystal lattice through surface integration. 

 

Figure 15. Growing crystal-solution interface (Jones 2002). 
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5. Dissolution theory 

Dissolution can be defined as a process where a solid substance solubilizes in a certain solvent 

and where the mass transfer from the solid surface to the liquid phase dominates the dissolution 

kinetics. Dissolution of mineral oxides has been studied over the past several years due to its 

potential applications in drug design, acid gas control, corrosion, etc. (Bharadwaja et al. 2013) 

The rate of dissolution of a substance is an important aspect of dissolution. The rate of 

dissolution is said to be the amount of the solid substance which goes into the solution per unit 

time under standard conditions of temperature, pH, solvent composition and surface. In order to 

understand what happens in many various reactions involving dissolution, the knowledge of the 

mechanism of dissolution is very important. Carbonate dissolution affects the chemistry of soils, 

oil reserves, water aquifers and schemes for the sequestration of CO2 (Crundwell 2014). Most 

of the literature studies on dissolution came to a conclusion that the overall dissolution rate is 

being controlled either by the diffusion of reactants and products or by the surface reaction 

depending on the reaction conditions. Investigation has shown that brucite dissolves by a proton 

based surface reaction while the dissolution of commercial magnesium hydroxide is diffusion 

limited ( Schwartz et al. 2015). 

 

5.1 Dissolution models 

There are several dissolution models reported, but one has to clearly understand the models well 

in order to choose the suitable one to specific dissolution application. Normally for non-catalytic 

reaction of particles surrounded by the fluid, two simple dissolution models known as the 

progressive-conversion model and the shrinking-core model are employed. For the progressive-

conversion model (PCM), the reactant gas enters and reacts with all the particles at different 

rates and locations within the particle. The solid reactant is being converted continuously 

throughout the particle. In the shrinking-core model (SCM), the reaction first takes place at the 

outer part of the particle. The reaction zone then moves into the solid leaving the inert solid and 

converted material as shown in Figure 16, the reaction proceeds at a narrow front thereby 

moving into the solid particle. The reactant is completely converted as the front passes by. 
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Figure 16. Shrinking-core model (SCM) (Levenspiel 1999) 

 

The shrinking-core model is the best that describes the dissolution reaction of nonporous and 

spherical Mg(OH)2 particles in aqueous phase. The following steps occur in series during 

reaction: 

 Diffusion of the reactant ions from the bulk liquid phase through the liquid film to the 

surface of the solid. 

 Reaction of the ions with unreacted solid particle. 

 Diffusion of the reaction products from the solid surface back to the bulk liquid phase. 

The reaction can be controlled either by surface chemical reaction or by liquid film diffusion. 

The fractional conversion of the particles is given by the Eq. (5.1): 

𝑟𝐵 =  −
1

4𝜋𝑟2

𝑑𝑁𝐵

𝑑𝑡
=  −

1

4𝜋𝑟2

𝑏𝑑𝑁𝐴

𝑑𝑡
= 𝑏𝑘′′𝐶𝐴1

𝑛                   (5.1) 

Where r is the radius of unreacted particle; dN is the moles of a reactant disappearing by the 

reaction; b is stoichiometric ratio; k’’ is the rate constant surface reaction; n is the reaction order; 

and CA1 is the concentration of ions in aqueous phase. The relationship between number of 

moles of A and B is stoichiometrically given by Eq. (5.2) 
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−𝑑𝑁𝐵 =  −𝑏𝑑𝑁𝐴 =  −𝜌𝐵𝑑𝑉 =  −𝜌𝐵𝑑 (
4

3
𝜋𝑟3) = −4𝜋𝜌𝐵𝑟2𝑑𝑟               (5.2) 

Where 𝜌𝐵 is the molar density of B. 

Combining Eq. (5.2) in (5.1) and integrating the equation from t=0 to any time t, gives how the 

unreacted particle shrinks with time as shown by Eq. (5.3) 

𝑡 =  
2𝜌𝐵𝑅

𝑘′′𝐶𝐴1
𝑛  (1 −

𝑟

𝑅
) =  𝜏 (1 −

𝑟

𝑅
)        (5.3) 

Where R is the initial radius of the particle, τ is the time required for complete dissolution of the 

particle determined at r = 0. 

In terms of fractional conversion and the radius of the particle are related by Eq. (5.4) 

1 − 𝑋𝐵 =  (
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑐𝑜𝑟𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
) =  

4

3
𝜋𝑟3

4

3
𝜋𝑅3

=  (
𝑟

𝑅
)

3

     (5.4) 

From Eqs. (5.3) and (5.4) we get Eq. (5.5) as follows: 

𝑡

𝜏
=  𝑡𝑘𝑟 = 1 −  (1 − 𝑋𝐵)

1

3 = 1 −  (
𝑟

𝑅
)       (5.5) 

Where 𝑘𝑟 is the apparent reaction rate constant in 1/time. Value of 𝑘𝑟 can be calculated from 

the slope of a plot for 1 −  (1 − 𝑋𝐵)
1

3 with respect to time under constant temperature and pH 

values. 
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6. Analytical Methods Used in Precipitation and Dissolution Studies 

6.1 Morphology analysis 

 

The instrument used in this master’s thesis research work for analyzing the samples of the 

magnesium carbonates obtained was the Malvern Morphologi G3 imaging device made by 

Malvern Instruments Ltd as shown in Figure 17. This instrument measures the sizes and shape 

of particles from a range of (0.5 – 1000) µm. Because of its high resolution and sensitivity, the 

morphologi G3 device can differentiate and characterize different particulate samples by 

providing number-based statistics on each individual particle as well as the sample as a whole.  

