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Abstract 

Background 

To address the negative effects of desalination plants, CO2 emissions, and discharge of desalination 

brine, we studied the carbon capture utilization (CCU) process based on metal carbonation via the reuse 

of desalination brine. In this study, we converted CO2 and simulated desalination brine into metal 

carbonate using monoethanolamine as an aqueous absorbent. The produced metal carbonate varied 

according to the cation component of the simulated desalination brine. We focused on ion interactions 

in the aqueous system, occurred by cation ratio, and other phenomena caused by the interactions. 

Results 

We determined that the common ion effect, which occurred owing to the ion interactions of the system, 

was the main reason for the various carbonation trends. Ionic atmospheres that were changed by the 

ionic components significantly affected the trends. The high salinity of the desalination brine also 

affected the metal carbonation. We further deduced that the variation in the results was derived from 

interactions between the abovementioned effects. And we also found that Na+, which was overlooked 

in former studies about polymorph transformation, also affects polymorph transformation. 

Conclusions 

All the phenomena in the metal carbonation interrupt desalination brine post-treatment because of 

their unpredictability. However, we suggest ambient estimation of its cation components, which would 

help future studies and demonstrate desalination brine post-treatment. 

Keywords : Carbon capture utilization, CO2 conversion, Desalination brine post treatment, Metal 

carbonation  

 

 



1. Background 

Desalination process plays a significant role in supplying water worldwide. It is known that 100 billion 

liters of water are provided via the desalination process, which is consumed for various purposes, such 

as drinking, agriculture, and industrial fields [1]. For example, Middle Eastern countries such as Saudi 

Arabia provide 50% of its total water demand via desalination processes, which is becoming 

increasingly popular as the population grows [2]. Although the desalination process is essential for the 

survival of human beings, it can cause severe environmental problems. According to Yazan’s study, 

discharged brine and carbon dioxide emissions are major environmental problems that result from the 

desalination process and significantly affect the ecosystem [3, 4]. Therefore, the desalination process 

needs to be improved from the viewpoint of sustainable development. Applying carbon capture 

utilization (CCU) technology to desalination plants will be a key solution to the problems associated 

with the desalination process. 

CCU technology converts CO2 captured by various methods, such as absorption, adsorption, or 

separation via membranes, into useful chemical compounds via chemical treatments [5]. Converted CO2, 

which is the final product of the CCU process, can be used as a raw material in various industrial fields. 

Unlike carbon capture storage (CCS) technology, which stores captured CO2 in underground storage or 

seabed strata, CCU technology does not require storage space, which means that CCU technology does 

not have the risk of CO2 leakage owing to earthquakes or earth surface fluctuations. Furthermore, CCU 

technology can secure economic benefits by trading the final product of the technology, which can be 

used in many industrial fields [5-7]. Owing to these advantages, CCU technology is considered a novel 

solution to global warming, as well as a practical alternative to CCS technology [6-8]. 

Mineral carbonation-based inorganic CCU is a subcategory of CCU technology that converts CO2 into 

inorganic chemical compounds, usually metal carbonates such as CaCO3 or MgCO3, by using cations 

from natural resources or industrial wastes [7, 9]. Mineral carbonation-based inorganic CCU technology 

can treat large quantities of CO2 in a short time, and the converted CO2 can be permanently fixed in the 

form of mineral carbonates [9, 10]. Furthermore, aqueous absorbents such as monoethanolamine (MEA, 



HOCH2CH2NH2) are used to capture CO2 gas. In this case, CO2 can be easily converted into mineral 

carbonates under ambient temperature and pressure conditions as captured CO2 exists in the ionic phase 

[11, 12]. Mineral carbonation-based inorganic CCU can be applied to currently operating plants by 

installing separate post-facilities. In addition, the technical development level of this technology is 

relatively mature in comparison with other CCU technologies, such as organic CCU, and thus it can be 

applied to industrial fields in a short time [11, 13]. 

Many researchers have investigated mineral carbonation-based inorganic CCU characteristics and are 

seeking to improve the desalination process. To solve the aforementioned problems of desalination 

plants, many scientists are trying to apply inorganic mineral carbonation CCU to desalination plants 

[14, 15]. The main idea of these studies is to fix the captured CO2 gas from a desalination plant by using 

desalination brine in the form of metal carbonates. Using the proposed technology, the CO2 emissions 

and cation concentration of desalination brine can be significant. A conceptual schematic diagram of 

this process is shown in Fig. 1. 

However, previous studies are not suitable for practical applications because of the low quality of the 

final product and its inconsistent characteristics [11, 13, 16]. These drawbacks of the final product are 

derived from the complex reaction chemistry of carbonation in multi-cation systems. Because the 

reaction chemistry in multi-cation systems has not been studied in detail, factors and phenomena that 

can affect carbonate reactions have not been clearly established. A few studies on controlling the final 

product characteristics have been presented; however, they focus on precipitation in a single cation 

system [17, 18], which is far from being industry-applicable because practical processes require ternary 

cations or more complex cation systems. To overcome the limitations of previous studies, we 

investigated the precipitation trends and changes in the properties of the final product caused by cation-

component variation and ion interactions in a multi-cation system. Carbonation in a multi-cation system 

follows a competitive reaction because cations mostly react with CO2 in the system [13, 16, 18]. The 

number of CO2 molecules in the system is limited, involving competitive reactions among cations [13]. 

Hence, it can be hypothesized that the reaction trends are significantly affected by the cation 



components of the system, resulting in changes to the properties of the final product. 

To understand the correlation between the cation components and precipitation variance, we conducted 

experiments with simulated desalination brine samples comprising Ca2+, Mg2+, and Na+, the 

representative cation components of desalination brine, to produce metal carbonate in a multi-cation 

system. Simulated desalination brine is categorized into three types according to the cation components: 

unary, binary, or ternary cation systems. By categorizing the samples and comparing the results of each 

type to the others, the impact of cation components on carbonation can be clarified. 

We simulated various desalination brine samples using chemical reagents and mixing them with a CO2-

saturated aqueous absorbent and a 30 wt.% MEA aqueous solution. The cations in the simulated 

desalination brine were precipitated after mixing with the CO2-saturated MEA solution. The properties 

of the precipitates, including the crystal phase change of the precipitate and metal carbonation 

preference among cations, were investigated via the following techniques: inductively coupled plasma 

optical emission spectroscopy (ICP-OES) to determine the cation components and concentrations; X-

ray diffraction (XRD) to identify the phases in the precipitate; field emission scanning electron 

microscopy (FE-SEM) to observe the precipitate morphologies; and energy-dispersive X-ray 

spectroscopy (EDS) to investigate the atomic components of the precipitate. We analyzed the final 

products of the experiment using these instruments, both qualitatively and quantitatively. 

2. Materials and method 

2.1 Materials 

All materials used in this study were purchased from Sigma-Aldrich. To capture CO2 in the simulated 

flue gases, 400 mL of MEA (purity ≥ 99%, CAS No. 141-43-5) in a 30 wt.% aqueous solution was used 

as the absorbent. Then, we used sodium chloride (purity ≥ 99%, CAS No. 7647-14-5), calcium chloride 

(purity ≥ 99%, CAS No. 10043-52-4), and magnesium chloride (purity ≥, CAS No.7786-30-3) reagents 

to produce simulated desalination brine containing Ca2+, Mg2+, and Na+. We produced 60 simulated 

desalination brine types, each with a different cation composition. 



2.2 Experimental methodology 

In this study, two processes, which are CO2 capture and CO2 conversion, were considered for the 

experiments. A 30 wt.% MEA aqueous solution was used as the absorbent to capture CO2 gas. MEA is 

the most widely used aqueous absorbent for CO2 capture in commercial plants [11, 13, 19]. Hence, 

using MEA can expand the applicability of these research results because commercial mineral 

carbonation-based inorganic CCU processes are likely to use MEA as an absorbent; thus, the trend of 

the final industrial product would follow the findings of this study. The molecular structure of amine-

based absorbents affects the formation of metal carbonates. Because MEA has a simple molecular 

structure, it can minimize the effect of molecular structure on mineral carbonation [19]. To investigate 

the correlation between the cation components and changes in the properties of the final product, i.e., 

metal carbonate, the effect of the molecular structure can be neglected. Therefore, MEA was considered 

an appropriate absorbent for this study. 

