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Graphic Abstract 

 
 

Highlights 
 Two separate strategies to control precipitation of anhydrous magnesite have been investigated 

 Controlling carbonation process and products through investigating operation parameters such 

as temperature and pressure 

 Enhancement of the heterogeneous precipitation using seeding material 
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 A ternary phase diagram is achieved which represents the relative concentration of possible 

precipitated phases: brucite (Mg(OH)2), magnesite (MgCO3) and hydromagnesit 

(Mg5(CO3)4(OH)2·4H2O) 

 

Abstract 

This paper studies the indirect aqueous carbon sequestration via Mg(OH)2 using directed precipitation technique. 

This technique produces anhydrous MgCO3 (magnesite), the most desirable carbonated phase for sequestration. 

The formation of magnesite is significantly affected by its kinetics of precipitation in an aqueous carbonation 

medium. This study considers directed precipitation strategy to control precipitation of anhydrous magnesite 

through enhancement of the heterogeneous precipitation. Heterogeneous precipitation is implemented using 

seeding material that could improve the conversion efficiency of the directed carbonation of Mg(OH)2. A ternary 

phase diagram is achieved which represents the relative concentration of possible precipitated phases: brucite 

(Mg(OH)2), magnesite and hydromagnesit (Mg5(CO3)4(OH)2·4H2O). The results reveal the fundamental role of 

heterogeneous precipitation on the magnesite concentration and conversion percentage of Mg(OH)2 wet 

carbonation process. Two seeding materials, hydrophobic activated carbon and hydrophilic alumina, were tested 

and the influence of the surface chemistry of varying seeding sites (hydrophobic vs. hydrophilic seeds) was 

elaborated. At the carbonation temperature of 100 C̊ and 150 ̊C, a heterogeneous precipitation using hydrophilic 

alumina results in lower concentrations of anhydrous magnesite in precipitated compounds, even as compared to 

the seedless solution, owing to the hydrophilic properties of alumina. In contrast, use of activated carbon as 

heterogeneous nucleation sites in an aqueous medium results in a magnesite concentration of around 60% and the 

corresponding carbonation conversion of about 72% under the controlled condition of 200 ̊C and 30 bar CO2 

pressure. 

 

Keywords: CO2 sequestration; Mineral carbonation; Aqueous carbonation; Directed anhydrous precipitation.  
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1. Introduction 

 

Energy production and use cause almost two-thirds of global greenhouse gas (GHG) emission [1-6]. The 

goal of limiting the global temperature increase to within 2°C by 2100, as set at the 21st Conference of 

the Parties (COP21) [1], necessities effective strategies for controlling global CO2 levels.  Carbon capture 

and sequestration (CCS) technologies including mineral carbonation (MC) are considered promising 

solution that can be implemented immediately while other emission controlling strategies such as 

renewable energy replacement and energy efficiency improvement are developed [7-14]. Although MC-

CCS is thermodynamically favorable, its slow kinetics greatly hinders its use. Various kinetic improvement 

methods have been suggested to speed up the overall rate of carbon sequestration, such as pre-activation 

techniques (e.g. mechanical activation, thermal activation and chemical activation). The author’s 

previously explored mechanical pre-activation [15]. However, there is still an urgent need to study the 

carbonation parameters to enhance the kinetics of carbonation process and achieve favorable carbonated 

products.   

Aqueous indirect carbonation has received significant industrial attention, as it combines the benefits of 

improved kinetics in aqueous approaches and the process controllability of indirect carbonation [16]. 

During indirect carbonation route, the overall mineralization process is staged into two major steps; 

extraction of reactive compounds from original feedstock and later carbonation of extracted compounds. 

The attraction toward indirect carbonation approach over the direct route is mostly ascribed to its higher 

efficiency and enhanced overall kinetics of storage. This superiority can be attributed to initial separation 

of rate controlling silica layers and also, the more efficient control over carbonation parameters [16].    

Among the different types of divalent cation bearing feedstock used in mineral carbonation, Mg-bearing 

materials are the most preferred resources, due to their great abundancy, high theoretical CO2 storage 

capacity, and noticeable absorbent element content [9, 17, 18]. Mg(OH)2 is the major reactive compound 

extracted from such feedstock for indirect carbon sequestration.  

Both extraction and carbonation of Mg(OH)2 need to be kinetically improved to facilitate rapid indirect 

carbon sequestration. The authors studied enhancing the kinetics of extraction stage in their previous 

research [19] and kinetic enhancement of carbonation stage has been elaborated in current work. Eqs. 

(1) to (3) summarize the generally accepted elementary steps of the Mg(OH)2 aqueous carbonation 

process. Eq. (1) shows a dissolution of CO2 in water (Eq. (1)) which is not permanent and it may go both 

ways (a double headed arrow). Therefore, a dissolution of Mg(OH)2 material is needed to liberate divalent 

cations in the solution (Eq. (2)), and finally, the precipitation of carbonated product occurs (Eq. (3)) [9, 15, 
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20-24]. Precipitation (Eq. (3)) may result in the formation of water as a reaction product, depending upon 

the type of Mg-carbonate produced. The stoichiometry balance of Eq. (3) also depends upon these 

products. 