 

 

 

Figure 17. Malvern morphologi G3 imaging device. 
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Particle properties measured by the device include: size, shape, transparency, count and 

location. Other particle parameters measured by the device comprise of Circle equivalent (CE) 

diameter, length, width, perimeter, area, max distance, sphere equivalent (SE) volume, fiber 

total length, and fiber width. Particle shape parameters such as aspect ratio, circularity, 

convexity, elongation, high sensitivity (HS) circularity, solidity fiber elongation and fiber 

straightness can be also obtained.  

The working mechanism of the instrument is based on static image analysis. There are three 

different stages of measurement: sample preparation and dispersion, capturing of images and 

data analysis.  In the sample preparation and dispersion, dry and wet dispersion can be used for 

the sample measurement. Dry dispersion method is widely used for large and free flowing 

particles. Whereas wet dispersion is used for very fine particles. The main aim of the dispersion 

is spatial separation of individual particles and agglomerates. After the dispersion stage, the 

capturing of images is the next step the instrument does. Images of individual particles are being 

captured by scanning the sample underneath the microscope optics as the particles are being 

kept in focus. Data analysis is the last step of the measurement. Different ranges of 

morphological properties of each particle are obtained. The device has a good advanced 

graphing and data classification option which ensures the extraction of important data from the 

measurement. It can be understood easily and straightforward by an intuitive visual interface 

(Malvern Instruments Ltd 2015). Figure 18 shows the particle images of raw magnesium 

hydroxide, the particles are quite irregular in shape as we can see from the images obtained. 
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Figure 18. Raw Mg(OH)2 analyzed by Malvern morphologi device. 

 

6.2 Particle size distribution (PSD) 

 

Particle size distribution analysis is an important aspect of measurement carried out to determine 

the size and range of a set of particles contained in a material. PSD determination has been used 

for long time extensively to monitor, control and investigate material properties. Powders, 

suspensions, emulsions etc. are being investigated analytically to find out the properties of the 

particulate materials in them. In the separation technology field, particle size growth may be 

determined during operations of crystallization processes. In this thesis research work, the 

Malvern mastersizer 3000 shown in Figure 19 was used for analyzing the particle size 

distributions of magnesium carbonate precipitate samples. The mastersizer 3000 uses the 

technique of laser diffraction to measure the size of particles. This is achieved by measuring the 

angular variation in intensity of light scattered as a laser beam passing through a dispersed 
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particulate sample. The data obtained is being analyzed to calculate the size of the particles that 

created the scattering pattern. The measurement range of the Malvern Mastersizer 3000 covers 

particle sizes from 0.1 to 1000μm  (MalvernInstruments, 2015). 

 

 

Figure 19. Malvern Mastersizer 3000 for the analysis of particle size distribution. 

 

6.3 Ion chromatography analysis 

 

Ion chromatography (IC) was first developed in the mid-1970s by Small et al. (1975). This is a 

physio-chemical technique that gives a quantitative analysis of inorganic or organic ions from a 

complex mixture. The IC analyzer performs ion analyses using suppressed or non-suppressed 

conductivity detection. The working principle of the IC machine is explained as follows: at the 

beginning before a sample is being run, the system is calibrated using standard solutions. A 

filtered sample enters an eluent stream through a valve injector. The mixture of the eluent and 

the sample are then transported to the separator column by the pumping system. The sample 

injection is being carried out at or above, atmospheric pressure with a volume range of 0.1-2mL. 
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The eluent sample are then pumped through the separator column where the sample ions are 

separated. Each ion is being identified by its retention time within the ion exchange column. 

Results from the data collection system are being presented as a chromatogram along together 

with the concentrations of ionic analytes. (ThermoScientific, 2012). Figure 20 shows the 

Thermo Scientific DionexTM ICS-1100 ion chromatography machine used for analyzing the 

magnesium concentrations in this thesis work. 

 

 

 

Figure 20. Ion Chromatography ICS-1100 analyzer. 
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7. Experimental part 

 

The experimental research consists basically of two parts that were carried out in this master’s 

thesis. The first one was the semi-batch precipitation of magnesium carbonate at ambient 

temperature and pressure using Mg(OH)2 and CO2. This part was carried out to investigate the 

nucleation and crystal growth by analyzing composition of the precipitated solids obtained from 

the reaction of Mg(OH)2 and CO2 and Mg2+ concentration in liquid phase. The second part was 

to study dissolution rate of magnesium hydroxide in acid solution with and without inert gas. 

Influence of inert gas N2 on mass transfer between solid and liquid phases was investigated. 

Table 4 shows the operating conditions used for both experiments in the thesis work. The 

experimental procedure, chemical materials used in the experiments and results are introduced 

and discussed in details in Chapter 5.  

Table 4. Experimental operating conditions 

Precipitation of Mg(OH)2 Experiment Dissolution experiment 

Mg(OH)2 100g HCl 2.5L pH around 2 

Temperature 25°C Temperature 25°C 

CO2 flow rate 1L/min Mg(OH)2 around 0.72g 

Impeller speed 470, 560rpm n(H+) 0.25mol 

   n(OH-) ˂0.25mol 

   Impeller speed 350, 470, 560, 650rpm 

    N2 flow rate 1L/min, 9L/min 
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7.1 Materials and methods 

7.1.1 Precipitation of magnesium carbonate 

 

Experimental setup has a jacketed glass reactor with a capacity of 3L equipped with a Rushton 

turbine, a sparger through which CO2 gas was being introduced, a thermostat (Lauda T2200), a 

Consort meter (C3040) which measures inline the pH and conductivity, and a calibrated CO2 

flow meter (Kytola LH-LB18-HR) with a max flow rate of 10L/min. Four baffles were 

positioned symmetrically at the inner walls of the glass reactor which helps in achieving efficient 

mixing and also to avoid vortex formation. 

