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Abbreviations

GHG Greenhouse gases 

CCS Carbon Capture and Storage

DIC Dissolved inorganic carbon
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Abstract 

To control and decrease the amount of greenhouse gases in the environment, the process of 

carbonation is attracting particular attention. Via carbonation, it is possible to control carbon 

dioxide (CO2) emissions by using mining residues. This study focuses on the precipitation step of 

aqueous indirect carbonation of serpentine mining wastes using the actual carbonated solution. 

To our knowledge, studies of magnesium carbonate precipitation have been based on synthetic 

solutions only, unlike the process in the present study. Three solutions prepared from the 

carbonation step with different concentrations were precipitated at temperatures ranging from 

25 to 90 °C. The solution contained dissolved magnesium and inorganic carbon in addition to 

impurities, such as calcium and silica that are initially present in serpentine rock. Nesquehonite 

precipitated at reaction temperatures of 25, 40 and 50 °C. Hydromagnesite was precipitated at 

60, 70, 80, and 90 °C via transition from nesquehonite. The study showed that increasing 

temperatures accelerate precipitation kinetics and hastens the transition period from 

nesquehonite to hydromagnesite. The investigation of the effects of the initial supersaturation 

showed that higher supersaturation promotes a better reaction yield and consequently a better 

sequestration potential, but lower supersaturation is better for crystal growth. However, 

supersaturation had no effect on the transition phenomenon from nesquehonite to 

hydromagnesite. Also, the grain sizes of the resulting minerals had different ranges from those 

obtained in synthetic solutions. The average size of the nesquehonite in our experiments was 

around 120 μm, while nesquehonite’s size was around 25 µm when prepared from a synthetic 

solution under relatively comparable operating conditions. The average size of the 

hydromagnesite was around 50 μm, while its size was around 30 µm when prepared from a 

synthetic solution, under relatively comparable the same operating conditions. 
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1. Introduction 

Nowadays, greenhouse gases (GHG) have achieved their highest emission rates, and this 

increase is believed to negatively impact the global climate [1]; hence, efforts to reduce and 

control these emissions are ongoing. Carbon capture and storage (CCS) is one mitigation 

procedure among many that aims to reduce anthropogenic carbon dioxide (CO2) emissions. 

Mineral carbonation is a CCS technology that safely sequesters carbon in thermodynamically 

stable carbonate minerals [2]. This process involves the formation of carbonate minerals after 

reacting liquid or gaseous CO2 with divalent cations bearing minerals [3].

Carbonation can be achieved using magnesium- and calcium-bearing minerals, such as 

serpentine, wollastonite, and anorthite [2, 4] from fly ash, steel slag or iron waste [2]. 

Carbonation can proceed through various methods: (1) direct, (2) indirect, or (3) in a dry or 

aqueous media. Direct carbonation routes involve just one step for the whole procedure. 

Indirect carbonation routes divide the procedure into different steps, such as extraction of the 

reagents followed by carbonation and then precipitation [2]. With respect to precipitation, the 

precipitation of magnesium carbonates in the MgO–H2O–CO2 system is a complex, multi-stage, 

and pathway-dependent reaction [5]. A wide range of anhydrous and hydrated magnesium 

carbonates is formed in nature (Table 1). The most stable mineral form is anhydrous magnesite 

(MgCO3) [6, 7]. Despite this fact, magnesite formation at ambient temperature and ambient 

pressure is impossible for two main reasons: (1) the reaction is kinetically controlled [7-9], (2) 

the hydrated behaviour of Mg2+ [10], and (3) the high dehydration energy of hydrated minerals 
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[6, 7]. Each Mg2+ ion is surrounded by two rings of dipolar water molecules, the first ring 

contains six molecules while the second contains 12 molecules and is situated at a distance of 

4.2 Å from the Mg2+ ion [11]. Nesquehonite forms at temperatures below 52 °C [12, 13]. Starting 

from 52 °C, a transition to another mineral, hydromagnesite occurs [9, 12, 14, 15]. This 

transition can occur in an aqueous medium [9, 12, 14] either directly from nesquehonite to 

hydromagnesite [16] or via a transitory mineral dypingite [12, 15, 17]. At higher temperatures, 

hydromagnesite transforms into magnesite. This transfomation process was reported to take 

between 5 and 15 hours in a H2O–CO2–Na2CO3–MgCl2 solution at 120 °C and a partial pressure 

of PCO2 = 3 bar [7]. Another study reported magnesite formation between 80 and 120 °C and a 

pressure of 1 and 2.5 bar in an NaCl–MgCl2–NaHCO3–HCl–NaOH system [18]. Magnesite was 

also synthetized at 90 °C for 15 hours and also at 60 °C for seven days after 

ethylenediaminetetraacetic acid (EDTA) addition in an attempt to produce magnesite at 

moderate temperatures [19]. 

Table 1: Possible formed mineral in the MgO–H2O–CO2 system

Brucite Mg(OH)2

Artinite (Mg2CO3) (OH) 2 3H2O
Lansfordite MgCO3 5H2O
Nesquehonite MgCO3 3H2O
Dypingite (Mg5)(CO3)4 (OH)2 6H2O
Hydromagnésite (Mg5)(CO3)4 (OH)2 5H2O
Magnésite Mg CO3

Studying the supersaturation of a chemical reaction and its impact on the products are of 

paramount importance since supersaturation controls the precipitation process, determines the 

amount of growth and the agglomeration phenomena, and influences the grain size distribution 

[20-22]. A study focusing on the effects of supersaturation of nesquehonite at 40 °C showed that 

higher supersaturation leads to smaller grain size and to higher agglomeration occurrence [13]. 
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Other studies investigating supersaturation of nesquehonite from 15 °C to 60 °C [23] and 

hydromagnesite at 80 °C [24] showed that the higher the supersaturation rates are, the lower 

the grain size distribution of the minerals becomes. It is also reported that higher nesquehonite 

supersaturation leads to a shorter induction time [25]. 