H2O + CO2  H+ 
(aq) + HCO3

-
(aq)  CO3

-2
(aq) + 2H+

(aq)                                                                                          (1) 

+ +2
2(s) (aq) (aq) 2 (l)Mg(OH) +2H Mg +2H O

                                                                                                     (2) 

+2 - -2
(aq) 3 (aq) 3 (aq)Mg +(HCO /CO ) Mg-Carbonates

                                                                                       (3) 

 

Varying the temperature and pressure results in different hydrous and anhydrous carbonate products 

during aqueous carbonation of Mg(OH)2 [24, 25]. In the common applicable range of a carbonation 

process, hydrous carbonates require a higher level of super-saturation (a higher equilibrium constant) 

than the anhydrous magnesium carbonate (MgCO3-magnesite), suggesting a higher thermodynamic 

tendency for the formation of anhydrous carbonates vs. hydrous ones. The hydrous precipitates are 

thermodynamically metastable. In addition, they offer a lower saturation index (SI) of precipitation than 

anhydrous magnesium carbonates. A saturation index (SI) is the factor which determines solution 

tendency to form precipitates. This factor compares the actual concentration of solutes under the term 

of Ion Activation Product (IAP) with thermodynamic solubility product (KSP) to predict the tendency of 

precipitates formation [26]. However, hydrous carbonate formation can occur more easily due to better 

kinetics of formation and the formation of the anhydrous magnesite phase is strongly limited by the 

kinetics of the precipitation process Eq. (3) [25-28].  

Anhydrous carbonates are much more favorable compared to hydrous ones owing to their higher storage 

capability (a lower molecular weight) and thermodynamic stability. So, it is very important to stimulate 

the kinetics of anhydrous carbonates formation to improve a total carbonation performance. Thus, 

directing the precipitation toward the formation of anhydrous carbonate phases is desirable, and is 

referred to as “directed precipitation” in this work. This study aims to promote formation of anhydrous 

magnesite for the final goal of more efficient Mg(OH)2 carbonation process with the more stable 

carbonated products. Since the formation of favorable magnesite compound is mainly limited by the 

kinetics of formation, heterogeneous precipitation strategy is proposed to improve the efficiency of 

directed precipitation by enhancing the kinetics of magnesite formation.  

A number of researchers have investigated the kinetics and mechanism of magnesite (MgCO3) 

precipitation during aqueous carbonation of Mg(OH)2 . Their main focus has been on predicting most likely 

carbonate precipitates to be formed as a function of applied conditions such as temperature and pressure 
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[29-33]. The enhancement of precipitation kinetics was studied in [24, 34-36]. For example, the effect of 

heterogeneous nucleation on precipitation of calcium carbonate in an aqueous solution was studied by 

Chevalier [35] considering two different hydrophobic and hydrophilic nucleation sites. However that 

research is aimed to inhibit the formation of calcium carbonates in heat exchangers and the possible effect 

of heterogeneous precipitation on the improvement of carbonation process, under applicable 

carbonation conditions is not the focus. Similarly, Swanson et al. [24] studied the effect of heterogeneous 

precipitation on the aqueous carbonation of Mg(OH)2 using magnesite and alumina seeds with the goal 

of directed carbonation. Their results show that the magnesium carbonate seeds are more prone to form 

favorable magnesium carbonate precipitates as compared to the alumina seeds. This effect was mainly 

attributed to similarity between the crystal orientation of magnesium carbonate seeds and magnesite 

precipitates. The possible effect of surface wettability was not evaluated [24].  

Considering the previously proven effect of heterogeneous seeding on the formation of precipitates, this 

study aimed to improve the process of directed carbonation of Mg(OH)2 using heterogeneous 

precipitation sites. The effect of wettability parameter was evaluated, addressing the current gap in the 

effect of surface wettability of heterogeneous nucleation sites (seeds) on directed carbonation. This effect 

was considered through the comparison of the effects of hydrophobic and hydrophilic seeds on 

carbonation efficiency and magnesite concentration.   

The first phase of this study thoroughly explored the quantitative effects of temperature and pressure on 

magnesite content and carbonation conversion percentage, in order to understand the path of directed 

carbonation of Mg(OH)2 toward favorable anhydrous carbonates. In this phase, the correlation between 

the concentration of magnesite and overall carbonation conversion was assessed. The results of first 

phase was used as a baseline to clarify the effect of heterogeneous precipitation strategy, investigated in 

the second phase. In the second phase, a heterogeneous precipitation through seeding to enhance the 

rate of magnesite formation, was studied. Two different seeding materials with varying wettability 

properties were used with the objective of enhancing the kinetics of precipitation using the general effect 

of heterogeneous nucleation sites. The possible effects of different precipitation sites with varying 

wettability properties on the water content of precipitated carbonates were examined. The main 

objectives of this study are, to quantitative evaluation of the effect of carbonation temperature and 

pressure on the directed precipitation of MgCO3 during the aqueous carbonation of Mg(OH)2, by 

investigating the variation in the magnesite concentration and the total extent of carbonation conversion; 

to assess the general effect of heterogeneous nucleation on the kinetics enhancement of the anhydrous 

magnesite formation, under varying temperature and pressure conditions; and to investigate the 
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influence of dissimilar surface properties of heterogeneous nucleation sites on directed precipitation, 

under different temperature and pressure conditions, during aqueous carbonation. A ternary phase 

diagram, which represents the relative concentration of possible precipitated phases: brucite (Mg(OH)2), 

magnesite and hydromagnesit (Mg5(CO3)4(OH)2·4H2O) under different carbonation conditions, is to be 

plotted. 

 

2. Experimental methods 

 

Magnesium hydroxide (Mg(OH)2) powders (Alfa Aesar 1039-42-8; 95-100% assay) were used in this 

research as a Mg-bearing source during aqueous carbonation. In each carbonation test, 3 g of Mg(OH)2 

was added to 100 cc distilled water (a concentration of around 0.5 molar).  

Carbonation reactions were performed in a 4650 Parr high-temperature, high-pressure reaction vessel. 