For each semi-batch experiment, 100g of white fine powder magnesium hydroxide with a purity 

of 98.6% was used to prepare slurries of Mg(OH)2 in 2.5L of deionized water in the jacketed 

glass reactor. The temperature of the Mg(OH)2 slurry was controlled by the thermostat and 

maintained at a constant temperature of 25°C. A Rushton turbine with six blades and diameter 

of 50mm was used as a stirrer. The stirring speed was kept constant till the end of each batch 

experiment. The slurry was mixed for a few minutes until the pH of the solution to be steady. 

Then carbon dioxide (purity 99.7%) was introduced through the sparger which was connected 

to a metal pipe situated at the bottom of the reactor. Because pH has a significant influence on 

the precipitation of carbonates, it was monitored by the Consort meter during the whole 

experiment. The pH started to decrease after the introduction of CO2 due to reaction between 

OH– dissolved from magnesium hydroxide and dissolved CO2. The Consort meter was 

calibrated using buffer solutions with pH of 2, 4, 7 and 10 before each experiment in order to 

get accurate pH readings. Figure 21 shows the schematic diagram of experimental setup. 
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Figure 21. Scheme of experimental setup. 

 

The kinetics of the process was followed by samples taken at different time intervals. The 

suspension samples filtered immediately using membrane filters (VWR). The crystals obtained 

from filtration were dried at room temperature to avoid any changes in the composition of the 

solids that might be caused by high temperature drying. The clear solutions (filtrate solution) 

were analyzed by Ion Chromatography (ICS-1100 Thermo Scientific Inc.) in order to get the 

concentration of Mg2+. When the pH of the suspension became constant within the range of 7 

to 7.5 that was the suitable range for the formation of nesquehonite, gas flow of CO2 was 

stopped. Each of the semi-batch experiment was ended between 50-60 minutes. Figure 22 shows 

the experimental setup used for both the carbonation and dissolution experiment in this thesis 

work. In order to determine the concentration of magnesium ions in the liquid samples, standard 

solutions of magnesium with 10, 30, 50, 70 and 100ppm were needed for the calibration and 

validation of the IC before the analysis of the samples. The samples taken during the experiment 

were put in the IC and Mg2+ concentration was analyzed.  
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Figure 22. Experimental setup. 

 

7.1.2 Dissolution of magnesium hydroxide 

 

Same experimental setup used in precipitation experiments was also used for dissolution 

experiments. Firstly, 2.5L of hydrochloric acid solution with a pH of around 2 was prepared in 

the reactor. Then 0.72g of magnesium hydroxide was added in the HCl solution after mixing 

the acid solution for a certain time at a specific constant speed. The temperature was kept 

constant at 25°C throughout the experiment by the thermostat and the pH of the solution was 

online recorded by the Consort meter. The pH of the suspension kept increasing because of the 

addition of Mg(OH)2. The experiment ended until the pH reached to a stable value. Different 

stirring speed was used in order to see the influence of the rotation speed on the dissolution rate.  

In addition, dissolution experiments were also carried out with inert gas of nitrogen. Two flow 

rates which were 1 and 9 L/min were selected to investigate the effect of gas bubbles on the 

dissolution rate of magnesium hydroxide. Clear samples were taken at different time intervals 

and analyzed with the IC to determine the concentration of magnesium. 
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7.2 Results and discussion 

7.2.1 Precipitation of magnesium carbonate 

 

After the 100g of the magnesium hydroxide was added into the 2.5L of deionized water, the 

initial pH of the solution was around 10.5. As carbon dioxide gas was introduced, the pH 

decreased very fast at the beginning and then it gradually reduced. Figure 23 shows the profiles 

of pH. It can be noticed that at the pH range of 7 to 8, the concentration of Mg2+ starts to decrease 

from the result obtained in Figure 29 for the concentration profiles. This is due to the formation 

of magnesium and carbonate ions as solid products. In our experimental research, two impeller 

speeds of 470rpm and 560rpm were used for the carbonation of magnesium hydroxide at a 

constant CO2 flow rate of 1L·min-1 to investigate the effect of the rotation speed on the 

precipitation process. Normally at a constant temperature and CO2 flow rate, stirring rate should 

have an effect on dissolution of magnesium hydroxide. In general, high mixing rate can 

accelerate the dissolution of the substance. As we can see from the trend of the pH curves shown 

in Figure 23, there was an effect of impeller speed on pH curves. The pH dropped faster when 

the rotation speed was increased. The final product obtained from the slurry of magnesium 

hydroxide and CO2 gas was nesquehonite (MgCO3·3H2O) having characteristics of a needle-

like shaped particles and aggregated with each other as observed from previous work (Han et 

al. 2014a).  
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Figure 23. Solution of pH versus time in the precipitation of magnesium carbonate with two 

stirring rates. 

 

The conductivity of any solution depends on the concentration of all the ions present in the 

solution. Figure 24 shows the conductivity profiles with two stirring speeds in the precipitation 

experiments. As seen from the trend of the conductivity curves, at the beginning of the 

experiment, the conductivity was low for both the two stirrer speeds. It started to increase 

gradually with time with both stirrer speeds. Then, it started suddenly to decrease at different 

times depending on used stirrer speeds, i.e. around 30min time for 560rpm and around 50min 

time for 470rpm. When comparing the conductivity trend and that of concentration in Figure 29 

we can conclude that the more the concentration of the ions in the solution increases, the higher 

the conductivity. At starting point of the experiment before the carbon dioxide gas was 

introduced, pH of the slurry was around 10.5 which is a strongly basic solution (a solution 

having a pH value greater than 7), this means that as the pH drops, the conductivity keeps 

increasing if we compare the pH and conductivity trends. 
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Figure 24. Conductivity versus time in the precipitation of magnesium carbonate with two 

stirring rates at a constant temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 

 

From the particle size distribution results shown in Figure 25 and Figure 26, it can be deduced 

that the formation of a large amount of magnesium carbonates started at the range of 30-40 

minutes based on changes of the trend. These results correlate with earlier findings reported by 

Han et al. (2014a) and Zhao et al. (2010) who observed that the formation of carbonates occurred 

at 30 mins.  
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Figure 25. Particle size distribution of precipitates with a  mixing rate 470 rpm at a constant 

temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 
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Figure 26. Particle size distribution of precipitates with a  mixing rate 560rpm at a constant 

temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 
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Table 5. Average particle size of precipitates.  