Supersaturation is linked to crystal growth rates [26]. For hydromagnesite, the study of 

hydromagnesite supersaturation from 25 to 75 °C led to the conclusion that growth occurs via 

adsorption to the growth units [26]. It was also reported that growth rates are enhanced by 

higher hydromagnesite supersaturation [24]. When comparing various studies concerning 

supersaturation of magnesium carbonates in an MgO–H2O–CO2 solution, it was found that 

supersaturation values did not correlate with growth rates [5]; hence, it was concluded that the 

precipitation of magnesium carbonates are heavily dependent on the process and on the 

reaction pathway [5]. This fact highlights the complexity of the reaction. Thus, magnesium 

carbonate precipitation depends on the process thus, investigating our own system was a key 

element to revealing its particularities. 

This paper focuses on the precipitation step of the indirect aqueous carbonation process 

founded and studied by our research team [27-33]. The process aims to safely store 

anthropogenic CO2 along with exploiting mining wastes of the magnesium-rich serpentine 

mineral, which is a variation of the serpentine rock. The latter presents a large feedstock in 

southern Quebec and is a great asset for carbon sequestration [34]. The indirect carbonation 

process in this study consisted of extracting magnesium from a preheated serpentine pulp and 

concurrently dissolving CO2 in it followed by precipitation of the resulting solution.

The thermal treatment that serpentine mineral undergoes promotes better magnesium leaching 

via destruction of the hydroxyl that initially hinders the dissolution phenomenon [35]. A 



7

weighed amount of metaserpentine was mixed with tap water. The resulting pulp undergoes a 

gas flux of CO2 in which magnesium is leached, and inorganic carbon is concurrently dissolved. 

Thus, a solution rich in magnesium and dissolved inorganic carbon (DIC) along with impurities, 

such as silica and calcium, was obtained at a selected temperature and duration. Later, 

magnesium carbonates were precipitated from this solution.

Many studies have focused on the precipitation of magnesium carbonates for CO2 mitigation 

insights or fundamental studies using a synthetic solution [14, 18, 26, 36-38] gathering the main 

reaction component from various sources (such as K2CO3, Mg(NO3)2, MgCl2, Na2CO3, and others). 

In this study, the precipitation process of magnesium carbonate in an MgO–H2O–CO2 system 

and the transition from nesquehonite to hydromagnesite were investigated. The particularly 

unique nature of this work is that all studied solutions are real, non-synthetic (unlike the ones 

mentioned above), and dedicated for carbonation purposes only. This process, once 

investigated, will be used in the future on an industrial scale for CO2 mitigation. Studies available 

in the literature have focused on the precipitation of magnesium carbonates based on synthetic 

solutions. Synthetic solutions do not fully mimic the production of carbonates on an industrial 

scale within a CSS process. Moreover, they contain important amounts of impurities that are not 

normally found in a real solution (such as Cl in a solution with MgCl2). Reagents are also heated 

separately to the reaction temperature and skipping the heating phase is unavoidable in the 

industrial process. Thus, those differences would affect ionic strength, crystallization process, 

growth, grain size and quality of the resulting minerals. 

Overall, the aim of this study was investigate several parameters: (1) understand nucleation and 

growth kinetics of nesquehonite and hydromagnesite; (2) study the transition from 

nesquehonite to hydromagnesite; (3) assess the effects of temperature and supersaturation on 

the precipitation and the transition from nesquehonite to hydromagnesite and consequently, 
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the sequestration potential of the procedure; and (4) identify the physicochemical 

characteristics (composition, grain size distribution, purity, and mineral phase) of the minerals 

generated under various conditions from a solution prepared via a mineral carbonation 

procedure.

2. Materials and methods 

2.1. Raw material preparation

Mining wastes consisting of serpentine were collected from the old chromite site near Thetford 

Mines of southern Quebec (Canada). The samples represented all heterogeneity in composition 

and size. The material was crushed by a jaw crusher and ground by a ball mill. The residues were 

then activated by heat treatment at 650 °C for 30 min using a rotary kiln and finally ground with 

an IsaMill at until the median size is D50 = 10 µm. The chemical composition of the samples was 

42% MgO, 41% SiO2, 8.2 % Fe2O3, 0.9 % Al2O3, 0.01% CaO, and 11.6% was lost upon ignition. The 

latter analysis was performed by inductively-coupled plasma spectrometry of emission (ICP-AES, 

Varian Vista AX CCD Simultaneous ICP-AES, Palo-Alto, CA, USA) after fusion by lithium 

metaborate (Corporation Scientifique Claisse, Quebec, Canada).

2.2. Carbonation experiments 

The aqueous mineral carbonation of serpentine mining residues was carried out in a 4L Parr 

reactor, model 4550 (Parr Instrument Company®, Moline, Illinois). Carbonation proceeded via a 

reaction containing 1%, 3%, and 5% serpentine pulp densities fed to 100% CO2 feed gas at 

ambient temperature (20 ± 5 °C) and pressure of 80 PSI. The stirring speed was set to 600 rpms. 

Each carbonation reaction lasted 30 min. Temperatures, pressures, and stirring speeds were 

controlled using a ParrCom recorder. The solution was filtered through vacuum filtration on a 

Whatman 934- AH glass microfiber filter (pore size = 1.5 μm). A quantity of 10 mL of the solution 
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acidified with 1 mL of concentrated HNO3 was kept as the mother solution for ICP-AES analysis. 