The vessel was evacuated and purged with CO2 gas prior to setting the desired carbonation pressure and 

temperature. In all cases, the reactor was heated from room temperature to the desired carbonation 

temperature, at a rate of about 10 deg.min-1, and then was kept under adjusted constant temperature for 

60 min. In all cases the carbonation pressure was adjusted to the desired value through opening the valve 

connected to inlet CO2 bottle.  Fig. 1 shows a schematic of the carbonation setup. A combination of 

reaction temperatures and pressures was selected based on the saturated water thermodynamic table 

[37], such as to ensure that the solvent water would not evaporate under applied conditions and the gas 

phase remained pure CO2.  Carbonation temperatures of 100, 150 and 200 ̊C and CO2 pressure of 10, 20, 

25 and 30 bar were tested.  

The experimental occur under either seedless or seeding conditions. The alpha alumina (Al2O3) particles 

(Alfa Aesar 1344-21-1; 99.9% assay; <1.0 μm APS; 2-4 m2/g SSA) were used as hydrophilic seeding 

materials. Activated carbon powders (MTI TF-B-520; 5 μm APS; 2000 m2/g SSA) were applied as 

hydrophobic seeding sources. To supply an equal surface area of heterogeneous nucleation sites during 

carbonation, 1.0 g of alumina or 1.5 mg of activated carbon powders was added to the carbonation 

solution. 

After carbonation process, the reactor was cooled to room temperature, and the carbonation solution, 

including the carbonated precipitates, was filtered using 2.5 μm pore size filtering papers (Whatman 1442-

055; grade 42).  To evaporate adsorbed moisture from the powders, the recovered precipitates were oven 

dried for two hours at 200 ̊C, after filtration.  
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Fig 1. Schematic overview of Mg(OH)2 aqueous carbonation apparatus  

(The drawing is not on scale). 

 

The dried, filtered solid products were the aggregates in the size range of 15 to 50 μm. Thermal analyses 

were performed on solid products in a combined DSC/TGA thermal analyzer device (NETZSCH STA 449F3A-

0918-M Jupiter), under argon atmosphere with the flow rate of 20 mL/min. An alumina crucible was used 

as a sample container. In all cases, the mass of solid sample was 10±1 mg and specimens were heated 

from room temperature to 750 °C at a rate of 10 deg.min-1. SEM micrographs were obtained via the 

secondary electron detector of LEO 1550 Zeiss SEM at 10 kV. To promote the conductivity of samples for 

SEM imaging, samples were gold coated prior to SEM analysis using a1 UHV spotter system for 139 

seconds, with a current of 20 mA. XRD phase analysis was performed using an INEL XRG 3000 Powder 

Diffractometer, via monochromic Cu Kα1 radiation with the wavelength of 0.15406 nm, generated by the 

accelerating voltage and current of 30 kV and 30 mA, respectively. 

 

3. Results and discussion 

 

3.1. Effects of temperature and pressure on directed magnesite precipitation in seedless aqueous 

carbonation of Mg(OH)2 
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The effects of temperature and pressure on the efficiency of magnesite formation, as a potential favorable 

anhydrous carbonation product during Mg(OH)2 carbonation, were characterized. This initial research 

phase was designed to examine the effect of applied carbonation parameters (temperature and pressure) 

on the efficiency and magnesite concentration during seedless Mg(OH)2 carbonation process.  This phase 

is also aimed to evaluate the role of magnesite concentration on the overall carbonation efficiency. The 

results of this research phase, were used as a baseline to clarify the effect of heterogeneous precipitation 

strategy, applied in a later phase. 

Seedless Mg(OH)2 aqueous carbonation was evaluated at temperatures of 100, 150 and 200 ̊C. Pressure 

was adjusted to 10, 20, 25 and 30 bar. The carbonation products were then filtered, dried and analyzed 

to track the presence and relative concentration of brucite (Mg(OH)2), hydromagnesite 

(Mg5(CO3)4(OH)2·4H2O) and magnesite (Mg(CO3)). These phases are the typical products of aqueous 

carbonation of Mg(OH)2 in the applied range of temperatures and pressures in this research, in 

accordance with the available literature data that were evaluated from a standpoint of the 

thermodynamic stability of possible carbonated precipitates [24, 25, 28, 30, 33]. Fig. 2 presents the SEM 

micrograph of carbonated products (magnesite and hydromagnesite), showing the rhombohedral 

structure of magnesite (Fig. 2a) vs. the sheet like morphology of hydromagnesite (Fig. 2b). 

 

 

 

 

 

 

 

 

 

Fig 2. SEM micrograph of hydrous and anhydrous precipitated carbonate compounds in Mg(OH)2 

aqueous carbonation process. a) Magnesite (MgCO3) formed at 200 ̊C and 20 bars, b) hydromagnesite 

((Mg5(CO3)4(OH)2·4H2O)) formed at 150 ̊C and 20 bars. 

 

In the initial stage, carbonation products were analyzed using XRD method for qualitative evaluation of 

possibly formed crystalline carbonation precipitates. Fig. 3 shows the XRD patterns of precipitated phases, 

 (MgCO
3
) 
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at the varying applied temperature and pressure conditions. Comparing the XRD patterns illustrated in 

Fig. (3-a), it seems that temperature exerts a significant effect in a direct precipitation of Mg(OH)2, so that 

no obvious diffraction peak of hydrous magnesites is observed at the carbonation cases at 200 ̊C, and 

favorable anhydrous magnesite was shown to be the sole crystalline carbonated product during aqueous 

carbonation of Mg(OH)2 under 200 ̊C. It needs to be mentioned that just the XRD peaks of magnesite, 

hydromagnesite and brucite are labeled in this figure and the possible peaks of alumina that might have 

overlapped with the diagnosed peaks of considered compounds are not shown. 