Time (min) Average particle size (μm) 

 470 rpm 560 rpm 

10 5.42 6.13 

20 6.96 8.89 

30 11.8 17 

40 29.7 25.3 

60 33.7 28.2 

 

The crystal size increase over time (L/t) was calculated using Eq. (4.11). It should be 

mentioned here that obtained L/t values are not directly crystal growth rates, when the solid 

samples contained also reactant particles. Table 6 shows the L/t rates for the two stirring 

speed used in the precipitation experiments. 

 

Table 6. L/t rates. 

  470rpm 560rpm 470rpm 560rpm 

t (min) L (μm) L (μm) L/t (m/s) L/t (m/s) 

10 5.42 6.13  

2.56667E-09 

 

4.6E-09 

20 6.96 8.89  

8.06667E-09 

 

1.35167E-08 

30 11.8 17  

2.98333E-08 

 

1.38333E-08 

40 29.7 25.3  

3.33333E-09 

 

2.41667E-09 

60 33.7 28.2   
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The cumulative curves for the particle size distribution were plotted as shown in Figure 27 and 

Figure 28 for the mixing rate of 470prm and 560rpm respectively. The L/t changes obtained 

from the cumulative graph show the trends how the size increment against time changes. The 

L/t values are the highest at 30min to 40min as seen from the cumulative graph with stirrer 

speed of 470rpm. For the 560rpm, the L/t was the highest at 20 to 30min. This is due to 

occurrence of nucleation as explained earlier. 

 

 

Figure 27. Cumulative size distribution curve of precipitates showing the L/t rate of the 

particles for 470 rpm at a constant temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 
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Figure 28. Cumulative size distribution curve of precipitates showing the L/t rate of the 

particles for 560 rpm at a constant temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 
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Figure 29. Concentration profiles of Mg2+ over time with two different stirring speeds at a 

constant temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 
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Figure 30. Microscopic image of magnesium carbonate at 10min for 470rpm at a constant 

temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 

 

Figure 31. Microscopic image of magnesium carbonate at 10min for 560rpm at a constant 

temperature of 25 °C and a CO2 flow rate of 1 L·min−1. 
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7.2.2 Dissolution of magnesium hydroxide 

 

Influence of impeller speed on dissolution rate 

 

For the dissolution experiments, four impeller rotation speeds were used which are 350, 470, 

560 and 650 rpm to find out the influence of stirrer speed on dissolution rate. Table 7 shows the 

theoretical pH calculated based on the balance between n(H+) and n(OH-) and also the final 

experimental pH gotten from the experiments. 

Table 7. Experimental data for dissolution without inert gas. 

Stirrer speed 

(rpm) 

Initial 

pH 

Theoretical 

pH 

Experimental 

pH 

Weight of Mg(OH)2 

(grams) 

350 2 2.93 2.69 0.6508 

470 2.08 3.70 2.74 0.6019 

560 2.04 3.68 3.08 0.6607 

650 2.07 3.71 2.95 0.6166 

 

The results of pH and conductivity obtained from the Consort meter are shown in Figure 32 and 

Figure 33 respectively.  
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Figure 32. Profiles of pH versus time for dissolution with four different rotation speeds. 

 

When steady state operating conditions were achieved, 0.72g of fine powder magnesium 
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for all the different impeller speed used. After the solution became clear, the pH kept increasing 
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dissolution of Mg(OH)2 was not enhanced as depicted by the trend shown in Figure 32. This 
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For the conductivity curve, it keeps on decreasing as shown from the conductivity curve in 

Figure 33. The lowest speed of 350rpm had the highest conductivity value followed by the 

470rpm speed. Therefore we can deduce that the lower the impeller speed, the higher the 

conductivity except for the 650rpm which was not the case. It means that as already stated, the 

560rpm is the optimum speed also in the case of the conductivity trend just like for the pH. 

 

Figure 33.Conductivity versus time for dissolution with four different rotation speeds. 
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Influence of inert gas on dissolution rate. 

Table 8 andTable 9 show the theoretical pH and also the final experimental pH calculated based 

on the balance between n(H+) and n(OH-) gotten from the experiments for the dissolution with 

inert N2 gas using two different flow rates. 

 

Table 8. Experimental data for dissolution with inert gas N2 flow rate of 1L/min. 

Stirrer speed 

(rpm) 

Initial 

pH 

Theoretical 

pH 

Experimental 

pH 

Weight of Mg(OH)2 

(grams) 

350 1.95 2.86 2.69 0.727 

470 1.97 3.07 2.8 0.729 

560 1.98 3.2 2.6 0.728 

 

Table 9. Experimental data for dissolution with inert gas N2 flow rate of 9L/min. 

Stirrer speed 

(rpm) 

Initial 

pH 

Theoretical 

pH 

Experimental 

pH 

Weight of Mg(OH)2 

(grams) 

350 1.94 2.80 2.69 0.729 

470 2.0 3.58 2.69 0.722 

560 1.88 2.48 2.79 0.726 

 

1L/min N2 flowrate 

 

The pH result for the dissolution experiment with nitrogen inert gas is shown in Figure 34 with 

a flowrate of 1L/min. It can be seen from the trend of the pH of the 3 stirrer speeds used, that 

the highest stirrer speed of 560 rpm had the lowest pH value while the highest was that with 470 

rpm and the lowest stirrer speed came in between the two that is 470>350>560. These changes 

in the trends of the pH curves might be due to the fluctuation of the bubbles of the nitrogen gas 

in the jacketed glass reactor. 
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Figure 34. Profiles of pH versus time for dissolution with inert gas N2 of 1L.min-1 flow rate at a 

constant temperature of 25 °C. 