Hence, three solutions with different initial concentrations were obtained (L1–3). Initial 

concentrations of Mg2+ were about 1,000, 2,500, and 5,000 mg/L, respectively.

2.3. Precipitation experiments 

Precipitation experiments were performed with 500 mL of each carbonation solution (L1–3). The 

runs were performed in a 500 mL jacketed glass vessel connected to a temperature controller 

thermostat (CF15, Julabo, Germany). The suspension was stirred at 300 rpm with two 45° angled 

blades made of polytetraethylfluoroethylene (PTFE). The stirring was performed with a 

mechanical stirrer. Each solution was tested under different temperatures (25, 40, 50, 60, 70, 80 

and 90°C). Each experiment lasted 6 h without considering the heating time from room 

temperature to reaction temperature. pH and conductivity were measured by a XL600 Accumet 

Fisher Scientific multimeter equipped with a double-junction ColeParmer electrode with an 

Ag/AgCl reference cell. Measurements were continuously recorded during the entire 

experiment via Accumet Comm software. Liquid and solid samples were collected during the 

experiment for further chemical analysis. At the end of each experiment, the solution was 

filtered using a microfiber Whatman 934-AH filter of 1.5 μm pore size. The precipitated crystals 

were washed with pure water and then dried at 50 °C for 10 h. The carbonates were also 

analyzed using ICP-AES after fusion by lithium metaborate. Dissolved inorganic carbon (DIC) was 

analyzed by infrared spectroscopy TOC-VCPH, Shimadzu. Grain size distribution was analyzed by 

a laser type particle size analyzer, HORRIBA-LA950. The structure and morphology of the final 

products and their evolution over the course of the experiments were examined by scanning 

electron microscopy (SEM; Zeiss EVO® 50 smart SEM).
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3. Theory and calculation

3.1. Calculation of precipitation yield

The precipitation yield of each reaction is defined as the amount of the converted dissolved 

magnesium to solid carbonates and is calculated as shown below:

 (1)𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑚𝑡 ― 𝑚𝑓

𝑚𝑡
× 100

in which mt and mf are the masses of the total dissolved magnesium before and after 

precipitation, respectively. 

3.2. Activity coefficient model

The activity coefficient model is based on the value of the ionic strength (I). The latter is 

calculated according to the following equation: 

(2)𝐼 =
1
2 ∑𝑖𝐶𝑖 𝑍𝑖²

in which Zi is the charge of an ion, i, and Ci is the concentration of the ion i in mol/L. The ionic 

strength of the solution was varied between 0.5 and 1.5. The activity coefficient model chosen 

for this work was based on a study by  Truesdell and Jones (Truesdell & Jones, 1974). As the 

latter model is based on molality, all the necessary unit conversions were considered. The model 

was embedded in PHREEQC V3 software [39]. The database was the WATEQ4F. The latter was 

associated with the selected model. 

3.3. Solubility constant and supersaturation 

The solid–liquid equilibrium reactions of nesquehonite and hydromagnesite are outlined as 

shown below. 

For nesquehonite:
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MgCO3.3H2O  Mg2+ + CO3
2- + 3H2O (3)

For hydromagnesite:

Mg5(CO3)4.(OH)2.4H2O 5 Mg2+ + 4 CO3
2- + 2OH- + 4H2O (4)

From equations (3) and (4), it is possible to calculate the supersaturation of each mineral, which 

is the ratio of activity products divided by the solubility product (Ksp). 

The Ksp of each mineral was obtained as described below:

For nesquehonite (see equation 3): 

 (5)𝐾𝑠𝑝 ― 𝑛𝑒𝑠𝑞 = (𝑎𝑒𝑞𝑀𝑔2 +  ).(𝑎𝑒𝑞𝐶𝑂2 ―
3

).(𝑎𝑒𝑞𝐻2𝑂)3

aeq is the activity coefficient of the correspondent element at equilibrium (see equation 2). 

For hydromagnesite (see equation 4):

 (6)𝐾𝑠𝑝 ― ℎ𝑦𝑑𝑟𝑚 = (𝑎eq𝑀𝑔2 + )5.(𝑎𝑒𝑞𝐶𝑂2 ―
3

)4.(𝑎eq𝑂𝐻 ― )2.(𝑎𝑒𝑞𝐻2𝑂)4

Supersaturation for nesquehonite was obtained as described below: 

 (7)𝑆𝑛𝑒𝑠𝑞 =  
𝑎𝑀𝑔2 + . 𝑎𝐶𝑂32 ― . 𝑎3

𝐻2O

𝐾𝑠𝑝 ― 𝑛𝑒𝑠𝑞

a is the activity coefficient of each reactant of the solution. 

For the hydromagnesite, supersaturation was obtained as shown below: 

 (8)𝑆ℎ𝑦𝑑𝑟𝑜𝑚 =  
𝑎5

𝑀𝑔2 + . 𝑎4
𝐶𝑂32 ― . 𝑎𝑂𝐻 ― 2 𝑎4

𝐻2O

𝐾𝑠𝑝 ― ℎ𝑦𝑑𝑟𝑜𝑚

Chemical speciation and supersaturation were calculated using PHREEQC V3. The database was 

modified to included Ksp-hydrm under various temperatures as described by Gautier et al. [26] . 
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4. Results and discussion 

4.1. Characterization of solutions L1, L2, and L3

L1–3 are solutions prepared via carbonation using densities of 1%, 3%, and 5% serpentine pulp, 

respectively. They are mainly characterized by the presence of impurities represented as wt% of 

9.7, 7.4 and 4.4 for L1–3, respectively, out of the total ion percentages. These impurities are 

generally absent in synthetic solutions. The main impurities present in the solution are silica and 

calcium. They constitute, on average, 3.1 wt.% and 1.2 wt.%, respectively, of the total ions in the 

solution. The rest of impurities are, on average, listed in order: (1) 0.8 wt.% sulfur, (2) 0.5 wt.% 

sodium, (3) 0.4 wt.% potassium, (4) 0.16 wt.% chrome, (5) 0.1 wt.% iron, (6) 0.1 wt.% nickel, and 

(7) 0.1 wt. zinc. The impurities depend mainly on carbonation parameters, namely, serpentine 

pulp density, gas pressure, and carbonation step duration. Table 2 shows the concentration of 

elements in each mother liquor. 