Knowing that an XRD method is not capable of detecting the possibly amorphous phases during 

carbonation, thermal analysis was performed as a complimentary technique to evaluate both 

crystalline and amorphous phases. Also, a quantitative investigation of the percent fraction of 

possible carbonation products was carried on through thermal decomposition of dried carbonated 

products in a thermogravimetric (TG) apparatus under an inert argon atmosphere.  

Fig. 4 presents the thermogravimetric analysis (TGA) results attributed to the decomposition of different 

carbonated products at a temperature range from room temperature to 750 ̊C. Different chemical 

compounds are characterized by a varying temperature range of decomposition related to the specific 

type of chemical bonding in their structure. Hence, the mass fraction of each carbonated product (brucite, 

magnesite and hydromagnesite) can be calculated based on the TGA mass percentage variations at a 

specific temperature range, attributed to the decomposition of that particular compound.  Eq. (4) presents 

the decomposition (dehydroxylation) reaction of brucite which was reported to take place at the range of 

around 400-450  ̊C [24, 38, 39]. 

 

2(s) (s) 2 (g)Mg(OH) MgO +H O (~400-450°C)                                                                         (4)  

 

Hollingbery [39] performed a comprehensive study of a decomposition mechanism of hydromagnesite 

through reviewing and evaluating the previously-suggested mechanisms and theories [39-44] and 

presented a three stage dissociation mechanism during the thermal decomposition of hydromagnesite.  
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Fig 3.  XRD patterns of precipitated phases, formed during aqueous Mg(OH)2 aqueous carbonation. a) 

seedless carbonation. b) carbonation with seeding sites (alumina and activated carbon). 

 

Based on the proposed mechanism, hydromagnesite decomposes through three separate stages of 

dehydration (release of structural water) Eq. (5), dehydroxylation (repealing the hydroxyl group) Eq. (6), 

and the final decarbonation stage Eq. (7) [24, 31, 33, 38]. 

 

 

b) 

 

a) 
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         5 3 2 (s) 5 3 2 (g)4 2 4 2 (s)
Mg CO OH ·4H O  Mg CO OH +4H O   ~220-350°C                                     (5) 

         5 3 3 (s) 2 (g)4 2 (s) 4 4(s)
Mg CO OH  Mg CO +MgO +H O  ~350-460 °C                                       (6) 

   3 (s) 2 (g) 4 4(s)
Mg CO 4MgO +4CO       (>515°C)                                                                                        (7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. TGA thermal decomposition graph of precipitated phases, formed during aqueous carbonation of 

Mg(OH)2. 

 

Subsequently magnesite, as the most favorable product of Mg(OH)2 aqueous carbonation, decomposes 

at the temperature higher than 460 ̊C based on Eq. (8). 

 

3(s) (s) 2 (g)MgCO MgO +CO   (>460°C)                                                                                                           (8) 

 

Considering the decomposition reactions and corresponding temperature ranges, TGA curves were 

sectioned into three separate ranges in Fig. 4, representing the first section of hydromagnesite 

dehydration in the approximate range of 220-350 ̊C, the second section of hydromagnesite and brucite 

dehydroxylation in the approximate range of 350- 460 ̊C, and the third section of hydromagnesite and 
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magnesite decarbonation over 460 ̊C. Since there is a clear overlap between the dehydroxylation of 

brucite (Eq. (4)) and hydromagnesite (Eq. (6)), as well as decarbonation of magnesite (Eq. (8)) and 

hydromagnesite (Eq. (7)), the isolated dehydration temperature range of hydromagnesite (220-350 ̊C) has 

been considered as a separate stage in estimating the mass percentage of hydromagnesite (Eq. (5)).  

The mass percentage of hydromagnesite can be calculated using Eq. (9), based on the stoichiometry of 

the hydromagnesite dehydration reaction (Eq. (5)). 

 

   
-1

TGA mass change %  in the range of hydromagnesite dehydration ~ 220-350°C
Hydromagnesite (mol %) =    

molar number of water(4)×molar mass of water (18 g.mol )
      (9) 

 

Although in a similar study by Swanson et al.  [24], a thermal decomposition range of over 460°C has been 

specifically addressed to magnesite decarbonation, the present authors believe that considering the 

previously suggested mechanisms and dissociation models of hydromagnesite [24, 31, 33, 38], there 

would be a strong overlap between the decarbonation range of magnesite and hydromagnesite. Hence, 

this temperature range would not result in a concentration of pure magnesite and the initial dehydration 

range of hydromagnesite has been addressed as a unique decomposition range when calculating the 

hydromagnesite concentration in a magnesite- brucite- hydromagnesite mixture as given by Eq. (9). Since 

the decarbonation of both magnesite (Eq. (8)) and hydromagnesite (Eq. (7)) is possible at the thermal 

range of over 460 ̊C (at the third stage, shown in Fig. (4)), the corresponding mass reduction owing to a 

decomposition at this temperature range has been attributed to the combined decarbonation of 

magnesite and hydromagnesite compounds. The pure concentration of magnesite can then be estimated 

upon deduction of the hydromagnesite portion which can be calculated based on Eq. (9). Subsequently, 

considering the stoichiometry of hydromagnesite decomposition reactions (Eq. (5) to Eq. (7)), the 

contribution of mass reduction as a result of hydromagnesite decarbonation can be calculated and 

deduced in the thermal range of over 460  ̊C, to estimate the net concentration of the magnesite phase 

(Eq. (10)). Hydromagnesite mol % was calculated using Eq. (9). Obviously, the balanced value over 100 

presents the molar percentage of brucite in the analyzed compound.   