 

9L/min N2 flowrate 

 

The trend changed as compared to that of 1L/min when the flowrate of the nitrogen inert gas 
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followed by the lowest speed of 350rpm then the 470rpm had the lowest pH values as shown by 

Figure 35. This change in the sequence of the trend to 560>350>470 is attributed also to the 
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Figure 35. Profiles of pH versus time for dissolution with inert gas N2 of 9L/min flow rate at a 

constant temperature of 25 °C. 

 

Mg2+ concentration profiles with N2 gas at constant flow rates with different stirrer speed 
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Figure 36.Mg2+ concentration with N2 inert gas 1L.min-1 flowrate 

 

Figure 37.Mg2+ Concentration with N2 inert gas 9L.min-1 flowrate. 
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pH measurements with 350rpm 

Figure 38 show the comparison for a constant speed of 350rpm with two different flow rates of 

1L and 9L/min of N2 from the trend of the pH seen, at the beginning the 1L>9L but later on 

there was no much change as the trend looks almost exactly alike and the value of the pH were 

almost the same. The reason for this could be attributed to the lower stirrer speed, even though 

the flow rate was changed, due to the low stirrer speed, there was no much effect seen. 

 

Figure 38. pH versus time dissolution with inert gas at constant stirrer speed of 350rpm with 

different flow rates. 

 

pH measurements with 470rpm 

For the 470rpm constant speed, Figure 39 shows the trend of the pH for the different flow rates 

used. It was observed that the pH value was higher when the flow rate was lower for 1L/min 

and that the pH increased faster compared to when the flow rate was 9L/min. The reason could 

be due to less amount of bubbles generated at 1L/min which hindered the pH increase.  
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Figure 39. pH versus time dissolution with inert gas at constant stirrer speed of 470rpm with 

different flow rates. 

 

pH measurements with 560rpm 

The reverse was the case for the highest rotation speed of 560rpm as depicted by Figure 40. In 

this case, the pH increase was higher when the flow rate was at the highest that is 9L/min as 

against what we noticed for the constant speed of 470rpm. This could be due to the high speed 
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making the pH to increase greater with the highest flow rate because of the bubbles movement 

due to high flow rate and high mixing rate. 
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Figure 40. pH versus time dissolution with inert gas at constant stirrer speed of 560rpm with 

different flow rates. 

 

Conductivity measurements 
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Figure 41. Conductivity versus time dissolution with inert gas at constant stirrer speed of 

350rpm with different flow rates. 

 

Figure 42. Conductivity versus time dissolution with inert gas at constant stirrer speed of 

470rpm with different flow rates. 

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8

C
o

n
d

u
ct

iv
it

y 
(m

S/
cm

)

Time (min)

1L/min

9L/min

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

0 1 2 3 4 5 6 7 8 9

C
o

n
d

u
ct

iv
it

y 
(m

S/
cm

)

Time (min)

1L/min

9L/min



81 

 

 

 

Figure 43. Conductivity versus time dissolution with inert gas at constant stirrer speed of 

560rpm with different flow rates. 

 

Measured Mg2+ concentrations at 350rpm 
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Figure 44. Mg2+ concentration profiles for dissolution with inert gas at constant stirrer speed 

of 350rpm with different flow rates. 

 

Measured Mg2+ concentrations at 470rpm 

Figure 45 shows the concentration of that of 470rpm constant speed with different flow rates, 

as seen by the trend, the 9L/min flow rate had higher concentration values compared to the 

1L/min values. 
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Figure 45.Mg2+ concentration profiles for dissolution with inert gas at constant stirrer speed of 

470rpm with different flow rates. 

 

Measured Mg2+ concentrations at 560rpm 

For the highest impeller constant speed of 560rpm as shown by Figure 46 below, the trend is 

also similar like the one obtained with mixing speed of 470rpm. The 9L/min flow rate had higher 

concentration values compared to concentrations obtained with 1L/min.  
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Figure 46. Mg2+ concentration profiles for dissolution with inert gas at constant stirrer speed 

of 560rpm with different flow rates. 
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In most cases as observed from the results, when flow rate and stirrer speed are lower, there is 

no rise but when we have a higher flow rate coupled with higher stirrer speed, we get a rise in 

the pH, conductivity and Mg2+ concentrations.  

0

0,0005

0,001

0,0015

0,002

0,0025

0,003

0,0035

0,004

0,0045

0,005

0 1 2 3 4 5 6 7

C
o

n
ce

n
tr

at
io

n
(m

o
l/

l)

Time(mins)

1L/min

9L/min



85 

 

8. Conclusion 

 

From the results shown and discussed in this thesis work, it can be concluded that the 

carbonation of magnesium hydroxide with CO2 can be achieved if the experimental conditions 

described earlier are met and that the formation of nesquehonite (MgCO3.3H2O) was obtained 

at a pH range of about 7.0 to 8.0 as obtained from previous results of (Han et al. 2014a). At the 

beginning of the precipitation of magnesium hydroxide, mainly dissolution of Mg(OH)2 occurs 

after which the precipitation of the magnesium carbonate begins. Small amount of magnesium 

carbonate was precipitated in the reaction at the very beginning. At this stage it can be concluded 

that nuclei are probably formed and more magnesium carbonate crystals were formed later. 