Table 2: Concentration in mg/L of Mg and other components in the initial solution L1, L2, and L3 

Mg Ca Cr Fe K Na Ni S Si Zn DIC*
L1 1025 41.1 3.52 0.14 22.9 29.60 3.35 26.3 79.1 0.06 930
L2 2083 48.41 5.67 0.50 25.4 30.23 4.89 39.6 144 0.50 1863
L3 5019 54.51 16.9 1.00 30.6 30.50 5.51 66.2 236 2.98 4453

4.2. Effect of supersaturation and temperature on the reaction yield 

The precipitation yield of each solution at each temperature is presented in Table 3. It is shown 

that for solutions L1–3, the yield of Mg precipitation increases with temperature. For L1, the 

percentage of precipitation reaches 2.3% at 25 °C and 89% at 90 °C. Solutions L2 and L3 show 

the same pattern of reaction yield. Thus, it can be concluded that the reaction yield and kinetics 

increase with temperature increase as observed by many authors [7, 22, 38]. Now, for each 

reaction temperature, it is noted that increasing the initial concentration leads to an increase in 
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the reaction yield. For L1 at 25 °C, the reaction yield was low (2.3%) from the initial value of 

1010 to 976.7 mg/L at the end of the experiment. With an increase in the initial concentration 

(L3), this value dramatically increases to 42% from 4962 to 2877.9 mg/L. 

Table 3 : Effect of temperature on precipitation yield of Mg after 6 h.

Temperature 
(°C)

25 40 50 60 70 80 90

Reaction 
yield for L1 
(%)

2.3 25.7 38 55 70.21 79.03 89

Reaction 
yield for L2 
(%)

8.4 37.6 36.7 56.7 78.3 86.1 94.1

Reaction 
yield for L3 
(%)

42 62.4 71.3 78.1 94.4 96.3 97.7

4.3. Effect of temperature on the mineral phase and morphology of the final 

product

For the series with three experiments in each series, SEM image analyses showed a typical 

nesquehonite needle-like morphology precipitated from 25 to 50°C regardless of 

supersaturation level (Fig. 1. a.b.c). These observations are in agreement with many authors 

who studied the morphology of magnesium carbonates at low temperatures ranging from 10 to 

50 °C even though some of them used a synthetic solution [9, 12, 13, 15, 25, 40].

At 60 °C regardless of the supersaturation level, the crystals still showed a needle-like shape, in 

which they were covered with tiny sphere-like sheets. The latter observation suggests that the 

nesquehonite to hydromagnesite transition is still occurring. Davies and Bubela [12] confirmed 
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that the nesquehonite–hydromagnesite transition starts at 52 °C and continues as temperature 

increases. 

At 70, 80, and 90 °C, the crystals exhibited a sphere-like, platy morphology of hydromagnesite 

(Fig. 1. e,f,g,h). Many authors have also reported findings of the same morphology at such 

temperature [7, 9, 12, 15, 22, 26, 40]. 
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a. b.

c. d.

e. f.

g.

Figure 1: Morphology of the final products according to temperature (a)25°C; (b) 40°C; (c) 50°C; (d) 60°C; (e) 70°C; (f) 
80°C; (g) 90°C

4.4. Study of supersaturation 

The initial solutions were supersaturated with respect to nesquehonite at room temperature: 

(1) For L1, Snesq= 0.2 ± 0.05, (2) for L2, Snesq= 1.5 ± 0.05, and (3) for L3, Snesq= 2.5 ± 0.05. As for 
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supersaturation with respect to hydromagnesite at room temperature, its values are given: (1) 

For L1, Shydrom= 56 ± 5 for L2, (2) Shydrom= 117 ± 5, and (3) for L3, Shydrom= 250 ± 6. Supersaturation 

with respect to both nesquehonite and hydromagnesite were plotted versus reaction time, 

which included the heating period (Fig. 2.). Although the solutions were heavily supersaturated 

with respect to hydromagnesite and marginally supersaturated with respect to nesquehonite, 

nesquehonite was the first mineral phase that formed. The more rapidly formed mineral 

(nesquehonite) was favored over the more stable one (hydromagnesite) [9]. This. order 

indicates that kinetics in this reaction were favored over thermodynamics [7]. This phenomenon 

was confirmed by SEM images. At 25, 40, and 50 °C, nesquehonite (Fig. 1. a, b, and c) was the 

present mineral phase. At 60 °C and higher, hydromagnesite was the dominant mineral phase 

(Fig. 1. d to g). 
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Figure 2: Supersaturation of nesquehonite versus reaction time at different temperatures. A is the nucleation phase. 
Phase B represent the growth phase coupled to nucleation. Growth continues in phases C and D after which ripening 
starts. Phase D represent the rip
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The curves present in Figs. 2 and 3 correspond to the supersaturation of nesquehonite and 

hydromagnesite, respectively (obtained by equations 8 and 9, respectively). These curves 

exhibited similar evolution patterns during the course of time, which were shown as increase in 

supersaturation during the heating phase (phase A), reaching a peak, dropping sharply (phase 

B), and then slowly decreasing until reaching a plateau (phase C to D) [41] . 