CO2 conversion experiments were performed using simulated desalination brine. The cations in the 

simulated desalination brine were designed considering the cation component of desalination brine from 

various commercial desalination plants [20, 21] and ease of experimentation. The cation concentrations 

of Na+, Mg2+, and Ca2+ were set at 0.2–0.6 M in 0.2 M increments. As mentioned above, three 

desalination brine samples were designed (unary, binary, and ternary cation systems) to understand and 

determine the effect of each cation on the other cation components. These three types of simulated 

desalination brine were classified in detail according to their cation components: the unary cation 

system as system Ca+ and system Mg2+, the binary cation system as system CN (Ca2+ and Na+), system 

MN (Mg2+ and Na+), and system CM (Ca2+ and Mg2+), and the ternary cation system as system CMN 

(Ca2+, Mg2+, and Na+). Comparing the experimental results from the various types of desalination brine, 

using the unary and binary cation systems as the control group and the ternary cation system as the 

experimental group, could help elucidate the carbonation phenomena in a multi-cation system. The 

details of the cation composition and molarity of each simulated desalination brine are presented in 

Table 1. A schematic of the experimental apparatus is illustrated in Fig. 2. A detailed description of the 



experiment is provided below. 

2.2.1 Experimental setup 

Flue gas from coal-fired power plants usually contains 10–20 vol% of CO2 gas [11, 13, 19]. We modeled 

the flue gas such that it contained 15 vol% CO2 and 85 vol% N2, both of which had high purity (N2 and 

CO2 gas, Sam-Heung Gas, purity > 99.9%). A mass flow controller (MFC, KOFLOC, Japan) was 

connected to a mass flow indicator (MFI, SEHWA-HIGHTECH, ROK) and used to control the flow 

rate of the gas passing through the equipment. Using the MFC and MFI, the flows of CO2 and N2 were 

controlled at 300 and 1800 mL/min, respectively. A gas mixer was used to improve the mixing of CO2 

and N2 gases, and a ceramic gas diffuser made with micro-sized pores (pore size = 0.7 μm) was attached 

to the end of the air-flow tube. A double-jacket reactor made of Pyrex glass (Pyrex, 300 mL, USA) was 

connected to a water bath (LC-LT407, LK Lab Korea, ROK) to maintain the temperature of 298.15 K. 

The experiment was performed at a pressure of 1 atm. During the experiment, the pressure and 

temperature were maintained at constant values. On the upper side of the reactor, the condenser was 

connected to a chiller (LC-LT408, LK Lab Korea, ROK) set to 276.15 K. The condenser prevented the 

aqueous solvent inside the reactor from evaporating, thus avoiding concentration changes owing to heat 

from the exothermic reaction. A gas analyzer (Gasmaster, sensoronic, ROK) was used to analyze the 

change in the gas concentration during the absorption experiments. The concentration of the gas from 

the reactor output was monitored every 30 s, and the results were displayed on a computer screen 

embedded in the gas analyzer. 

2.2.2 Experiment Part 1: CO2 capture via MEA 30 wt.% solution 

A schematic of the experimental apparatus, shown in Fig. 2(a), demonstrates Experiment Part 1, “CO2 

capture via 30 wt.% aqueous MEA solution.” 

Before starting the CO2 absorption experiment, the reactor was purged with high-purity N2 gas (Sam-

Heung gas, purity ≥ 99.99) to remove all impurities. After 5 min of purging, 400 mL of 30 wt.% MEA 

solution was placed in the double-jacket reactor, and the reactor was sealed with a silicon plug and 



vacuum grease. The modeled flue gas, comprising 300 mL/min of CO2 gas and 1800 mL/min of N2 gas 

from the MFC, was fed into the gas mixer. Subsequently, the modeled flue gas flowed into the reactor 

through the pipe and flowed out through the diffuser. The gas readily mixed with the aqueous absorbent 

because the diffuser had many small pores, resulting in increased absorption of CO2 gas. To aid CO2 

absorption, a magnetic bar and an electric stirrer located on the underside of the reactor were used. The 

stirring rate was set to 300 rpm during the absorption experiments. The gas mixture flowing out of the 

gas diffuser was allowed to pass through the aqueous solvent. Some of the mixed gas was absorbed in 

the aqueous absorbent, and the remaining gas was allowed to pass through the condenser for transport 

to the gas analyzer. During the absorption experiments, the gas analyzer measured the CO2 gas 

concentration of the gas mixture flowing out of the reactor. The concentration of CO2 gas was 0% during 

the initial stage because most of the gas was rapidly absorbed by the aqueous absorbent. Over time, the 

concentration of CO2 that flowed into the gas analyzer increased as the CO2 absorption capacity of the 

absorbent decreased. Once the concentration of CO2 gas displayed on the analyzer screen reached 15%, 

it was presumed that the 30 wt.% MEA solution was fully saturated with CO2, and the flow of the mixed 

gas was stopped, thus completing the CO2 absorption experiment. 

2.1.3. Experiment Part 2: CO2 conversion via simulated desalination brine 

The schematic, shown in Figure 2(b), describes Experimental Part 2, “CO2 conversion using simulated 

desalination brine.” 

After the CO2 absorption experiments, a precipitation experiment was conducted, and a precipitate was 

obtained via mineral carbonation by mixing 200 mL of CO2-saturated MEA solution (30 wt.%), taken 

from Experiment Part 1, and 200 mL of the simulated desalination brine (types 1–60). The solutions 

were mixed at a ratio of 1:1, and 400 mL of the mixture was placed in a beaker equipped with magnetic 

bars and stirred at 300 rpm at 298.15 K and 1 atm for 90 min. The experimental stirring time was set 

according to the type of simulated desalination brine to minimize the crystal phase change of the 

precipitate at equilibrium [19, 22]. After stirring, the mixtures, which produced a white precipitate 

within a few seconds to a few minutes, were filtered through a fiber filter (Whatman, GF/B) with 1.0-



μm pores. A branched flask connected to a vacuum pump (N-820, KNF, France) was used to separate 

the precipitate and supernatant. Separated precipitates were dried in a convection oven set to 313.15 K 

for 24 h and then milled to a powder. After drying, the precipitates were washed with 50 wt.% ethanol 

solution [13, 23] to remove the residual soluble salt and dried again at a set temperature. The samples 

were then placed in vials and analyzed by ICP-OES (Perkin Elmer, OPTIMA 8300), XRD (ULTIMA 

IV, Rigaku, Japan), and FE-SEM (7800F, JEOL, Japan). 

 

3. Results and discussion 

3.1 CO2 absorption and mineral carbonation 

We used 200 mL of a 30 wt.% MEA solution for CO2 absorption. MEA is classified as a primary amine 

because it has an amine functional group. Equations (1–3) describe the CO2 absorption phenomenon of 

the primary or secondary amine [11, 23]. 

RNH2 + CO2 ↔ RNH+COO- (zwitterion)  (1) 

RNH2
+COO- + RNH2 ↔ RNHCOO- + RNH3

+  (2) 

<Total equation> 

  2RR′NH+ CO2 ↔ RR′NCOO- (carbamate) + RR′NH2
+  (3) 

As described in Eqs. 1–3, 2 mol of MEA reacts with 1 mol of CO2, and the reacted CO2 produces 

carbamate, the ionic phase of CO2 [11, 19, 23]. The absorbed CO2 molecules were calculated using this 

reaction. The molarity of the 30 wt.% MEA solution was 4.91 M, and CO2 fully saturated the 30 wt.% 

MEA solution with 2.46 M of saturated CO2. This calculation was verified based on the experimental 

data from the gas analyzer, where Eq. 4 was used to calculate the amount of absorbed CO2 using data 

from the gas analyzer [13, 16, 19, 23]. 



(4) 

 

Figure 3 shows the CO2 loading curve of the 30 wt.% MEA solution. The loading value of the 30 wt.% 

MEA solution is 0.55 mol of CO2/mol of MEA. The gap between the theoretical loading value and the 

experimental value is the result of CO2 absorption by H2O. Because H2O also absorbs a small amount 

of CO2 gas, the experimental loading value is higher than the theoretical value [11, 23]. Thus, the 

absorption experiment was verified, and the CO2 concentration of the saturated absorbent, i.e., 30 wt.% 

MEA solution, was 2.70 M. Because the maximum concentration of each cation was 0.6 M, it seems 

that the ionic CO2 concentration for metal carbonation was sufficient. 

 

As mentioned above, absorbed CO2 exists as an aqueous phase that easily reacts with metal cations 

owing to its kinetic characteristics [11, 19, 23]. Hence, the cations in the simulated desalination brine 

easily reacted with CO3
2- in the saturated absorbents. The reaction between dication (M2+) and CO3

2- is 

mineral carbonation, and the equation of the reaction is shown below [11, 19, 23]. 