Finally after 60min, all the magnesium hydroxide were consumed. Thus it was concluded that 

the crystallization process of nesquehonite started when the highest level of the concentrations 

of magnesium was reached. The concentration peak appeared at 45-50 min for the stirring speed 

of 470 rpm, and at 40−45 min for the other stirring speed of 560rpm. From the two different 

stirrer speeds employed in this research work, it can be noted that the mixing intensity has effect 

on the precipitation rate as the precipitation was achieved faster with the highest impeller used 

from the results of the concentration profile obtained. It is important to note that the rotational 

speed of the impeller and the flow rate of carbon dioxide have no effect on the quality of the 

final product gotten (MgCO3). The microscopic analysis of the crystals precipitated over time 

was carried out under an optical light microscope and showed that the crystals were almost same 

in texture at the beginning of the reaction, more or less similar to the initial raw material of 

Mg(OH)2 because most of the Mg(OH)2 has not reacted at the initial phase of the carbonation 

experiment. At precipitation time of 40 min, the Mg ion concentration achieved the highest 

point. Based on from obtained microscopic images the crystals were a little bit smoother in 

texture and easily dispersed than when they were mostly together at the beginning of the 

nucleation. 

The dissolution study of Mg(OH)2 in hydrochloric solution (HCl) was focused to investigate the 

effects of various stirrer speeds of 350, 470 and 560rpm and the presence inert nitrogen gas on 

dissolution rate. The average dissolution time was approximately 7 minutes in each dissolution 

experiment. The higher the mixing speed of the impeller, the higher the pH of the solution. 
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However, the optimum speed of the stirrer was 560rpm as against the highest stirring rate of 

650rpm, the dissolution of Mg(OH)2 was not enhanced as depicted by the trend of the pH curve 

with the highest stirring speed used. This implies that the stirring rate of 560rpm is the optimal 

speed for the dissolution experiment. For the dissolution with inert gas N2, it is difficult to make 

a conclusion as the trend for both the pH, conductivity and concentration were not consistent 

with each other in some cases. But generally speaking, there was an influence of the N2 inert 

gas caused by the bubble generated in the glass reactor which either makes the pH, conductivity 

and Mg2+ concentrations higher or lower according to the stirrer speed and flow rates used as 

already discussed in the results and discussion part of the dissolution with inert gas. This thesis 

research work has shown the results obtained on the dissolution rate of Mg(OH)2 particles and 

precipitation of magnesium carbonate in order to obtain the kinetic data of the carbonation 

process of the chemical reactions taking place. The successful application of the carbonation 

process requires a deeper and comprehensive understanding of the reactive crystallization of 

carbonates due to the high reactivity of carbon dioxide gas. 
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APPENDICES 

Appendix I 

Table A1. Ion chromatography summary results for magnesium precipitate (a). 

 