 Examining the curves of Fig. 2., it can be noted that from 25 to 60 °C, the values of 

supersaturation increased due to heating until they reached a peak (phase A). It was noted 

during the experiments that nucleation had already been occurring before reaching the peak, 

suggesting that the activation energy barrier of nesquehonite had been overcome. The latter 

was estimated to be 69.8 KJ.mol-1 in a MgCl2–NaCO3 system by Cheng and Li [25]. Phase A 

corresponds to the beginning of the nucleation phenomenon. Small nuclei started to form until 

reaching a critical size, a process that forms a stable embryo that will trigger growth after 

overcoming the activation energy barrier. 

For each experiment starting from the same initial concentration, the peak’s value of 

supersaturation increases with increasing reaction temperature. For L2, the peak’s value is 1.9 at 

a reaction temperature of 40 °C. The peak in the same solution at 50 °C shows a value of 2.4. 

This finding indicates the important effect of temperature on the supersaturation value.
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Figure 3: Supersaturation of hydromagnesite versus reaction time at different temperatures. A is the nucleation 
phase. Phase B represent the growth phase coupled to nucleation. Phase C and D are phases in which growth 
continues, and ripening starts. Phase D represent the r

The sharp drop in Snesq over a short time span indicates the ongoing phenomenon of nucleation 

along with a more emphasized growth phenomenon (phase B). A plateau was reached in each 

experiment, a finding that suggests the ripening phase according to Ostwald rule (phase C to D) 

[42]. 

Examining the curves of Fig. 3., it can be noted that the curves exhibit the same patterns as 

those for nesquehonite (Fig. 2). Supersaturation did not correlate with hydromagnesite 

formation in any aspect. It is noted that for all experiments regardless of the supersaturation 

value, hydromagnesite appeared at the same time for each reaction temperature thus 

overcoming of the barrier of the activation energy. The latter was estimated to be 45.5 ± 9 

KJ.mol-1  after examining  hydromagnesite precipitation in a synthetic solution of MgCl2.6H2O 
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and Na2CO3 [26]. At 60 and 70 °C, hydromagnesite appeared in phases C and D on curves of both 

nesquehonite and hydromagnesite. At 80 °C, hydromagnesite appeared shortly after phase B 

had started. At 90 °C, hydromagnesite appeared in phase A. It should be noted that at high 

reaction temperatures of 80 and 90 °C, the ones with the fastest kinetics, Shydrom curves of L3 and 

L1 converged at some point in time. They attained close values of supersaturation Shydrom = 5.104, 

regardless of the initial concentration. Thus, starting from different supersaturation levels at the 

same temperature and ending with close supersaturation values suggest that the reaction is 

temperature-dependent. 

4.5. Effect of temperature and supersaturation on the grain size distribution

Table 4 displays the average particle size D50 and the particles’ span (D90-D10/D50) in each 

experiment. Overall and from 25 to 90°, no specific tendency of the grain size distribution was 

found. For the nesquehonite mineral from 25 to 50°, D50 tended to decrease from 140 μm for L2 

and L3 to 40.65 and 20.39 μm, respectively. In contrast, the span increased for L2 from 2.63 at 

25 to 5.42 at 50 °C and for L3 from 1.85 at 25 to 2.12 at 50 °C. This increase suggests a widening 

of the size distribution range. Cheng and Li [13] noted an increase in the average particle size 

from 17.18 μm at 25 °C to 32.91 μm at 40°C and a parallel decrease in the span from 1.63 at 25 

°C to 1.17 at 40 °C. The nesquehonite crystals were obtained at supersaturation levels ranging 

from 6 to 12 over a 4 h reaction time in an MgCl2–NaCO3 system and a stirring speed of 300 rpm 

with no heating period. The increase in size and decrease in the span were attributed to the fact 

that a higher temperature causes an increase in the collision rate. An increase in the collision 

rate will induce more nuclei forming and elevate the probability of coalescence, a process that 

favors growth. 
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Table 4: D50 and span of the grain size distribution

Temperature 25 40 50 60 70 80 90

D50 (µm)

L1 - 145.34

± 5.20 

120.32 ± 

4.43

29.34 

±3.41

51.45 

±5.2

68.32 

±2.21

67.32 

±1.34

L2 140.81

± 4.05

102.62

± 3.54

105.05 ± 

3.87

40.65 

±4.21

40.75 

±4.32

62.51 

±0.67

69.49 

±0.32

L3 140.54

± 6.05

136.89

± 5.86

112.55 ± 

2.76

20.39 ± 

4.45

26.07 ± 

2.36

28.23 ± 

0.24

24.85 

±0.55

Span (D90-D10/D50)

L1 - 4.21 

±0.05

6.32 

±0.03

2.71 

±0.01

1.88 

±0.02

1.92 

±0.07

1.76 

±0.03

L2 2.63 

±0.32

4.86 

±0.05

5.42 

±0.56

2.93 

±0.02

1.78 

±0.01

1.86 

±0.02

1.64 

±0.31

L3 1.85 

±0.23

1.64 

±0.2

2.12 

±0.3

3.65 

±0.02

1.41 

±0.01

1.48 

±0.03

1.84 

±0.05

For hydromagnesite particles, D50 increased from 29.34 to 67.32 μm for L1 over the temperature 

range of 60 to 90 ºC, from 40.65 to 69.49 μm for L2, and from 20.39 to 24.85 μm for L3. Also, it 

is noticeable that the span became narrower as the temperature increased. Cheng and Li (2010) 

[22] obtained hydromagnesite via a MgCl2–NaCO3 with a maximum supersaturation of 1.52 109, 

an average reaction of 2 h, and a stirring speed of 300 rpm. The authors noted a parallel 
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increase in D50 from 30.92 μm 60 °C to 45.66 μm at 90 °C as the reaction temperature increased. 