 

 

 -1
2(g)

TGA mass change %  in the thermal range of over 460°C
Magnesite (mol %) = - (hydromagnesite (mol %)×4) 

molar mass of CO  44 g.mol
    (10) 
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It needs to be mentioned here that the ranges of mass change variation in TGA graphs were set and 

justified based on the corresponding TGA first derivative curve (dTGA) for an accurate mass change period 

selection in each section.  

A ternary phase diagram presented in Fig. 5 is plotted based on the relative molar percentage of each 

component, under different applied conditions. As shown in Fig. 5, no hydromagnesite phase forms under 

200 ̊C, and anhydrous magnesite is the only carbonated product formed at the highest temperature of 

200  ̊C. This result was also confirmed by the XRD diffraction patterns (Fig. 3-a) which shows no evidence 

of crystalline hydromagnesite diffraction peaks for 200  ̊C carbonation cases. 

Also, as shown in Fig. 5, the molar percentage of the magnesite compound, as the intended carbonated 

phase in the directed carbonation of Mg(OH)2, increases as a function of both temperature and pressure. 

As shown in Fig. 6, the magnesite molar percentage (M%), which was analyzed based on the thermal 

decomposition in TGA curves as explained earlier, increases as a function of both temperature and 

pressure. However, the effect of temperature increase on the increment of M% is more profound than 

that of the pressure.  

To further clarify the effect of temperature and pressure on the magnesite percentage value, the 

mechanism of carbonate precipitate formation during the Mg(OH)2 carbonation process must be taken 

into consideration. The mechanisms of the formation of magnesite in aqueous carbonation solutions have 

been addressed and evaluated in the literature [24, 25, 28, 34, 35]. According to the suggested 

mechanism, magnesite mainly precipitates through the transformation of pre-formed hydrous carbonates 

such as hydromagnesite [24, 25, 27-30, 45]. The transition stage of intermediate hydromagnesite to 

magnesite transformation was considered as a bottle neck stage in the magnesite precipitation process.  

At high temperatures, the liberation of water molecules from hydromagnesite structure is facilitated, the 

transition of pre-formed hydromagnesite to magnesite is enhanced and magnesite precipitation is 

enhanced [34]. This mechanism could reasonably explain why during a certain precipitation period (60 

min), the extent of precipitated magnesite increases as a function of temperature. Therefore, no trace of 

hydromagnesite has been recorded in either XRD (Fig. 3-a) or TGA (Fig. 6).  
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Fig 5. Phase diagram, representing the relative concentration of brucite (Mg(OH)2), magnesite (MgCO3) 

and hydromagnesite (Mg5(CO3)4.(OH)2.4H2O) in the precipitated phases, formed during aqueous 

carbonation of Mg(OH)2. 

 

In regard with the reported zero concentration of hydromagnesite at 200 ̊C, it needs to be emphasized 

that, although XRD method is solely capable of crystalline phase detection, the possibility of the presence 

of amorphous hydromagnesite phase is negligible, considering the outcome of thermogravimetric analysis 

which is capable of detecting both amorphous and crystalline phases. The extent of magnesite 

precipitation also increases as a function of pressure as is also recorded in previous studies [25, 29, 33]. 

However, as shown in Fig. 6, the effect of pressure on increasing the magnesite content is more noticeable 

at higher temperatures. This observation may be attributed to the fact that the rate of dissolution of CO2 

gas in the aqueous solution as a first stage of Mg(OH)2 carbonation (Eq. (1)), decreases with a temperature 

increase. Hence, at high temperatures, a CO2 pressure increase can have a greater effect through 

promoting CO2 concentration in the solution.  

 

 

Hydromagnesite (Mg
5
(CO

3
)4.(OH)

2
.4H

2
O) 
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Fig 6. Magnesite molar concentration variation as a function of carbonation temperature and pressure, 

in precipitates formed during seedless aqueous carbonation of Mg(OH)2. 

 

In the next stage, the effect of temperature and pressure parameters on the total value of conversion 

percentage was studied. The carbonation conversion percentage is defined as the amount of CO2 which 

is stored in the material relative to the maximum theoretical capacity of a considered material to store 

CO2 [9, 46]. In order to calculate the extent of conversion percentage under each condition, the mass ratio 

of actual CO2 released during TGA thermal decomposition to the maximum theoretically possible CO2 

release was calculated. The maximum theoretically possible CO2 release was considered as the amount of 

CO2 gas that could be released during TGA thermal decomposition, if the total product of Mg(OH)2 

carbonation is anhydrous magnesite. Magnesite was chosen as a reference material, with the maximum 

possible CO2 release in thermal decomposition, having the highest Mg to C ratio and lowest molecular 

weight. It results in the highest density of CO2 storage, among all the other possible products of 

carbonation in proposed Mg(OH)2 carbonation [46]. With this definition, the total amount of carbonation 

conversion percentage can be calculated from Eq. (11).  

 

(Hydromagnesite mol%×4)+(Magnesite mol%)Carbonation conversion (%) = 
100

                                    (11) 
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Fig. 7 shows the trend of Mg(OH)2 carbonation conversion percentage as a function of temperature and 

pressure. The trend of conversion percentage variation as a function of temperature and pressure is very 

close to that presented for the molar percentage of magnesite in Fig. 6. The similarity between Fig. 7 and 

Fig. 6 points out towards the important role of the directed precipitation of anhydrous magnesite on 

improving carbonation efficiency. Adding the great thermodynamic stability of magnesite to the scenario, 

the importance of directed precipitation is even more significant. 