M2+ (aq) + CO3
2-(aq) → MCO3(S) ↓  (5) 

When the simulated desalination brine was mixed with the saturated absorbent, the cation reacted with 

saturated CO2, producing a precipitate in a mixture of saturated absorbents and simulated desalination 

brine. We analyzed the precipitate based on the obtained data, and the details of the analysis are 

provided in the following section. 

�̇�𝐶𝑂2 = ƒ̇𝐶𝑂2 × (𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡𝐶𝑖𝑛 ) × ∆𝜏 

�̇�CO2: Number of moles of absorbed CO2 (mol) ƒ̇CO2: CO2 flow rate into the reactor (mol/s) 

Cin: Concentration of CO2 flowing out of vent (vol%) 
Cout: Concentration of CO2 flowing into from reactor (vol%) 
Δτ: Time interval (s) 



3.2 Characteristic of precipitation under system type of simulated desalination brine 

As mentioned in Section 2.2, we categorized the simulated desalination brine into three types based on 

its cation component: unary system (samples 1–6), binary system (samples 7–33), and ternary system 

(samples 34–60). Based on the obtained data, the change in the precipitation characteristics according 

to the system type was verified. We analyzed the data using the system types of simulated desalination 

brine to investigate its precipitation characteristics. 

3.2.1 Quantitative analysis methods for characterizing precipitation 

In this study, we used four quantitative analysis methods, including recovery yield (R), [Mg2+]/[Ca2+] 

ratio (M), XRD retrieval, and O/dication ratio (h), to investigate the trend of carbonation. 

Recovery yield (R) is an index based on the results of ICP-OES analysis. Because the input quantity of 

cations in each simulated desalination brine sample was known, R was calculated using the following 

equation: 

𝑅: 𝐶𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑜𝑙𝑚𝑜𝑙 %) =
𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (g)×𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑡𝑖𝑜𝑛 (𝑤𝑡 %)× 1𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠(𝑚𝑜𝑙𝑔 )𝑖𝑛𝑝𝑢𝑡 𝑐𝑎𝑡𝑖𝑜𝑛 𝑚𝑜𝑙 (𝑚𝑜𝑙)    (6) 

The main chemical reaction in the mixture of the CO2-saturated absorbent and the simulated 

desalination brine is metal carbonation between the cation and ionic CO2 [11, 13, 23]; thus, it is possible 

to investigate the trend of metal carbonation by calculating the cation recovery yield from each sample. 

[Mg2+]/[Ca2+], M, is a molar ratio-based index that represents the cation molar composition of metal 

carbonate or simulated desalination brine. According to previous studies, the [Mg2+]/[Ca2+] ratio affects 

the formation of metal carbonates [22, 24-26]. In a multi-cation system, the ratio of the mother solution 

determines which metal carbonate is formed. The properties of the produced metal carbonate vary 

according to the ratio of the precipitate [24, 27]. On that basis, we quantified the dication molar 

composition and analyzed the changes in metal carbonate crystal properties, including crystal phase, by 



M. 

Furthermore, we applied the XRD retrieval method to quantify the crystal phase of the precipitate [28, 

29]. Via the retrieval, the crystal phase composition of the precipitate was calculated, which helped in 

the detailed quantitative analysis of the precipitate using the M index. 

The O/dication ratio (h) is an EDS analysis-based index. Because amorphous metal carbonate exists in 

the hydrate phase (MCO3∙nH2O), h can represent the composition of the amorphous metal carbonate in 

the precipitate. The h index can be used as an auxiliary method for estimating the degree of crystallinity. 

In this analysis, the resolution of the EDS was 15 kV. 

3.2.2 Result of control group experiment 

We carried out a control group experiment using unary and binary cation systems to clarify the reasons 

and driving forces of phenomena related to metal carbonation in the ternary cation system. Because it 

is well known that Na+ hardly precipitates as a carbonate because of its solubility [13], Na+ alone was 

not considered for the experiments. The experiments carried out for the control group were as follows: 

unary cation system for system Ca2+ and system Mg2+, binary cation system for system CN (Ca2+ and 

Na+), system [19] MN (Mg2+ and Na+ ), and system CM (Ca2+ and Mg2+). 

3.2.2.1 Characteristics of precipitation in unary cation system 

In the unary cation system, the recovery yield of both Ca2+ and Mg2+ increased proportionally with the 

cation concentration, as shown in Figs. 4(a) and (b). The Ca2+ recovery yield, RCa, was above 92% in 

all three samples, and it slightly increased with increasing Ca2+ concentration of each sample. The Mg2+ 

recovery yield, RMg, also increased with increasing Mg2+ concentration. We suspect that this increase of 

both Ca2+ and Mg2+ was derived from the salting-out effect. As the cation concentration increases, the 

salinity of the system increases, thereby increasing the output of the metal carbonate [19, 30]. RMg was 

relatively low compared to RCa, which resulted from the difference in the energy barrier for carbonation. 

The activation energy for CaCO3 is -110.5 kJ mol-1 [31], whereas the activation energy for MgCO3 is 



63 kJ mol-1 [32]. Therefore, MgCO3 formation is difficult and reacts slowly in comparison to CaCO3, 

resulting in a lower recovery yield. 

Figure 4(c) shows the XRD graph of the precipitate from the Ca2+
 system. Calcite and vaterite, two 

polymorphs of CaCO3, were detected. As the Ca2+ concentration of the sample increased, the vaterite 

peak was predominantly detected in the XRD graph, which was verified by the XRD diffraction values 

listed in Table 2. In short, the crystal phase of the precipitate showed variation with cation concentration. 

The FE-SEM images of the precipitate from samples 1, 2, and 3 also showed the predominance of 

vaterite with cation concentration, consistent with the XRD analysis. As shown in Figs. 5(a), (b), and 

(c), all the particles observed in the SEM images of the precipitate exhibited spherical and hexagonal 

shapes, which are representative of the crystal shapes of vaterite and calcite, respectively. In the samples, 

the spherical particles were dominant with cation concentration. 

The cation concentration involves a change in the ionic strength. Using Debye and Hückel’s equation 

(Eq. 7), the ionic strength was calculated as [19] 

𝐼 = 12 ∑ 𝑐𝑖𝑧𝑖2𝑛𝑖=1   (7) 

I: molar ionic strength 

c: concentration of ion 

z: charge number of ion 

As shown in Eq. 7, the increased cation concentration enhanced the ionic strength in the simulated 

desalination brine sample. In short, the precipitate produced in the simulated desalination brine with 

higher ionic strength had more vaterite than the simulated desalination brine with lower ionic strength. 

Moreover, the XRD and FE-SEM results show that the crystal phase of the precipitate could be changed 

by changing the ionic strength. 

We speculate that the vaterite dominance is owing to the interaction between H2O molecules and the 



CaCO3 polymorphs, caused by ionic strength changes. Amorphous calcium carbonate (ACC, 

CaCO3∙nH2O) is formed first in the metal carbonation process. Subsequently, it is dehydrated and 

transformed into vaterite, followed by dissolution [33, 34]. During the final stage of transformation, it 

is transformed into calcite, the most stable phase among the polymorphs of CaCO3 [11, 19, 33]. We 

propose that the dominance of vaterite indicates that increased ionic strength inhibits dissolution. 

According to Bogunia’s study, increased ionic strength activates the hydrophobic interaction of particles 

in an aqueous solution [35], and various former studies also support this result [19, 30, 36]. Based on 

this, we assumed that an increase in ionic strength activated the dehydration of ACC and inhibited 

vaterite dissolution. This phenomenon resulted in the dominance of vaterite in the precipitate as the 

ionic strength increased. 

The results of the EDS analysis for the precipitate of system Ca2+, presented in Table 3, support the 

assumption of the change in the CaCO3 polymorph phase. The O/Ca ratio, hCa, of each sample decreased 

as the Ca2+ concentration increased. As mentioned above, hCa represents the composition of the 

amorphous metal carbonate in the precipitate. A decrease in the h index with increasing ionic strength 

indicates a decrease in hydrated CaCO3 (CaCO3∙nH2O), AAC, and the composition of the precipitate, 

which means that increased ionic strength activates hydrophobic characteristics [35]. 