The span decreased from 3.25 at 50 °C to 0.06 at 90 °C. 

Wang and Li (2012) [43] noted an increase in the average size of both nesquehonite and 

hydromagnesite with temperature increases and claimed that higher temperature are more 

suitable for crystal growth. The particles were obtained in a range of temperature between 30 

and 90 °C in an MgCl2−CO2−NH3−H2O system of a continuous mixed-suspension–mixed-removal 

crystallizer at a stirring speed of 300 rpm. The value of D50 evolved from 8 to 30 μm at 50 and 90 

°C. 

From Table 4, it can be seen that hydromagnesite particles are smaller at higher 

supersaturation. In this case, lower supersaturation favors crystal growth, while higher 

supersaturation favors primary nucleation. This observation is consistent with Myerson, Erdemir 

and Lee [44] and Wang and Li [43]. A study noted that at 300 rpm, the crystals’ length at 40 and 

50 °C was 64.64 and 80.2 μm, respectively [45]. 

The results of grain distribution of the present study exhibit differences from those studies 

found in the literature [13, 22, 43, 45]. On average, D50 of this present paper is about 125 μm for 

nesquehonite and 44 μm for hydromagnesite. These values resulted from the fact that the 

solution used in this study was non-synthetic and prepared from the carbonation procedure of 

serpentine and CO2. Since the solution was not synthetic, the reactants were not separable as in 

the case of a MgCl2−CO2−NH3−H2O or a MgCl2-NaCO3 system and would undergo heating before 

reaching the reaction temperature. Separating components followed by heating them 

separately was not preferred because real precipitation on an industrial scale will heat the 

solution from room temperature. 
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Investigating temperature effects on the particle sizes of nesquehonite and hydromagnesite is a 

paramount step when scaling up the technology to an industrial scale, especially when it comes 

to the filtration process and valorization of the products. Particle size has a direct impact on the 

filtration process, and many papers have been dedicated to study this phenomenon [46-48]. 

From these facts, the need to study the precipitation phase from a solution prepared from a 

carbonation process dedicated for carbon sequestration has emerged. Also, the  grain size 

highlights the rapid growth kinetics, which is encouraging for the CCS process.

4.6. Nesquehonite to hydromagnesite transition

The mineral transition was followed by collecting solid samples during precipitation reactions at 

50 °C and higher and examining them via SEM. Transition was found to occur at 60 °C and 

higher. Even if the precipitation at 50 °C lasted 6 h, no hydromagnesite was present (Fig 1Error! 

Reference source not found.c). Table 5 sums up different data at temperatures of 60, 70, 80, 

and 90 °C related to the transition. It was attempted to related different parameters to the 

transition phenomenon. When the transition occurred, neither Snesq nor Shydrom were steady or 

showed a particular tendency toward transition. However, what attracts attention is the time at 

which the transition occurs and its corresponding temperature. The transition for 60, 70, and 80 

°C occurred at 240, 120, and 12 min, respectively, after reaching the reaction temperature 

regardless of the supersaturation levels of the parent solution and regardless of the actual value 

of Snesq and Shydrom at the transition time. At 90 °C, the transition occurred during the heating 

phase when the temperature reached 84 °C. The transition took 49 min to complete starting at 

25 °C for all different solutions. This observation indicates that the transition is a time- and 

temperature-dependent phenomenon. Davies and Bubela [12] also reported that the transition 

from nesquehonite to hydromagnesite depends on time and temperature. Also, it could be 

noted from these results (Table 5) that the higher the temperature is, the faster the transition 



24

period. This finding indicates that higher temperatures accelerate the transition process, which 

is in agreement with Hänchen, Prigiobbe, Baciocchi and Mazzotti [7]. 

Table 5: Supersaturation, time, and temperature of the nesquehonite to hydromagnesite transition.

 60 °C 70 °C 80 °C 90 °C

L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3

 Snesq 
transition

0.1 0.59 0.21 0.15 0.61 0.8 0.18 0.58 0.63 0.21 0.8 0.4

Shydrom 
transiton

53 132 255 56 124 246 65 126 150 60 160 300

Time after 
first 
transition 
spotted 
(minutes)

240 240 240 120 120 120 12 12 12 49 49 49

Temperature 
at first 
transition 
(°C)

60 60 60 70 70 70 80 80 80 84 84 84

Duration 
after which 
transition is 
fully 
completed 
(minutes)

>240 >240 >240 165 165 165 30 30 30 10 10 10

The transition indicates that the activation energy of hydromagnesite could be estimated at 45.5 

± 9 KJ.mol-1 [26]. This transition was reported to occur directly from nesquehonite to 

hydromagnesite [16] in addition to transitory dypingite minerals [9, 12, 15, 17].

The transition of nesquehonite to hydromagnesite is complete after 240, 165, and 30 min at 60, 

70, and 80 °C, respectively. At 90 °C, the transition began at 84 °C, and was complete after 10 

min at approximately 89.4 °C. From this finding, it is noted that the higher the temperature is, 

the shorter the transition duration.
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4.7. Purity of the final products

Regarding the fact that impurities are present in the precipitation solution, carbonates were 

analyzed. The purity of samples has reached 99% in average for both nesquehonite and 

hydromagnesite. Calcium and silica together represent 1% of the carbonate composition with 

0.3% calcium and 0.7% silica. This finding suggests that the average of 7% of impurities, present 

initially in the precipitation solution, has no impact on the product quality regardless of the 

supersaturation level and temperature. This finding also confirms that the transition from 

nesquehonite to hydromagnesite was not affected by the presence of impurities. A study by 

Cheng and Li (2010) [22] reported a high purity of MgO after the calcination of hydromagnesite 

at 800 °C. The mineral was produced in an MgCl2–Na2CO3 medium, which is considered highly 

impure compared to the study used in the present study [22]. 