No. Name Time Area Rel.Area Height Rel.Height Amount 

min µS*min % µS % ppm

Magnesium Magnesium MagnesiumMagnesiumMagnesiumMagnesiumMagnesiumMagnesium

ECD_1 ECD_1 ECD_1 ECD_1 ECD_1 ECD_1

1 w ater 5,894  0,0234  0,23 0,03  0,08 0,5663  

2 10 5,924  3,2284  100,00 9,82  100,00 9,9849  

3 30 5,834  10,0501  100,00 31,70  100,00 30,0319  

4 50 5,777  16,8210  100,00 52,12  100,00 49,9297  

5 70 5,737  23,6808  100,00 71,66  100,00 70,0886  

6 100 5,677  33,8473  100,00 98,61  100,00 99,9649  

7 560rpm.05.06.9L.1 5,911  4,1000  98,43 12,66  97,48 12,5463  

8 560rpm.05.06.9L.2 5,884  5,9477  99,78 18,69  99,52 17,9761  

9 560rpm.05.06.9L.3 5,874  6,6125  99,83 20,85  99,63 19,9298  

10 560rpm.05.06.9L.4 5,874  6,8582  99,46 21,63  99,22 20,6518  

11 560rpm.05.06.9L.5 5,874  6,9602  99,20 21,96  98,60 20,9513  

12 560rpm.05.06.9L.6 5,871  7,1039  99,20 22,41  98,59 21,3738  

13 560rpm.05.06.9L.1.1 5,907  4,4042  100,00 13,67  100,00 13,4402  

14 560rpm.05.06.9L.2.2 5,887  5,8748  100,00 18,48  100,00 17,7617  

15 560rpm.05.06.9L.3.3 5,877  7,0588  100,00 22,30  100,00 21,2411  

16 560rpm.05.06.9L.4.4 5,867  7,4638  100,00 23,59  100,00 22,4315  

17 560rpm.05.06.9L.5.5 5,871  7,5148  99,71 23,75  99,34 22,5813  

18 560rpm.05.06.9L.6.6 5,867  7,8096  100,00 24,69  100,00 23,4478  

19 470rpm.CO2.08.06.1 5,871  8,0096  100,00 25,37  100,00 24,0352  

20 470rpm.CO2.08.06.2 5,804  15,3918  100,00 48,01  100,00 45,7294  

21 470rpm.CO2.08.06.3 5,791  17,8103  100,00 55,08  100,00 52,8369  

22 470rpm.CO2.08.06.4 5,754  23,0829  100,00 70,09  100,00 68,3313  

23 470rpm.CO2.08.06.5 5,734  26,2276  100,00 78,70  100,00 77,5729  

24 470rpm.CO2.08.06.6 5,724  28,4405  100,00 84,71  100,00 84,0758  

25 470rpm.CO2.08.06.7 5,707  32,0789  100,00 94,23  100,00 94,7681  

26 470rpm.CO2.08.06.8 5,694  34,8581  100,00 101,23  100,00 102,9353  

27 470rpm.CO2.08.06.9 5,704  33,2863  100,00 97,27  100,00 98,3163  

28 470rpm.CO2.08.06.10 5,734  27,5322  100,00 82,07  100,00 81,4067  

29 470rpm.CO2.08.06.1.1 5,871  8,6520  100,00 27,43  100,00 25,9231  

30 470rpm.CO2.08.06.2.2 5,801  16,9884  100,00 52,71  100,00 50,4215  

31 470rpm.CO2.08.06.3.3 5,781  19,9237  100,00 61,23  100,00 59,0474  

32 470rpm.CO2.08.06.4.4 5,767  22,0580  100,00 67,12  100,00 65,3195  

33 470rpm.CO2.08.06.5.5 5,771  21,1031  100,00 64,47  100,00 62,5133  

34 470rpm.CO2.08.06.6.6 5,804  16,2587  100,00 50,58  100,00 48,2771  

35 470rpm.CO2.08.06.7.7 5,787  18,6066  100,00 57,33  100,00 55,1769  

36 470rpm.CO2.08.06.8.8 5,781  19,1082  100,00 58,87  100,00 56,6509  

37 470rpm.CO2.08.06.9.9 5,777  20,0740  100,00 61,54  100,00 59,4892  

38 470rpm.CO2.08.06.10.10 5,791  18,1326  100,00 56,02  100,00 53,7841  

39 560rpm.CO2.09.06.1 5,844  11,2150  100,00 35,39  100,00 31,1595  

40 560rpm.CO2.09.06.2 5,787  18,6175  100,00 57,44  100,00 49,0090  

41 560rpm.CO2.09.06.3 5,764  22,1461  100,00 67,49  100,00 55,5217  

42 560rpm.CO2.09.06.4 5,761  22,4410  100,00 68,13  100,00 66,5215  

43 560rpm.CO2.09.06.5 5,771  20,8064  100,00 63,55  100,00 79,1956  

44 560rpm.CO2.09.06.6 5,777  19,6966  100,00 60,44  100,00 89,0546  

45 560rpm.CO2.09.06.7 5,784  18,7731  100,00 57,93  100,00 94,0441  

46 560rpm.CO2.09.06.8 5,774  20,2302  100,00 62,00  100,00 87,2576  

47 560rpm.CO2.09.06.9 5,774  20,2482  100,00 62,06  100,00 82,3458  

48 560rpm.CO2.09.06.10 5,774  19,8082  100,00 60,80  100,00 76,5743  

Sum: 278,659  786,966  4695,829  2397,936  4692,471  2472,193  

Average: 5,805  16,395  97,830  49,957  97,760  51,504  

Rel.Std.Dev: 1,098 % 54,309 % 14,709 % 52,225 % 14,737 % 55,891 %
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Table A2. Ion chromatography summary results for magnesium with inert gas N2 (b). 

  