However, unlike system Ca2+, there was no specific change in the magnesium carbonate crystal phase 

with Mg2+ concentration. In the XRD graph of the precipitate from the Mg2+ system, shown in Fig. 4(d), 

only MgCO3∙3H2O (nesquehonite) was detected in each XRD graph, regardless of its Mg2+ 

concentration. This result is consistent with the FE-SEM results, which are shown in Figs. 5(d)–(f). As 

shown in the figures, the precipitate particles had an orthorhombic shape, which is identical to 

nesquehonite [19]. No other shapes were detected in those samples, demonstrating that the precipitate 

from these samples mainly consisted of nesquehonite. Owing to the strong hydrophilic characteristic of 

Mg2+ [19, 37], MgCO3 was produced in the hydrated phase as nesquehonite [38]. We believe that this 

strong hydrophilic characteristic is the main reason for nesquehonite formation regardless of the Mg2+ 

concentration. Because its hydrophilic behavior is too strong to inhibit, H2O molecules were still bound 



with magnesium carbonate molecules, even with enhanced ionic strength, thus activating hydrophobic 

behavior. As shown in Table 3, there was little difference in the proportion of hMg with the Mg2+ 

concentration, indicating that the hydration level of MgCO3 in the precipitate is vital regardless of the 

Mg2+ concentration. This result indicates that the hydrophilic characteristic of Mg2+ is too strong to be 

unaffected by the enhanced ionic strength. 

3.2.2 Characteristics of precipitation in binary cation system 

Herein, 27 samples (samples 7–33) of simulated desalination brine containing three types of metal 

cations, Ca2+, Mg2+, and Na+, were used to conduct the conversion experiment. Among these three metal 

ions, each simulated desalination brine sample contained two types of metal ions, Ca2+ and Na+ (system 

CN), Mg2+ and Na+ (system MN), and Ca2+ and Mg2+ (system CM). These three types of control groups 

showed different precipitation trends based on the cation components of the reaction system. For this 

reason, we studied the precipitation tendency of binary cation systems by categorizing the systems into 

two cases as described below. 

3.2.2.1 Precipitation in system CN (Ca2+ + Na+) and MN (Mg2+ + Na+) 

The first case is system CN and system MN, where the two types of metal cations that constitute the 

samples have different valence numbers. Table 4 presents the cation recovery yield and crystal phase 

composition of the precipitates from the binary cation system. The listed indices, except R, indicate that 

the precipitation trends of systems CN, MN, and the unary system are very similar, regardless of the 

presence of Na+. 

Comparing the R value of unary cation systems with those of binary cation systems CN and MN, we 

observed that R increased with increasing Ca2+ or Mg2+ concentration and Na+ concentration. We 

speculate that this occurred because of the salting-out effect of Na2CO3 [19, 39]. 

Unlike dication, such as Ca2+ and Mg2+, Na+ produces soluble products such as Na2CO3. Equation 8 

describes the chemical reaction for Na+ production [13]. 



2Na+(aq) + CO3
2-(aq) ↔ Na2CO3(aq)   (8) 

As described, Na+ exists in the aqueous phase in the system as Na2CO3. It does not precipitate but rather 

creates a salting-out effect, causing a moderate boost in the precipitation of CaCO3 and MgCO3 [19, 

39]. 

The variance of the crystal phase and its composition of the binary system is similar to that of the unary 

system. As shown in Figs. 6(c) and (d), vaterite was predominantly detected in system CN with 

increasing Ca2+ concentration, and only nesquehonite was detected in system MN. FE-SEM images of 

the samples from systems CN and MN also support this result. Figure 7 shows the crystal shape of the 

precipitate from system CN, and Fig. 8 shows the crystal shape of the precipitate from system MN. As 

shown, the precipitates are very similar to those of the unary cation system, system Ca2+ and system 

Mg2+, indicating that the results are consistent with the XRD results. 

Table 5 lists the EDS analysis results of the precipitates from systems CN and MN. The hCa value 

decreased with increasing Ca2+ concentration, which is identical to the trend of hCa in system Ca2+. The 

hMg value in the MN system did not depend on Mg2+ concentration like the hMg value in system Mg2+. 

Furthermore, the Na+ concentration did not affect either hCa and hMg. 

 

Based on ICP-OES, XRD, FE-SEM, and EDS analysis results, we concluded that the dication 

precipitation tendency in systems CN and MN was not significantly different from that in the unary 

system. Even Na+ caused only a slight increase in the dication recovery yield. Most precipitation trends, 

including crystal phase, XRD diffraction, and h, were very similar to the trends in the unary cation 

system, indicating that Na+ ions in the binary cation system did not significantly affect precipitation. 

3.2.2.2 Precipitation trends in system CM (Ca2+ + Mg2+) 

We investigated the carbonation trend of system CM (samples 25–33), a type of binary cation system. 

Ca2+ and Mg2+, the cation components of system CM, produce insoluble metal carbonates such as 

CaCO3 and MgCO3, reacting with CO3
2-. The chemical equations for these are as follows [13, 18, 19]: 



Ca2+(aq) + CO3
2-(aq) → CaCO3↓ (-1129.1 kJ/mol) (9) 

Mg2+ (aq) + CO3
2-(aq) → MgCO3↓  (-1012.1 kJ/mol) (10) 

Because the amount of CO3
2- present in the system is limited, Ca2+ conversion into CaCO3 is a 

competitive reaction to Mg2+ conversion into MgCO3 and vice versa. If one reaction is dominant, the 

other is relatively rare, which means that the reaction pathway of each reaction is affected by the other. 

Because of the competitive nature of this reaction, the cation precipitation trends in system CM were 

significantly different from those of the unary system [13, 23] and the binary systems CN and MN. 

The crystal phase composition of the precipitate from the CM system and R is listed in Table 4. As 

shown, the phase composition shows indistinct trends with respect to the cation concentration. And we 

noticed that there was no specific correlation between R and its concentration. To make the trends more 

noticeable, we display the R of each sample in Figs. 9(a) and (b). Considering the correlation between 

R and cation concentration in the unary cation system (system Ca2+ and system Mg2+) and in the binary 

systems CN and MN, R should have increased with cation concentration because the system contained 

sufficient reactants. In short, RCa and RMg also showed indistinct correlations with cation concentration, 

and this trend appeared more strongly in RMg than in RCa. Comparing Figs. 9(a) and (b), we noticed that 

the irregularities of RMg were higher than those of RCa. The reason for this phenomenon is shown in Fig. 

10, based on the Debye–Hückel theory [40]. 

According to the Debye–Hückel theory, ions in the electrolyte have an ionic atmosphere that attracts 

oppositely charged ions and repels similarly charged ions. An increase in the number of ions, which 

means enhanced ionic strength, cause a widened ionic atmosphere, inhibiting the reaction between 

cations and anions, which increases the solubility of insoluble salts in electrolytes with enhanced ionic 

strength and a salting-in effect [40]. In system CM, concentrated dication indicates a double-

concentrated anion, and the counter anion is Cl-. The ionic atmosphere of the double-concentrated anion 

shields CO3
2- to react with dication, such as Ca2+ or Mg2+, causing a decreased dication recovery yield. 

Because Ca2+ easily reacts with CO3
2- because of its low energy barrier, appropriate ionic radius, and 



standard Gibbs free energy for CaCO3 [11, 13], Cl- has little effect on the Ca2+ recovery yield. However, 

Mg2+ is strongly affected by the increased ionic atmosphere, derived from the concentrated Cl- ions, 

because of its small ionic radius, ionic potential causing hydro-shell, and its relatively high energy 

barrier for carbonation. [31, 32]. As a result, the Mg2+ recovery yield was lower than the Ca2+ recovery 

yield in all the system CM samples. 

Furthermore, the change in the dication composition of the simulated desalination brine changed the 

spatial arrangement and distance between the ions in the system. This change affected the interaction 

between dication and anion and the coordination number [38, 41], resulting in a recovery yield change 

for each cation, as shown in Figs. 9(a) and (b). 

Figure 9(c) shows the XRD graphs of the precipitate samples belonging to system CM. The crystal 

phase detected in the samples was mostly monohydrocalcite (CaCO3∙H2O), which is a metastable phase 

of the CaCO3 polymorph. Monohydrocalcite usually transforms into calcite through dehydration unless 

a specific Mg2+ concentration exists in the system [24, 27, 42]. Furthermore, monohydrocalcite can only 

be produced when the [Mg2+]/[Ca2+] ratio of the mother solution, MS, is 0.17 or higher and [CO3
2-] is 

higher than [Ca2+] of the mother solution [27]. The detailed conditions and processes for 

monohydrocalcite formation are shown in Fig. 11 [24, 27, 42, 43]. 