4.8. Scale up from laboratory to industrial scale

To assess the relevance of this work on an industrial scale, it is necessary to highlight the 

differences between laboratory and industrial scale. Many parameters, such as the schedule of 

the solution heating, will surely be different on this scale. For this process, a total of six 

experiments were conducted. Six solutions with the same initial supersaturation, [Mg2+] = 3100 

mg/L, were heated from room temperature to 40 and 80 °C on a different heating schedule. The 

details of the heating schedule along with mean grain size D50 are provided in Table 6. 

Table 6: Parameters of heating schedule and the associated grain size results.

Heating schedule 
40 °C 0.25 °C per min 0.5 °C per min 1 °C per min
D50 (µm) 50.3 91.8 125.2
80 °C 0.25 °C per min 0.5 °C per min 1 °C per min
D50 (µm) 25.2 41.4 71.2
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Figure 4 and Figure 5 show the evolution of the concentration of the solution starting from the 

same initial solution but undergoing a different heating schedule to respectively 40 and 80 °C. At 

each temperature during heating, the concentration of magnesium is perfectly comparable to 

the same temperature of another experiment with a different heating schedule. It is also noted 

that at the end of each experiment, the concentration of each solution is the same at each 

temperature even if the heating rate is different. From this, it can be concluded that the heating 

schedule has little, even no effect, on the concentration during the precipitation process as this 

process depends entirely on the precipitation temperature. Nevertheless, it is noted that the 

heating schedule impacts the grain size. According to Table 6, for nesquehonite, at 40 °C the 

grain size increased from 50.3 to 125.2 µm when the heating schedule increased respectively 

from 0.25 °C per minute to 1 °C per minute. For hydromagnesite at 80 °C, the grain size 

increased from 25.2 to 71.2 µm when the heating schedule increased from 0.25 to 1 °C per min. 

So, when scaling up the process, it is expected that shortening the heating time will contribute 

to reducing the grain size while increasing the heating schedule will lead to an increase in grain 

size.
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Figure 4: Evolution of the concentration of dissolved magnesium according to different heating schedule from room 
temperature to 40 °C.

Figure 5: Evolution of the concentration of dissolved magnesium according to different heating schedule from room 
temperature to 80 °C.
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4.9. CO2 sequestration potential 

This study emphasizes the sequestration potential of serpentine residue (a variation of the 

serpentine mineral) by indirect aqueous means via producing magnesium carbonate in batch 

mode. Magnesium was leached from a preheated serpentine by reacting it in a CO2 gas stream 

under certain pressure. Hence, a solution loaded with Mg and DIC was obtained. The 

concentration of Mg2+ and DIC depends on the carbonation procedure itself and its different 

aspects, such as the heat treatment of serpentine, its particle size, CO2 gas stream pressure, the 

amount of serpentine used, and the reaction duration [27, 28, 31-33]. 

Once the solution was filtered, it was ready for precipitation. The precipitation phase plays a 

direct role in determining the amount of the gross sequestered CO2 percentage. From this 

determination, the importance of studying the precipitation phase of magnesium carbonates in 

a non-synthetic, dedicated for carbon sequestration solution arose. 

The gross CO2 sequestration potential could be improved by increasing the reaction yield, which 

in turn led to an increase in the presence of a higher reaction temperature and higher 

supersaturation level. Supersaturation was controlled during the carbonation phase. 

Temperature and duration of the reaction affects sequestration potential. Optimizing these two 

parameters causes a reduction in energy consumption. 

On an industrial scale, it is important to discern the transition time, temperature, and duration 

as these factors will also affect the sequestration potential. Nesquehonite has a sequestration 

with 31.81% CO2. Hydromagnesite contains 37.64% CO2. Balancing energy consumption (by 

studying precipitation phase) and the amount of sequestered carbon will certainly lead to 

optimum energy consumption and sequestration potential. 

The environmental implications of this procedure can be summarized as described below: 



29

(1) Safe and permanent storage of CO2 emitted from the industrial sector. 

(2) The use and valorization of mining wastes, such as magnesium-rich ultramafic rocks. 

(3) Formation of highly pure carbonates that could be useful for further purposes

5. General discussion 

Currently, most studies concerning the precipitation of magnesium carbonates use synthetic 

solutions to study the growth phenomena and kinetics of carbonate precipitation. The operating 

conditions during the tests carried out with synthetic solutions are generally far from an 

industrial application. For example, when testing with synthetic solutions, the solutions are 

heated separately to the desired temperature before coming into contact, and the solutions also 

contain impurities, such as Cl, that are not present in real solutions.

The present paper’s results were compared to those in literature. Several differences in 

chemical composition between synthetic and real solution exist: (1) the absence of some 

impurities (Fe, Si, Ca, K, Cr, Ni, Z, S) and (2) the presence of other impurities with high 

concentrations when compared with the concentrations of Mg and CID, thus causing an effects 

on  ionic strength and consequently the formation of minerals and the transition process (such 

as when MgCl2 is the source of magnesium, [Mg2+] =2[Cl-]). Also, salts, such as MgCl2, also affect 

the formation of hydrated species by reducing the water layer surrounding Mg2+ ions and by 

impacting the behavior of water molecules by reducing water chemical activity [6]. 