 

3.2. Effect of heterogeneous seeding on directed precipitation of anhydrous magnesite under varied 

temperature and pressure conditions during aqueous carbonation of Mg(OH)2 

 

Because the kinetics of magnesite formation is the most important barrier to the directed precipitation of 

MgCO3 [24], heterogeneous nucleation was proposed and implemented in this phase of research. As is 

well-known from the theory of precipitation processes, heterogeneous nucleation is capable of enhancing 

the total kinetics of precipitation, through reducing the activation energy barrier of nucleation [24, 35, 36, 

47-50]. This reduction has been proven and explained through considering the geometry of nuclei and the 

changes in the acting interfacial surfaces. Heterogeneous nucleation can successfully add a negative 

energy contribution term (as a result of the destruction of the seed to liquid interface), to the general 

terms of free energy variation during nucleation process and enhance the kinetics of nucleation stage [47-

49].  

Knowing that heterogeneous seeding is fairly capable of enhancing the rate of precipitation in Mg(OH)2 

aqueous carbonation, seeding sites were added to the solution with the goal of possible enhancement of 

directed precipitation. The effect of dissimilar heterogeneous sites on kinetics of magnesium carbonate 

(MgCO3) formation was evaluated. Alumina (Al2O3) and activated carbon seeds were examined as 

hydrophilic and hydrophobic precipitation sites, respectively.  The total surface area of these seeding 

materials was kept constant in order to eliminate the effect of precipitation site availability. The 

effect of different seeds’ surface properties on the carbonation conversion percentage and 

magnesite content was evaluated under varying temperature and pressure conditions to track the 

performance of seeding sites as a function of carbonation conditions. 
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Fig 7. Carbonation conversion percentage variation as a function of carbonation temperature and 

pressure in precipitates formed during seedless aqueous carbonation of Mg(OH)2. 

 

Aqueous carbonation of Mg(OH)2 was performed at temperatures of 100, 150 and 200 ̊C under the CO2 

pressures of 20 and 30 bar. At each condition, seedless and heterogeneous precipitation was tested and 

compared.   

In the first stage, crystalline carbonated products were analyzed using XRD method. The results are 

included in Fig. 3-b. Similar to the previous research stage explained in section (3.1), the brucite (Mg(OH)2), 

hydromagnesite (Mg5(CO3)4(OH)2·4H2O) and magnesite (Mg(CO3)) phases were identified in diffraction 

patterns to evaluate the qualitative effect of the preferred nucleation process on the type of precipitated 

phases. Based on the XRD results in Fig. 3-b, the crystalline hydromagnesite phase was not found at high 

temperature condition (200 ̊C). Again, TGA was performed as a complement to XRD analysis, to 

compensate for the weakness of XRD method in analyzing the possible amorphous carbonation products.   

Fig. 8 shows the TGA thermal decomposition plots of the carbonation products which were utilized to 

calculate the total conversion percentage of carbonation process, as well as the molar concentration of 

the possible hydromagnesite, magnesite and brucite phases, based on the method explained in section 

(3.1). The ternary diagram presented in Fig. 5 includes the data corresponding to heterogeneous 

carbonation as well as those recorded under seedless condition. Similar to the results of seedless 

precipitation, the effect of temperature increase on directing the Mg(OH)2 carbonation process through 

the formation of anhydrous magnesium carbonate (magnesite) is clearly shown. The molar percentage of 
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magnesite increases with increasing temperature. Thus, hydromagnesite content is not significant at the 

high temperature of 200  ̊C, neither as an amorphous phase monitored with TGA (Fig. 5), nor as a 

crystalline phase detected by XRD (Fig. 3-b). The noticeable effect of temperature on the formation of 

MgCO3 can be explained based on the previously discussed mechanism of magnesite formation, from the 

intermediate hydromagnesite phase, since high temperature speeds up the rate of hydromagnesite to 

magnesite transition through facilitating the liberation of water molecules [34]. 

Comparing the data points attributed to the activated carbon and alumina seeds in the ternary 

carbonation diagram presented in Fig. 5, under similar temperature and pressure conditions, the 

magnesite molar concentration is higher for activated carbon. Fig. 9 shows that the magnesite 

concentration increases as a function of temperature and pressure in both seeding conditions, owing to 

the enhanced kinetics of hydromagnesite to magnesite transition or promoting the dissolution of CO2 in 

aqueous solution as a first stage of carbonation (Eq. (1)). The trend in Fig. 9 shows that the concentration 

of anhydrous magnesite phase is higher using activated carbon carbonation, compared to both alumina 

and seedless carbonations under similar applied temperature and pressure conditions.  

This result may be attributed, firstly, to the role of activated carbon as a heterogeneous site of nucleation, 

which decreases the energy barrier to nucleation [47-49]. On the other hand, unlike the alumina seed, 

activated carbon shows a water repelling effect, known as hydrophobic property, and so tends to repel 

water molecules. Because of this intrinsic hydrophobic property of activated carbon, the kinetics of the 

water-repellent process during hydromagnesite to magnesite transition can be enhanced, resulting in a 

higher concentration of magnesite precipitation, compared to hydrophilic alumina seeds. The effect of 

wetting properties of seeding materials on the propensity of nucleation and adsorption of precipitates 

was also investigated by Chevalier [35] in an study on the effect of surface wetting properties on the 

nucleation and adhesion of calcium carbonate (CaCO3) in aqueous solution. Different hydrophobic and 

hydrophilic nucleation sites were evaluated in his research. The results of his study demonstrated that 

when the nucleation site did not promote any specific orientation of precipitates crystal, hydrophilicity 

showed a negative effect on nucleation of calcium carbonate precipitates. The logic behind the effect of 

surface wetting properties on precipitation formation was explained through analysis of surface free 

energies, involved in the nucleation stage. Referring to [35] the net surface free energy of a crystal nuclei 

on nucleation site is a function of interfacial free energy of precipitate/solution (ϒp/sol) and nucleation 

site/solution (ϒns/sol) interfaces. In the case of hydrophilic nucleation sites, the formation of nucleation 

site/solution bond is favored over the formation of precipitate/solution bonds and the nucleation site 

shows higher tendency to form OH-bond with the solution water molecules rather than carbonate ions. 
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This hydrophilic property ends up with the noticeable reduction in ϒns/sol as compared to ϒp/sol . Hence, the 

net surface energy of formation of carbonated precipitates nuclei increases and causes a reduction in 

nucleation density vs hydrophilicity [35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8. TGA thermal decomposition graph of precipitated phases, formed during aqueous carbonation of 