M value of system CM is listed in table 6. Because the initial cation concentration of all the samples 

(samples 25–33) met this condition, the results of the XRD analysis for system CM were reasonable 

except for samples 28 and 31, which showed the absence of active peaks. The results of the two samples 

indicate that most metal carbonate in the precipitate existed in an amorphous phase under certain 

conditions. This means that some factors help metal carbonate maintain an amorphous state for a long 

time. 

According to Jensen’s study, MgCO3 in amorphous calcium magnesium carbonate (ACMC) promotes 

the interaction between CaCO3 and H2O, preventing the dehydration of CaCO3 [44]. ACC and 

amorphous magnesium carbonate (AMC) exist in the form of MCO3∙nH2O [27, 43, 45]. Thus, MgCO3 



in ACMC would have inhibited the dehydration process, preventing ACC transformation, as indicated 

by the absence of monohydrocalcite in the system. Based on this, we concluded that the molar ratio of 

the Mg2+ content in the system, definitely over 2 Ms ([Mg2+]/[Ca2+] ratio in the mother solution), would 

have promoted significant interactions between H2O and metal carbonate, inhibiting the formation of 

monohydrocalcite [44]. 

Figure 12 shows the FE-SEM images of the precipitate of system CM. We categorized the particle 

shapes of each sample into two groups: precipitates with a highly structured shape and those with a low-

structured shape. As shown Table 6, and Fig. 12, four samples (25, 26, 27, and 30) with Mp values under 

0.4 had highly structured shapes and five samples with Mp values over 0.4 had low-structured shapes. 

This result is consistent with previous studies whose results are shown in Fig. 11. This phenomenon 

was caused by the interaction between AMC and ACC in clustered ACMCs during the dehydration 

process of ACC [26, 27, 43, 45]. 

The EDS results and hDi (O/Ca+Mg) values are listed in Table 5. We found that the hDi values of system 

CM showed a constant trend with the initial cation concentration of the simulated desalination brine 

sample: the hDi value increased with increasing MS. Because a low hDi value indicates a low level of 

H2O interaction with the particles that consist of the precipitate, this result suggests that Mg2+ 

accelerates the interaction between the precipitate and H2O molecules, which is consistent with the 

results of previous studies [44, 46]. The high Mg content of the precipitate involves inactive interactions 

between H2O molecules and precipitates [37, 44, 46]. This result indicates that the EDS results are also 

consistent with the XRD, ICP-OES, and FE-SEM results. 

Based on the research on binary cation systems, we studied changes in precipitation trends with the 

cation components of system types. The reason for the difference between the system types is the 

common ion effect. In systems CN and MN, a salting-out effect occurred. However, in system CM, a 

salting-in effect occurred, resulting in different trends to systems CN and MN. The ion component 

affects the solution chemistry of the system, and resulting in various changes to the precipitate. 



3.2.3 Characteristics of precipitation in ternary cation system 

We studied the precipitation tendency of ternary cation systems based on the investigation of unary and 

binary cation systems. Because of its similarities to desalination brine, precipitation trends occurring in 

the ternary cation system are thought to be similar to those of desalination brine produced in industrial 

fields. 

3.2.3.1 Cation recovery yield in system CMN 

The cation recovery yield and crystal phase composition of the precipitate from system CMN with [Na+] 

= 0.2 M, 0.4 M, and 0.6 M are listed in Tables 7. R appears to have an independent relationship with 

cation concentration, as it did in system CM. to make it easy to notice, R with cation concentration is 

described in Fig.13. Based on the study of the precipitation trend of system CM, we suspect that the 

independence between concentration and recovery yield is caused by the common ion effect, as shown 

in Fig.10. 

However, comparing the R value of each sample in system CMN with that of each sample in system 

CM using the same Ca2+ and Mg2+ concentrations demonstrated differences. For example, samples 33, 

42, 51, and 60 had the same Ca2+ and Mg2+ concentrations, but their dication, Ca2+, and Mg2+ recovery 

yield differed. We considered two factors that may have caused this phenomenon: the common ion 

effect and coordination number change. As mentioned above, the salting-in effect results in the 

independence of R with increasing cation concentration. Ca2+–Mg2+ interactions in system CMN had a 

salting-in effect. However, Na+ in system CMN had a salting-out effect, and thus it affected R. Two 

opposite phenomena coincided in system CMN, and they led to the difference of R of system CMN 

with Na+ concentration compared to R of system CM.  

The cation composition of the system changes with Na+ concentration, causing a change in the 

coordination number of the dication. For this reason, there is also a difference in R in system CMN with 

Na+ concentration.  

Because of the independence of R with cation concentration of system CMN caused by the mixed 



phenomenon, predicting the R value of each sample based on cation concentration is difficult. However, 

local estimating is possible via experimental data, which would help related future studies and 

demonstrate the process. 

3.2.3.2 Crystal phase and shape of precipitate categorized in system CMN 

Table 8 lists the dication composition and the M value of system CMN with Na+ concentration, and Fig. 

14 shows the XRD graph of the corresponding precipitate. The monohydrocalcite peak was most 

frequently detected in 22 out of the 27 samples of system CMN. Because the MS value of the system 

CMN samples exceeded 0.17, the formation of monohydrocalcite was an expected result, consistent 

with previous studies. 

However, the XRD analysis results indicated that aragonite and magnesium calcite formed in samples 

35 and 36, respectively. This result was not consistent with the other samples, including the control 

group experiment and previous studies. Considering that the ṀS values of the two samples were over 

0.17, monohydrocalcite should have formed. 

According to previous studies, aragonite is formed in Ca2+- and Mg2+-rich solutions, such as seawater 

[25, 47-49] and in vitro owing to biomineralization [50]. Because the formation conditions for aragonite 

are similar to those of monohydrocalcite, previous studies could not establish specific differences 

between the conditions [51, 52]. ACMC transformation into aragonite via monohydrocalcite [51], or 

directly [52] is controversial, but it is clear that Na+ inhibited the role of Mg2+ in these two samples 

because Mg2+ plays an indispensable role in the formation of monohydrocalcite [26, 27, 43, 45]. This 

indicates that Na+ is also involved in the transformation pathway of ACMC. 

In samples 26 and 27, the experimental group for samples 35 and 36, monohydrocalcite formed in the 

Na+-free system. However, in samples 35 and 36, categorized in system CMN with [Na+] = 0.2 M, 

aragonite and magnesian–calcite formed, which means that Mg2+ in those two samples did not trigger 

monohydrocalcite formation. The difference between the control and experimental groups was the Na+ 

content in the system. Based on this, we confirmed once again that Na+ is involved in the transformation 



pathway. 

However, in samples 26 and 27 (system CMN with [Na+] = 0.4 M) and samples 35 and 37 (system CMN 

with [Na+] = 0.6 M), monohydrocalcite formed, demonstrating that Mg2+ worked properly. This means 

that only a specific Na+ content can weaken the effect of Mg2+ on the transformation pathway. Therefore, 

future studies on metal carbonation and polymorph transformation should consider the Mg/Ca content 

of the system with Na+ content. 

The MP values of system CMN also appear consistent with previous studies: crystal shape depends on 

MP [19, 24, 26, 27, 43]. However, differences appeared in samples where the nesquehonite peak was 

detected (i.e., samples 42, 49, 50, 51, 58, and 59). As shown in Table 8, these samples have MP values 

higher than 0.4, despite exhibiting highly structured monohydrocalcite particles. The FE-SEM images, 

shown in Figs. 15–17 also demonstrate that monohydrocalcite and nesquehonite formed in these 

samples. In the images, orthorhombic-shaped particles, which are suspected to be nesquehonite, appear 

separately from the structured-monohydrocalcite. This indicates that although the samples containing 

nesquehonite had high MP values, the Mg content in the clustered particles was not higher than 0.17. 

AMC in the sample would have transformed into nesquehonite in the system containing a certain 

amount of Na+, causing highly structured monohydrocalcite formation under high MP values. 

In short, highly structured monohydrocalcite formed in the system CMN, even with MP values of more 

than 0.4, demonstrating that Na+ affects the ACMC transformation pathway. 

Table 9 lists the EDS results of system CMN with Na+ concentration. The hDi value does not show 

specific correlation with cation concentration. In the control group experiment, hDi increases or 

decreases with cation concentration. However, in system CMN, because of the complex components, 

various phenomenon affect hDi, resulting in indistinct correlation with its cation component. 

4. Conclusion 

In this study, we studied trends of mineral carbonation in simulated desalination brine according to the 

cation components to improve the efficiency and economics of the mineral carbonation-based CCU 



process. 