No. Name Time Area Rel.Area Height Rel.Height Amount 

min µS*min % µS % ppm

Magnesium Magnesium MagnesiumMagnesiumMagnesiumMagnesiumMagnesiumMagnesium

ECD_1 ECD_1 ECD_1 ECD_1 ECD_1 ECD_1

1 10 5,807  3,4870  100,00 10,72  100,00 10,2498  

2 30 5,727  10,2986  100,00 32,66  100,00 30,5790  

3 50 5,677  16,9320  100,00 52,75  100,00 50,3764  

4 70 5,637  22,6841  100,00 69,38  100,00 67,5436  

5 100 5,577  33,9782  100,00 100,08  100,00 101,2512  

6 470rpm.04.06.1L.1 5,784  4,5464  99,28 14,17  99,23 13,4116  

7 470rpm.04.06.1L.2 5,767  5,8717  99,51 18,48  99,49 17,3668  

8 470rpm.04.06.1L.3 5,761  6,5793  99,54 20,75  99,53 19,4787  

9 470rpm.04.06.1L.4 5,750  7,0838  99,57 22,35  99,56 20,9843  

10 470rpm.04.06.1L.5 5,747  7,2715  99,58 22,98  99,56 21,5444  

11 470rpm.04.06.1L.6 5,747  7,4517  99,58 23,51  99,57 22,0822  

12 470rpm.04.06.1L.1.1 5,791  3,9316  99,00 12,15  98,71 11,5766  

13 470rpm.04.06.1L.2.2 5,774  5,1139  99,55 16,01  99,59 15,1051  

14 470rpm.04.06.1L.3.3 5,764  5,9884  99,61 18,81  99,65 17,7150  

15 470rpm.04.06.1L.4.4 5,754  6,7001  99,66 21,08  99,69 19,8391  

16 470rpm.04.06.1L.5.5 5,751  6,9697  99,46 21,97  99,39 20,6439  

17 470rpm.04.06.1L.6.6 5,744  7,4302  99,52 23,48  99,46 22,0181  

18 470rpm.04.06.9L.1 5,784  4,0909  99,48 12,68  99,49 12,0519  

19 470rpm.04.06.9L.2 5,777  4,7997  99,55 14,99  99,57 14,1674  

20 470rpm.04.06.9L.3 5,764  5,9481  99,67 18,71  99,69 17,5948  

21 470rpm.04.06.9L.4 5,754  6,5357  99,76 20,55  99,74 19,3486  

22 470rpm.04.06.9L.5 5,754  6,7731  99,75 21,39  99,74 20,0570  

23 470rpm.04.06.9L.6 5,747  6,9932  99,72 22,07  99,73 20,7140  

24 470rpm.04.06.9L.1.1 5,781  4,4839  99,07 13,97  98,92 13,2248  

25 470rpm.04.06.9L.2.2 5,761  5,7536  99,35 18,09  99,27 17,0143  

26 470rpm.04.06.9L.3.3 5,751  6,6519  99,42 20,99  99,35 19,6955  

27 470rpm.04.06.1L.4.4 5,747  7,0996  99,60 22,41  99,62 21,0315  

28 470rpm.04.06.9L.5.5 5,744  7,2718  99,47 22,97  99,41 21,5454  

29 470rpm.04.06.9L.6.6 5,744  7,5471  99,35 23,85  99,25 22,3671  

30 560rpm.05.06.1L.1 5,784  4,0290  99,25 12,48  99,24 11,8672  

31 560rpm.05.06.1L.2 5,767  5,3125  99,49 16,66  99,51 15,6977  

32 560rpm.05.06.1L.3 5,757  6,2660  99,59 19,69  99,61 18,5435  

33 560rpm.05.06.1L.4 5,751  6,4900  99,60 20,45  99,61 19,2123  

34 560rpm.05.06.1L.5 5,751  6,6316  99,48 20,89  99,47 19,6348  

35 560rpm.05.06.1L.6 5,751  6,8102  99,60 21,48  99,62 20,1677  

36 560rpm.05.06.1L.1.1 5,787  3,9250  99,42 12,17  99,42 11,5567  

37 560rpm.05.06.1L.2.2 5,767  5,3479  99,58 16,75  99,59 15,8035  

38 560rpm.05.06.1L.3.3 5,754  6,5397  99,61 20,62  99,60 19,3606  

39 560rpm.05.06.1L.4.4 5,751  6,8149  99,63 21,51  99,63 20,1819  

40 560rpm.05.06.1L.5.5 5,747  7,2255  99,67 22,77  99,68 21,4073  

41 560rpm.05.06.1L.6.6 5,744  7,4213  99,62 23,43  99,62 21,9915  

Sum: 235,776  309,080  4082,611  962,912  4081,823  916,003  

Average: 5,751  7,539  99,576  23,486  99,557  22,342  

Rel.Std.Dev: 0,685 % 71,256 % 0,225 % 67,842 % 0,266 % 71,758 %
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Table A3. Ion chromatography summary results for dissolution with inert gas N2 (c). 

 

No. Name Time Area Rel.Area Height Rel.Height Amount 

min µS*min % µS % ppm

Magnesium Magnesium MagnesiumMagnesiumMagnesiumMagnesiumMagnesiumMagnesium

ECD_1 ECD_1 ECD_1 ECD_1 ECD_1 ECD_1

1 10 5,831  3,4059  100,00 10,82  100,00 9,8630  

2 30 5,781  10,2671  100,00 32,13  100,00 30,2500  

3 50 5,734  17,0091  100,00 51,83  100,00 50,0297  

4 70 5,694  23,8240  100,00 70,89  100,00 69,7777  

5 100 5,644  34,4435  100,00 98,69  100,00 100,0795  

9 560rpm.1 6,054  3,1973  98,27 8,07  95,80 9,2388  

12 560rpm.2 5,990  5,8844  99,79 17,25  99,57 17,2580  

13 560rpm.3 6,007  5,2338  99,55 14,99  99,09 15,3203  

14 560rpm.4 6,001  5,4351  98,67 15,67  97,36 15,9199  

15 560rpm.5 5,987  5,9846  95,89 17,63  90,17 17,5564  

16 560rpm.6 5,987  5,8655  91,97 17,19  82,33 17,2017  

17 560rpm.sf.1 6,067  3,4222  100,00 8,69  100,00 9,9117  

18 560rpm.sf.2 6,037  4,1531  100,00 11,32  100,00 12,0961  

19 560rpm.sf.3 6,011  4,7599  100,00 13,47  100,00 13,9071  

20 560rpm.sf.4 5,991  5,3632  100,00 15,62  100,00 15,7058  

21 560rpm.sf.5 5,984  5,7190  100,00 16,92  100,00 16,7657  

22 560rpm.sf.6 5,974  6,0088  100,00 17,94  100,00 17,6282  

23 350rpm.1L.1 6,044  3,6233  99,62 9,65  99,24 10,5129  

24 350rpm.1L.2 6,007  4,6011  99,66 13,10  99,36 13,4334  

25 350rpm.1L.3 5,987  5,2974  99,58 15,55  99,17 15,5097  

26 350rpm.1L.4 5,967  6,0890  99,64 18,32  99,31 17,8669  

27 350rpm.1L.5 5,961  6,2117  99,82 18,74  99,62 18,2318  

28 350rpm.1L.6 5,957  6,4843  99,64 19,72  99,32 19,0428  

29 350rpm.9L.1 6,074  2,7618  100,00 6,87  100,00 7,9353  

30 350rpm.9L.2 6,010  4,1180  99,28 11,54  98,51 11,9911  

31 350rpm.9L.3 5,994  4,6192  100,00 13,33  100,00 13,4873  

32 350rpm.9L.4 5,981  5,0136  99,79 14,72  99,56 14,6639  

33 350rpm.9L.5 5,971  5,3782  99,81 15,92  99,60 15,7506  

34 350rpm.9L.6 5,957  5,9926  99,78 18,06  99,54 17,5800  

35 560rpm.1.1 6,057  2,8035  99,51 7,09  98,80 8,0602  

36 560rpm.1.2 6,004  3,9756  99,67 11,09  99,28 11,5657  

37 560rpm.1.3 5,991  4,5150  99,72 12,96  99,39 13,1763  

38 560rpm.1.4 5,981  5,0107  99,74 14,70  99,44 14,6553  

39 560rpm.1.5 5,967  5,5046  99,77 16,46  99,51 16,1269  

40 560rpm.1.6 5,964  5,7233  99,78 17,18  99,55 16,7785  

Sum: 208,646  237,699  3478,943  694,109  3453,538  694,879  

Average: 5,961  6,791  99,398  19,832  98,673  19,854  

Rel.Std.Dev: 1,697 % 91,583 % 1,501 % 92,215 % 3,395 % 91,383 %
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Appendix II 

 

Figure A1. Optical light microscope. 
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Figure A2. Microscopic analysis for different precipitates at mixing rate of 470 rpm. 
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Figure A3. Microscopic analysis for different precipitates at mixing rate of 560 rpm. 