Mg(OH)2 in heterogeneous carbonation using different seeding sites. a) Activated carbon and b) 

alumina. 
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Interestingly, the amount of magnesite concentration is the lowest with the alumina seeding, even lower 

than that for a seedless carbonation under 100 and 150 ̊C, despite that heterogeneous seeding nucleation 

sites should, at least, in theory, enhance the kinetics of nucleation. 

 

 

Fig 9. Magnesite molar concentration under varying carbonation temperature and pressure conditions, 

in precipitates formed during aqueous carbonation of Mg(OH)2, under heterogeneous and seedless 

carbonation conditions. 

 

This interesting finding can be explained considering the polar structure and hydrophilic property of 

alumina seeds which result in the hydrogen bond formation on the surface of alumina when it comes into 

contact with water [50-54]. This, in turn, impedes the liberation of water molecules during the transition 

of hydromagnesite into magnesite phase and totally reduces the rate of magnesite phase formation, 

causing a reduction of magnesite quantity during carbonation.  

In contrast to the 100 and 150  ̊C cases, at the applied carbonation temperature of 200  ̊C and a pressure 

of 20 bar (Fig. 9), the concentration of magnesite phase is higher for the alumina seeding compared to the 

seedless carbonation, indicating clearly the dominant effect of high temperature and pressure on the 

hydromagnesite to magnesite transition through enhanced water liberation [24-29, 34, 45]. However, at 

200°C and a high pressure of 30 bar the magnesite content (Fig. 9) reaches, within the experimental error, 
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nearly the same quantity for the alumina (bar # 18 in Fig. 9) and activated carbon (bar # 17 in Fig. 9) 

seeding.  Apparently, the effects of high temperature and pressure overcome the transition barrier and 

the influence of heterogeneous seeding, either hydrophobic or hydrophilic, becomes less important 

although the activated carbon seeding still results in the highest magnesite content in Fig. 9 (bar # 17).  

The total conversion percentage of the carbonation process was calculated based on the thermal method 

explained in section. (3.1). The results are presented in Fig. 10, and show a very similar trend to that of 

the magnesite molar percentage (Fig. 9). This result shows a primary effect of anhydrous phase formation 

on the total efficiency of the carbonation process as discussed earlier.  

Quantitative assessment of the outcomes of this research shows that simultaneously controlling the 

applied temperature and pressure and the effective implementation of seeds can increase the efficiency 

of carbonation for a specific period of time. It is found that under the carbonation conditions of 200 ̊C, 

CO2 pressure of 30 bar and with activated carbon seeding, the molar percentage of favorable anhydrous 

magnesite phase in the carbonation products reaches about 60% (Fig. 9) with the corresponding 

carbonation conversion of about 72% (Fig. 10).  

Furthermore, the proposed carbonation approach has shown a successful outcome, even under moderate 

temperature conditions of 100 and 150 ̊C. The molar percentage of magnesite in Fig. 9 shows an increase 

of about 200% under the controlled conditions of 100 ̊C and CO2 pressure of 20 bar and about 23%, at 

150 ̊C and CO2 pressure of 30 bar, using the activated carbon seeding, compared to similar conditions 

under seedless precipitation.  

By comparison, in similar research on aqueous carbonation of Mg(OH)2, Swanson et al. [24] reported the 

maximum magnesite concentration of about 98% which was achieved in one hour of carbonation at the 

carbonation temperature of 150  ̊C  and CO2 pressure of 15 atm, through injecting magnesite sites in the 

solution. Their reported concentration is much larger than 60% obtained in this work (150 ̊C, about 30 bar 

CO2 and with activated carbon seeds) (Fig. 9). One reason for a larger concentration in [24] might be that 

their reactor was equipped with stirrer device which could facilitate the kinetics of mass transfer which 

was not employed in the present work. However, there is also a possibility that Swanson et al. [24] 

overestimated their results by not taking into account a separation issue between the quantity of the 

magnesite phase formed as an anhydrous precipitate during carbonation and the pre-injected magnesite 

seeds added to the solution intentionally, to form a preferred site of nucleation. The whole amount of 

mass change during decomposition of products in the decarbonation range of magnesite was attributed 

in [24] to the precipitated magnesite decomposition, neglecting whether the decomposed magnesite in 

that region was the product of carbonation or was a pre-injected seed. Furthermore, the portion of 
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magnesite formed during thermal analysis as a consequence of previously decomposed hydromagnesite 

(through sequenced dehydration (Eq. (5)) and dehydroxylation (Eq. (6)) was not differentiated from 

magnesite formed during carbonation. In other words, the overlap in thermal decomposition range 

between the third stage of hydromagnesite decomposition (Eq. (7)) and the magnesite decarbonation (Eq. 

(8)) has not been considered by Swanson et al. [24]. Hence, the whole TGA mass change during 

decarbonation was ascribed to precipitated anhydrous magnesite.  Attributing the whole mass change 

reduction in the thermal range of decarbonation to magnesite as a carbonation product might have been 

the cause of noticeable differences between the results of this research and those reported in [24].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 10. Carbonation conversion percentage under varied carbonation temperature and pressure 

conditions, in precipitates formed during aqueous carbonation of Mg(OH)2, under heterogeneous and 

seedless carbonation conditions. 