We replicated 60 samples of simulated desalination brine with Ca2+, Mg2+, and Na+, which are the main 

components of desalination brine from desalination plants. Each simulated desalination brine had 

various cation components and concentrations, and they were used in CO2 conversion experiments with 

a CO2-saturated aqueous absorbent, MEA. The cations in the simulated desalination brine reacted with 

saturated CO2 to produce metal carbonate. We analyzed the metal carbonate using ICP-OES, XRD, and 

SEM, and focused on quantitative and qualitative analysis for carbonation via various indices such as 

R, M, and h. 

Each simulated desalination brine produced a similar final product with its cation components. However, 

the carbonation trends of each sample, such as recovery yield, XRD diffraction, M value, and h value, 

differed with the cation concentration. We concluded that the reason for this difference is the common 

ion effect caused by ions in the simulated desalination brine. Different ion tribes have different types of 

common ion effects. Na+ ions cause salting-out effects, and the interaction between Mg2+ and Ca2+ 

causes a salting-in effect in the simulated desalination brine. The concentration of each cation changed 

the strength of the two different common ion effects and thus the carbonation trends in each desalination 

brine sample. 

This study has significant scientific implications as it analyzes the phenomena occurring in multi-cation 

systems based on solution chemistry, deriving key points that have not been elucidated in previous 

studies. Through this study, we expect that effective treatment of CO2 emissions and desalination brine, 

which are major problems in desalination plants, could be possible. Furthermore, this study will 

contribute to CO2 emission reduction by using desalination brine, a type of industrial waste. 
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Figures 

 

Fig. 1 Conceptual diagram for mineral carbonation-based inorganic CCU process using desalination 

brine from desalination plant. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 2. Schematics of (a) CO2 absorption and (b) conversion experiment. 

a) 

b) 



 

Fig. 3. CO2 loading curve of the 30 wt.% MEA aqueous solution. 

 

 



 
Fig. 4 Cation precipitation trend in unary cation system: (a) Ca2+ recovery yield in Ca2+ system with 

Ca2+ concentration (number in the bar is sample number) and (b) Mg2+ recovery yield in Mg2+ system 

with Mg2+ concentration. XRD graphs of precipitate (c) in system Ca2+ and (d) system Mg2+ 

 

 

 

 

 

 

 

 

 



 

Fig. 5 FE-SEM images of precipitates categorized in unary cation system: (a) from system Ca2+ with 

[Ca2+] =0.2 M (sample no. 1), (b) from system Ca2+ with [Ca2+] =0.4 M (sample no. 2), (c) from system 

Ca2+ with [Ca2+] =0.6 M (sample no. 3), (d) from system Mg2+ with [Mg2+] =0.2 M (sample no. 4), (e) 

from system Mg2+ with [Mg2+] =0.4 M (sample no. 5), and (f) from system Mg2+ with [Mg2+] =0.6 M 

(sample no. 6) 

 

 

 

 

 



Fig. 6. Cation precipitation trend in binary cation system including system CN and system MN (a) 

Ca2+recovery yield in system CN with Ca2+ and Na+ concentration (number in the bar is sample number) 

and (b) Mg2+ recovery yield in system MN with Mg2+ and Na+ concentration. XRD graphs of precipitate 

(c) in system CN and (d) system MN. 

 



 

Fig. 7. FE-SEM images of precipitates from system CN. Each images shows crystal shape of precipitate 

in each sample according to Ca2+ and Na+ concentration. (a) [Ca2+] = 0.2 M and [Na+] = 0.2 M (sample 

no. 7), (b) [Ca2+] = 0.4 M and [Na+] = 0.2 M (sample no. 8), (c) [Ca2+] = 0.6 M and [Na+] = 0.2 M 

(sample no. 9), (d) [Ca2+] = 0.2 M and [Na+] = 0.4 M (sample no. 11), (e) [Ca2+ ] = 0.4 M and [Na+] = 

0.4 M (sample no. 11), (f) [Ca2+] = 0.6 M and [Na+] = 0.4 M (sample no. 12), (g) [Ca2+] = 0.2 M and 

[Na+] = 0.6 M (sample no. 13), (h) [Ca2+] = 0.4 M and [Na+] = 0.6 M (sample no. 14), and (i) [Ca2+] = 

0.6 M and [Na+] = 0.6 M (sample no. 15). 

 

 

 

 

 

 



 

Fig. 8. FE-SEM images of precipitates from system MN. Each images shows crystal shape of precipitate 

in each sample according to Mg2+ and Na+ concentration. (a) [Mg2+] = 0.2 M and [Na+] = 0.2 M (sample 

no. 16), (b) [Mg2+] = 0.4 M and [Na+] = 0.2 M (sample no. 17), (c) [Mg2+] = 0.6 M and [Na+] = 0.2 M 

(sample no. 18), (d) [Mg2+] = 0.2 M and [Na+] = 0.4 M (sample no. 19), (e) [Mg2+] = 0.4 M and [Na+] 

= 0.4 M (sample no. 20), (f) [Mg2+] = 0.6 M and [Na+] = 0.4 M (sample no. 21), (g) [Mg2+] = 0.2 M and 

[Na+] = 0.6 M (sample no. 22), (h) [Mg2+] = 0.4 M and [Na+] = 0.6 M (sample no. 23), and (i) [Mg2+ ] 

= 0.6 M and [Na+] = 0.6 M (sample no. 24). 

 

 

 

 

 

 



 

Fig. 9. Cation precipitation trend in system CM. (a) Ca2+ recovery yield in system CM with Ca2+ and 

Mg2+ concentration (number in the bar is sample number) and (b) Mg2+ recovery yield in system CM 

with Mg2+ and Ca2+ concentration. (c) XRD graphs of precipitates in system CM. 

 

 

 

 



 

Fig. 10 Driving force of dication recovery decrease. The common ion effect occurs by enhanced ionic 

strength, which affects carbonation. – a) MgCO3 formation in system Mg2+, b) CaCO3 formation and 

common ion effect (salting-in effect) in system CM 

 

 



 

Fig. 11 Monohydrocalcite formation process in Ca–Mg-rich mother solution: In mother solution, Ca2+ 

and Mg2+ first formed ACC and AMC and precipitated with a mixed cluster of ACC and AMC, usually 

called ACMC. After that, ACC dehydrated and monohydrocalcite formed in ACMC [24, 27, 42, 43]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 12. FE-SEM images of precipitates from system CM. Each image shows crystal shape of precipitate 

in each sample according to its Ca2+ and Mg2+ concentration. (Dash-lined circle indicates low structured 

monohydrocalcite): (a) [Ca2+] = 0.2 M and [Mg2+] = 0.2M (sample no. 25), (b) [Ca2+] = 0.4 M and [Mg2+] 

= 0.2 M (sample no. 26), (c) [Ca2+] = 0.6 M and [Mg2+] = 0.2 M (sample no. 27), (d) [Ca2+] = 0.2 M 

and [Mg+] = 0.4 M (sample no. 28), (e) [Ca2+] = 0.4 M and [Mg2+] = 0.4 M (sample no. 29), (f) [Ca2+] 

= 0.6 M and [Mg2+] = 0.4 M (sample no. 30), (g) [Ca2+] = 0.2 M and [Mg2+] = 0.6 M (sample no. 31), 

(h) [Ca2+] = 0.4 M and [Mg2+] = 0.6 M (sample no. 32), (i) [Ca2+ ] = 0.6 M and [Mg+] = 0.6 M (sample 

no. 33). 

 

 

 

 

 

 



 

Fig. 13. Cation recovery yield in system CMM according to Na+ concentration. (a) Ca2+ recovery yield 



in system CMN with Ca2+ concentration in [Na+] = 0.2 M, (b) Mg2+ recovery yield in system CMN with 

Mg2+ concentration in [Na+] = 0.2 M, (c) Ca2+ recovery yield in system CMN with Ca2+ concentration 

in [Na+] = 0.4 M, (d) Mg2+ recovery yield in system CMN with Mg2+ concentration in [Na+] = 0.4 M, 

(e) Ca2+ recovery yield in system CMN with Ca2+ concentration in [Na+] = 0.6 M, and (f) Mg2+ recovery 

yield in system CMN with Mg2+ concentration in [Na+] = 0.6 M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 



 

Fig. 14. XRD graphs of system CMN –(a) XRD graphs of system CMN with [Na+] = 0.2 M, (b) XRD 

graphs of system CMN with [Na+] = 0.4 M, (c) XRD graphs of system CMN with [Na+] = 0.6 M 

 

 

 

 

 

 

 



 

Fig. 15. FE-SEM images of precipitates categorized in ternary cation system CMN with [Na+] = 0.2 M. 