 The main differences between literature and the present study were found to be the grain size 

of both nesquehonite and hydromagnesite. The D50 value of nesquehonite ranged from 102 to 

145 μm under different supersaturation levels, different temperatures, and at 300 rpm. The 

median size of nesquehonite reported in the literature was found to be remarkably smaller than 
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the median size of the present paper (from 4.56 to 32.91 μm under relatively comparable 

supersaturation and stirring speed from 200 to 400 rpm) [13, 23]. 

 The D50 of hydromagnesite ranged from 62 to 68 μm, for L1 and L2, at 80 ° and 90 °C and at 300 

rpm. For L3, the D50 value of hydromagnesite was 26 μm on average at 80 ° and 90 °C and at 300 

rpm. In the literature, the median size of hydromagnesite ranged from 8 to 45.66 μm at 

temperatures ranging from 50 to 90 °C when carbonates were synthetized in MgCl2–Na2CO3 and 

MgCl2–CO2–NH3–H2O systems [22, 43]. The median size of hydromagnesite in a MgSO4–(NH4)CO3 

was found to be 64 μm at 40 °C and 80.2 μm at 50 °C .

Another benefit of using real solutions in this study is the transition period. For each 

temperature, the time needed for the nesquehonite-to-hydromagnesite transition at 60, 70, 80 

and 90°C under close conditions to those on the pilot and industrial scales could be determined. 

Regardless of the similarities and differences between the results presented in literature and in 

the present paper and regardless of how much data are available about magnesium carbonates 

precipitation, mimicking the industrial process on a laboratory scale via a real solution is always 

challenging. It represents the characteristics of solutions used in a CSS procedure. Hence the 

result of studying such solutions yields the fundamental characteristics and right insight into 

what will be obtained when upscaling on pilot and industrial levels.

This study is of paramount importance to carbon capture and utilisation (CCU) as understanding 

the precipitation reaction of magnesium carbonates enables control of their properties. 

Magnesium carbonates have extensive applications, such as pharmaceutical use, construction 

material synthesis, cement industry, and even cosmetics. 

This study enables the basic understanding of the precipitation aspects of magnesium carbonate 

precipitation from thermally-activated serpentine and dissolved CO2. It is the first step toward a 
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population balance analysis and a kinetic study (nucleation, growth, and agglomeration rates) 

that is key step to designing an effective industrial process for satisfactory CSS and CCU.

6. Conclusion 

The mother solutions were prepared from a carbonation procedure of serpentine mining 

residues and a gas flow of 100% CO2. Three sets of tests were run, each with a different initial 

concentration. The supersaturation was calculated based on the Truesdell and Jones model. The 

effects of supersaturation combined with effects of temperature were investigated on the final 

product and on the transition phenomenon from nesquehonite to hydromagnesite. Several 

conclusions were drawn:

a) Increasing temperatures have an accelerating effect on the reaction yield. Higher 

supersaturation levels also have an accelerating effect. The more the solution is 

supersaturated, the more the precipitation yield increases.

b) Temperature and supersaturation affect mineralogy. From 25 °C to 50 °C, nesquehonite 

is formed. From 50 °C to 90 °C, hydromagnesite is formed.

c) Grain size distribution also depends on supersaturation and temperature. Increasing 

temperature causes a decrease in grain size. Increasing supersaturation also causes a 

decrease in grain size.

d) Grain size distribution of nesquehonite and hydromagnesite were found to be 

remarkably higher than those made in synthetic solutions that have been reported in 

literature.

e) The transition from nesquehonite to hydromagnesite and its duration depends strongly 

on time and temperature. For a single temperature, a certain timeframe and no matter 

what supersaturation, the transition point is always the same. 
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f) Precipitation of magnesium carbonates from a carbonation solution containing 10% 

impurities had no effect on the mineralogy or on the purity of the product impurities 

and did not interfere with the precipitation phase. 

g) Grain size distribution is remarkably higher than those values reported in the literature 

using synthetic solution. 
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Figure captions

Figure 1 Morphology of the final products according to temperature

(a)25°C; (b) 40°C; (c) 50°C; (d) 60°C; (e) 70°C; (f) 80°C; (g) 90°C 

Figure 2 Supersaturation of nesquehonite versus reaction time at different 
temperatures. A is the nucleation phase. Phase B represent the growth phase 
coupled to nucleation. Growth continues and ripening starts during phases C 
and D. Phase D represent crystal ripening.

Figure 3 Supersaturation of nesquehonite versus reaction time at different temperatures. 
A is the nucleation phase. Phase B represent the growth phase coupled to 
nucleation. Growth continues and ripening starts during phases C and D. Phase D 
represents crystal ripening.

Figure 4 Evolution of the concentration of dissolved magnesium according to different 
heating schedule from room temperature to 40 °C.

Figure 5 Evolution of the concentration of dissolved magnesium according to different 
heating schedule from room temperature to 80 °C.
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Tables

Table 1 Possibly formed mineral in the MgO–H2O–CO2 system

Table 2 Concentration in mg/L of Mg and other components in the initial solution L1, 

L2, and L3 

Table 3 Effect of temperature on precipitation yield after 6 h

Table 4 D50 and span of the grain size distribution

Table 5 Supersaturation, time, and temperature of the nesquehonite to 

hydromagnesite transition.

Table 6 Parameters of heating schedule and the associated grain size results.
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Highlights

 The grain size of magnesium carbonates depends on both temperature and 

supersaturation

 Impurities present in parent solution didn’t interfere with the precipitation phase. 

 Transition phenomenon from nesquehonite to hydromagnesite is affected by 

temperature only. 

 The grain size distribution of the obtained minerals are larger than those issued from 

synthetic solutions in literature. 



40

Declaration of interests

☒  The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper.

☐The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests: 