4. Future Work Suggestions 

This study compares the efficiency of carbonation processes, under the implementation of two 

different seeding materials. The amount of SSA, as one of the most determinant parameters in mineral 

carbonation was designed to be kept constant and the hydrophobicity and surface properties were 

discussed in accordance to the previously offered mechanisms of precipitates’ formation. However, still 

there might be other surface and structural differences between the implemented seeds, responsible for 

the different reported behaviors and performances. In this research the difference in behavior and 
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performance of implemented seeding materials was mostly attributed to wettability properties. Hence, 

comprehensive investigation of the other possible causes of difference such as surface charge, roughness 

and chemistry would be remained essential in order to come up with the most appropriate seeds, where 

the kinetics of precipitation is a limiting barrier. 

The cost feasibility of mineral carbonation process has been assessed in several estimates. The total cost 

of wet direct carbonation of olivine is evaluated to be about $69 / ton CO2 in Albany Research Center, 

2005 [55] at the temperature of 185 ̊C and CO2 pressure of 150 atm. The total cost of indirect mineral 

carbonation route using the compounds such as Mg(OH)2 is even higher and is estimated to be in the 

range of 63€ (in 2001) and 30 € (in 1996) per ton of CO2 for indirect Mg(OH)2 carbonation using acetic acid 

and HCl extraction route, respectively [56-57]. In a comprehensive study, Giannoulakis et al. [58] 

evaluated the added cost of electricity generation in hard coal PC and NGCC power plants, in order to 

assess the economic performance of CCS process in fossil-fuel power generation chains. In this study the 

cost evaluation is performed for both direct mineral carbonation route, following National Energy 

Technology (NETL) approach on the Mg-silicate minerals [59-62], and indirect approach based on ǺAU 

(Åbo Akademi University) process [63-66] on Mg(OH)2 [58]. According to their assessment, the total 

estimated added cost of direct aqueous carbonation process using Mg-silicate minerals is in the range of 

135-170  and 84-94 € / ton CO2 for  hard coal PC and NGCC power plants, respectively. The added cost of 

indirect Mg(OH)2 carbonation is estimated to be about 102-110 and 68-79 € / ton CO2 for  hard coal PC 

and NGCC power plants, respectively. 

Finally, it needs to be mentioned that, although this research suggests effective strategies to enhance the 

efficiency of Mg(OH)2 directed precipitation, the quantitative energy balance and economy efficiency 

analysis of the suggested carbonation process as an integral part of indirect mineral carbonation process, 

will still remain as a great motivation for future feasibility assessments [58]. Addressing the current 

assessed cost of mineral carbonation, the economic feasibility of CCS process still remains an issue and 

the study on the feasibility assessment and cost analysis of this process will remain a motivation for 

further future investigations. However, it needs to be emphasized that although the current study is not 

directly pointing to economic issues, it has an undeniable effect on the overall cost reduction of CCS 

process by developing a more efficient mineral carbonation process. 

 

5. Conclusions 
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Directed precipitation of anhydrous magnesium carbonate (MgCO3)/magnesite was investigated and 

evaluated in this work. Although the formation of magnesite is thermodynamically favorable, the slow 

rate of precipitation has been a limiting factor. Kinetics of precipitate nucleation and anhydrous magnesite 

formation (transition of hydromagnesite to magnesite) are enhanced through controlling the carbonation 

parameters and approaching heterogeneous carbonation. Controlling the carbonation temperature and 

pressure during seedless carbonation of Mg(OH)2 was the initial approach to enhance the kinetics of 

magnesite formation. In addition, implementation of seeding (heterogeneous) nucleation sites, including 

alumina and activated carbon, has been suggested, in order to accelerate the kinetics of anhydrous 

magnesite precipitation. The research outcomes are summarized as follows. First, the effect of 

temperature and pressure on the variations of carbonation conversion (%) and magnesite content is 

examined. The similarity between the trends of carbonation conversion (%) and magnesite content as a 

function of temperature and pressure, points out towards the significant effect of the directed 

precipitation of anhydrous magnesite on enhancement of overall carbonation efficiency. Secondly, the 

role of preferred precipitation sites (heterogeneous seeding) on the directed precipitation of anhydrous 

magnesium carbonate and carbonation conversion percentage is significant. However, the influence of 

heterogeneous precipitation on directed precipitation is found to be dependent upon the nature of the 

precipitation sites. Finally, the effect of heterogeneous nucleation sites (seeding materials) on the 

directed precipitation of magnesite is related to the surface chemistry of seeds. Thus, hydrophobic 

activated carbon enhances the kinetics of directed precipitation more efficiently than hydrophilic alumina. 

This observation is explained by the mechanism of magnesite formation through the transition of initially 

formed hydromagnesite to magnesite and their dissimilar behavior in aqueous solution. A hydrophilic 

polar compound alumina, has a great tendency to form a hydrogen bond with water molecules in an 

aqueous solution which delays the liberation of water molecules as a critical stage of hydromagnesite to 

magnesite transition. In contrast, hydrophobic activated carbon accelerates the kinetics of 

hydromagnesite to magnesite transition as a result of its intrinsic water repelling effect. And thirdly, this 

approach shows that the simultaneous controlling of carbonation parameters accompanied by the 

implementation of heterogeneous sites succeeds in forming up to 60% magnesite molar concentration 

and a total conversion percentage of about 72%. Also, using activated carbon precipitation sites, even at 

the moderate thermal condition of 100 and 150 ̊C, the magnesite molar concentration was increased by 

200% and 23%, respectively, as compared to seedless condition. These findings are important for the 

future assessment of energy and economic performances of mineral carbonation for CO2 capture and 

storage.  
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