Each image is from a different precipitate sample: (a) sample 34, (b) sample 35, (c) sample 36, (d) 

sample 37, (e) sample 38, (f) sample 39, (g) sample 40, (h) sample 41, and (i) sample 42. 

 



 

Fig. 16. FE-SEM images of precipitates categorized in ternary cation system CMN with [Na+] = 0.4 M. 

Each image is from a different precipitate sample: (a) sample 43, (b) sample 44, (c) sample 45, (d) 

sample 46, (e) sample 47, (f sample 48, (g): sample 49, (h) sample 50, and (i) sample 51. 



 

Fig. 17. FE-SEM images of precipitate categorized in ternary cation system CMN with [Na+] = 0.6 M. 

Each image is from a different precipitate sample: (a) sample 52, (b) sample 53, (c) sample 54, (d) 

sample 55, (e) sample 56, (f) sample 57, (g) sample 58, (h) sample 59, and (i) sample 60 

 

 

 

 

 

 

 

 



Table 1. Cation components of each simulated desalination brine samples and stirring conditions 

System type 
Subcategory of 

system 

Sample 
number 

Cation concentration (mol/L) 
Ca2+ Mg2+ Na+ 

Unary 
system 

System Ca2+ 

1 0.2 

- 

- 

2 0.4 

3 0.6 

System Mg2+ 

4 

- 

0.2 

5 0.4 

6 0.6 

Binary 
system` 

System CN 

(Ca2+ + Na+) 

7 0.2 

- 

0.2 8 0.4 

9 0.6 

10 0.2 

0.4 11 0.4 

12 0.6 

13 0.2 

0.6 14 0.4 

15 0.6 

System MN 

(Mg2+ + Na+) 

16 

- 

0.2 

0.2 17 0.4 

18 0.6 

19 0.2 

0.4 20 0.4 

21 0.6 

22 0.2 

0.6 23 0.4 

24 0.6 

System CM 

(Ca2+ + Mg2+) 

25 0.2 

0.2 

0.0 

26 0.4 

27 0.6 

28 0.2 

0.4 29 0.4 

30 0.6 

31 0.2 

0.6 32 0.4 

33 0.6 

Ternary 
system 

System 

CMN 

(Ca2+ + Mg2+ + Na+) 

34 0.2 

0.2 

0.2 

35 0.4 

36 0.6 

37 0.2 

0.4 38 0.4 

39 0.6 

40 0.2 

0.6 41 0.4 

42 0.6 

43 0.2 

0.2 

0.4 

44 0.4 

45 0.6 

46 0.2 

0.4 47 0.4 

48 0.6 

49 0.2 

0.6 50 0.4 

51 0.6 

52 0.2 

0.2 

0.6 

53 0.4 

54 0.6 

55 0.2 

0.4 56 0.4 

57 0.6 

58 0.2 

0.6 59 0.4 

60 0.6 



Table 2. Cation recovery yield in accordance with cation concentration in each simulated brine sample 

 
Sample

 no. 

Cation 

concentration 

(M) 

Cation recovery 

yield 

(mol/mol %) 

Crystal phase composition 

(%) 

Result of 

system Ca2+ 

 
Calcite 

(CaCO3) 

Vaterite 

(CaCO3) 

1 0.2 92.62 22.5 77.5 

2 0.4 98.12 13.8 86.2 

3 0.6 99.99 LOQ 99.9 

Result of 

system Mg2+ 

 
Nesquenonite 

(MgCO3∙3H2O) 

4 0.2 47.05 99.99 

5 0.4 62.43 99.99 

6 0.6 82.76 99.99 

LOQ: Limit of quantitation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Results of EDS analysis for precipitates 

Sample no. Element (at.%) O/metal ratio 

 C O Ca O/Ca 

1 60.77 33.86 5.37 6.30 

2 35.90 53.87 10.24 5.26 

3 33.71 52.64 13.64 3.86 

 C O Mg O/Mg 

4 22.27 67.95 9.78 6.95 

5 22.08 68.64 9.28 7.39 

6 19.26 68.44 12.31 5.56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4. Cation recovery yield in accordance with cation concentration in each simulated brine sample 

System type 
Sample

 no. 

Cation 

concentration (M) 

Cation recovery 

yield (mol/mol %) 

Crystal phase composition 

(%) 

system CN 

 Ca2+ Na+ Ca2+ Na+ 
Calcite 

(CaCO3) 

Vaterite 

(CaCO3) 

7 0.2 

0.2 

99.99 0.82 LOQ 96.1 

8 0.4 99.99 1.96 LOQ 96.9 

9 0.6 99.99 3.29 LOQ 97.4 

10 0.2 

0.4 

92.67 3.61 LOQ 98.1 

11 0.4 98.34 4.76 LOQ 99.2 

12 0.6 99.99 4.32 LOQ 99.9 

13 0.2 

0.6 

97.87 1.01 LOQ 99.1 

14 0.4 99.99 1.03 LOQ 99.9 

15 0.6 99.99 1.55 LOQ 99.9 

 

system MN 

 Mg2+ Na+ Mg2+ Na+ 
Nesquenonite 

(MgCO3∙3H2O) 

16 0.2 

0.2 

49.97 LOQ 99.9 

17 0.4 63.14 LOQ 99.9 

18 0.6 90.33 LOQ 99.9 

19 0.2 

0.4 

56.02 LOQ 99.9 

20 0.4 78.43 LOQ 99.9 

21 0.6 89.80 LOQ 99.9 

22 0.2 

0.6 

52.56 LOQ 99.9 

23 0.4 78.38 LOQ 99.9 

24 0.6 87.19 LOQ 99.9 

system CM 

 Ca2+ Mg2+ Ca2+ Mg2+ 

Monohydro 

calcite 

(CaCO3∙H2O) 

Calcite 

(CaCO3) 

25 0.2 

0.2M 

95.96 24.55 99.9 LOQ 

26 0.4 99.99 41.34 99.9 LOQ 

27 0.6 99.99 27.50 91.1 8.9 

28 0.2 

0.4M 

96.68 31.36 LOQ LOQ 

29 0.4 99.99 46.09 99.9 LOQ 

30 0.6 90.95 13.09 90.4 9.6 

31 0.2 

0.6M 

96.72 31.10 LOQ LOQ 

32 0.4 99.99 52.75 99.9 LOQ 

33 0.6 94.90 54.32 99.9 LOQ 

*LOQ: Limit of quantitation 



Table 5. Results of EDS analysis for precipitate of binary cation system 

System type Sample no. Element (at.%)  ḣ (O/Meta) ratio 

Result of 

system CN 

 C O Na Ca O/Ca 

7 37.67 53.21 LOQ 9.11 5.84 

8 43.15 46.81 LOQ 10.04 4.66 

9 33.59 51.12 LOQ 15.29 3.34 

10 37.39 54.61 LOQ 8.00 6.83 

11 40.21 50.93 LOQ 8.86 5.75 

12 38.12 51.28 LOQ 10.60 4.84 

13 39.13 52.13 LOQ 8.74 5.96 

14 41.24 49.77 LOQ 8.99 5.54 

15 34.50 54.24 LOQ 11.26 4.82 

Result of 

system MN 

 C O Na Mg O/Mg 

16 25.75 66.52 LOQ 7.73 8.61 

17 25.92 65.91 LOQ 8.17 8.07 

18 24.17 67.65 LOQ 8.17 8.28 

19 18.23 71.19 LOQ 10.58 6.73 

20 31.81 61.71 LOQ 6.48 9.52 

21 21.72 67.96 LOQ 10.32 6.59 

22 23.94 66.79 LOQ 9.27 6.59 

23 21.59 68.87 LOQ 9.54 7.22 

24 23.35 67.00 LOQ 9.65 6.94 

Result of 

system CM 

 C O Ca Mg O/(Mg+Ca) 

25 40.8 51.67 5.42 2.1 6.87 

26 41.21 50.84 6.03 1.92 6.39 

27 35.64 55.48 8.32 0.56 6.25 

28 62.62 34.07 1.67 1.65 10.26 

29 60.68 35.65 2.99 0.67 9.74 

30 29.2 61.35 9.1 0.57 6.33 

31 78.13 20.55 0.59 0.73 15.57 

32 83.18 15.67 0.57 0.58 13.63 

33 48.73 45.46 3.4 2.41 7.82 

*LOQ: Limit of quantitation 

 

 

 



Table 6. Cation composition of precipitate from simulated desalination brine of system CM 

Sample 

number 

Solution Precipitate 

Ms 

 (mol/mol) 

Ca2+ concentration 

(mmol/g) 

Mg2+ concentration 

(mmol/g) 

Mp 

 (mol/mol) 

25 1 7.19 1.84 0.26 

26 0.5 6.84 1.42 0.21 

27 0.33 8.23 0.76 0.09 

28 2 4.78 3.10 0.66 

29 1 4.34 2.00 0.47 

30 0.67 8.23 0.76 0.10 

31 3 3.94 3.81 0.98 

32 1.5 4.33 3.44 0.80 

33 1 4.23 2.42 0.58 

M =[Mg2+]/[Ca2+] (unit: mol/mol. Ms: M of simulated desalination brine, Mp: M of precipitate) 

mmol/g: mmol of cation in g of precipitation 
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Table 7. Cation recovery yield for precipitate of system CMN with [Na+] = 0.2 M in accordance with 
cation concentration in each simulated brine with sample 

System 

type 

Sample 

No. 

Cation 
concentration 

(M) 

Cation recovery 

yield 

(mol/mol%) 

Crystal phase 

composition (%) 

Result 

of 
system 

CMN 

with 

[Na+] 
= 

0.2 M 

 Ca2+ Mg2+ Na+ Ca2+ Mg2+ Na+ 
Monohydro 

calcite 

Magnesian
calcite 

Nesquehonite 

34 0.2 

0.2 

0.2 

99.99 5.19 0.62 98.6 LOQ LOQ 

35 0.4 99.99 47.32 1.59 99.9 LOQ LOQ 

36 0.6 99.99 71.98 2.22 LOQ 99.9 LOQ 

37 0.2 

0.4 

77.92 22.93 0.99 LOQ LOQ LOQ 

38 0.4 99.99 12.66 0.60 99.5 LOQ LOQ 

39 0.6 99.99 9.42 0.63 93.3 LOQ LOQ 

40 0.2 

0.6 

97.08 27.54 1.34 99.9 LOQ LOQ 

41 0.4 98.84 43.27 1.78 99.9 LOQ LOQ 

42 0.6 89.59 38.22 0.52 77.4 LOQ 21.4 

  Ca2+ Mg2+ Na+ Ca2+ Mg2+ Na+ 
Monohydro 

calcite 

Magnesian
calcite 

Nesquehonite 

Result 

of 

system 
CMN 

with 

[Na+] 

= 

0.4 M 

43 0.2 

0.2 

0.4 

99.99 15.96 0.75 93.2 LOQ LOQ 

44 0.4 99.99 9.38 0.91 97.9 2.1 LOQ 

45 0.6 99.99 16.45 1.85 99.9 LOQ LOQ 

46 0.2 

0.4 

99.99 32.00 0.81 LOQ LOQ LOQ 

47 0.4 90.15 41.47 3.18 94.8 LOQ LOQ 

48 0.6 95.65 20.96 1.60 98.8 LOQ LOQ 

49 0.2 

0.6 

91.76 38.51 1.20 66.7 LOQ 34.3 

50 0.4 92.00 44.29 2.99 62.0 LOQ 38.0% 

51 0.6 81.67 55.28 3.44 36.6 LOQ 63.4% 

  Ca2+ Mg2+ Na+ Ca2+ Mg2+ Na+ 
Monohydro 

calcite 

Magnesian
calcite 

Nesquehonite 

Result 

of 

system 

CMN 
with 

[Na+] 

= 

0.6 M 

52 0.2 

0.2 

0.6 

91.67 12.25 0.44 99.9 LOQ LOQ 

53 0.4 99.61 33.83 1.40 99.9 LOQ LOQ 

54 0.6 99.01 52.71 2.17 99.9 LOQ LOQ 

55 0.2 

0.4 

93.61 29.82 0.91 99.9 LOQ LOQ 

56 0.4 96.46 35.15 0.58 39.0 LOQ 61.0 

57 0.6 89.68 42.82 2.10 53.2  LOQ 46.8 

58 0.2 

0.6 

86.55 36.21 1.35 71.0 LOQ 29.0 

59 0.4 77.44 42.66 0.95 33.5 LOQ 66.5 

60 0.6 99.99 64.80 4.12 LOQ LOQ LOQ 

*LOQ: Limit of quantitation 

 



Table 8. Cation composition of precipitate from simulated desalination brine of system CNM 

System 

type 

Sample 

No. 

Solution Precipitate 

Ms 

 (mol/mol) 

Ca2+ concentration 

(mmol/g) 

Mg2+ concentration 

(mmol/g) 

Mp 

 (mol/mol) 

Result 

of 

system 

CMN 

with 

[Na+] 

= 

0.2 M 

34 1 8.92 0.46 0.05 

35 0.5 8.22 1.95 0.24 

36 0.33 8.05 1.94 0.24 

37 2 5.02 2.96 0.59 

38 1 7.68 0.97 0.13 

39 0.67 8.06 0.51 0.06 

40 3 4.00 3.41 0.85 

41 1.5 3.45 2.27 0.66 

42 1 5.83 2.49 0.43 

Result 

of 

system 

CMN 

with 

[Na+] 

= 

0.4 M 

43 1 7.85 1.25 0.16 

44 0.5 8.43 0.40 0.05 

45 0.33 8.43 0.46 0.05 

46 2 7.78 4.99 0.64 

47 1 4.96 2.29 0.46 

48 0.67 7.32 1.07 0.15 

49 3 3.39 4.28 1.26 

50 1.5 4.03 2.91 0.72 

51 1 4.39 2.98 0.67 

Result 

of 

system 

CMN 

with 

[Na+] 

= 

0.6 M  

52 1 7.88 1.05 0.13 

53 0.5 8.08 1.37 0.17 

54 0.33 8.09 1.44 0.18 

55 2 4.73 3.02 0.64 

56 1 6.02 2.20 0.37 

57 0.67 5.71 1.82 0.32 

58 3 3.30 4.14 1.26 

59 1.5 3.66 3.03 0.83 

60 1 4.89 3.18 0.65 

M=[Mg2+]/[Ca2+] (unit: mol/mol. M: M of simulated desalination brine, Mp: M of precipitate) 

mmol/g: mmol of cation in g of precipitation 

 

 

 

 



Table 9. Results of EDS analysis for precipitate from simulated desalination brine categorized in system 
CMN 

System type Sample no.  Element (at.%) 
O/metal ratio 

(hDi) 

system CMN

 with 

[Na+] 

= 

0.2 M 

 C O Ca Mg Na O/Metal 

34 57.16 38.03 4.52 0.29 LOQ 7.91 

35 36.92 53.68 6.72 2.38 0.3 5.9 

36 32.75 55.44 9.04 2.36 0.41 4.86 

37 37.25 55.14 7.61 0 LOQ 7.25 

38 37.51 54.88 7.24 0.37 LOQ 7.21 

39 29.02 60.61 9.97 0.39 LOQ 5.85 

40 66.46 30.12 1.57 1.85 LOQ 8.81 

41 43.36 48.2 4.84 3.49 0.11 5.79 

42 27.84 58.03 13.05 1.08 0 4.11 

system CMN

 with [Na+] 

= 

0.4 M 

43 41.95 51.24 5.65 1.05 0.12 7.65 

44 29.12 59.62 10.6 0.51 0.14 5.37 

45 38.88 50.35 10.31 0.31 0.14 4.74 

46 60.69 36.06 1.55 1.63 0.08 11.34 

47 40.43 51.05 6.28 2.16 0.08 6.05 

48 34.93 54.92 9.13 0.88 0.13 5.49 

49 30.39 56.19 4.33 8.77 0.31 4.29 

50 29.52 54.79 12.07 3.36 0.27 3.55 

51 37.33 49.63 9.88 3.16 LOQ 3.81 

system CMN

 with [Na+] 

= 

0.6 M 

52 31.3 59.34 8.42 0.79 0.15 6.44 

53 35.24 54.99 8.14 1.33 0.29 5.81 

54 24.41 60.17 13.45 1.66 0.3 3.98 

55 67.14 29.7 1.61 1.43 0.12 9.55 

56 36.28 40.51 21.9 1.15 0.16 4.39 

57 27.67 59.23 12.43 0.53 0.15 3.33 

58 30.57 57.26 4.96 7.01 0.2 4.78 

59 21.64 64.97 11.75 1.55 0.08 4.88 

60 66.3 30.37 1.68 1.54 0.1 9.43 

 

 

 


