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Abstract: In this study, the direct conversion behaviors of different alkaline earth metal solids (the 
hydroxides and the sulfates of alkaline earth metals Ca, Sr, Ba and Mg) to their corresponding 
carbonates in dissolved carbonate-containing pregnant solutions obtained by direct leaching of a 
smithsonite (ZnCO3) ore sample in aqueous ammonia solutions having different concentrations (4 M, 8 
M and 13.3 M NH3) were investigated by using X-ray diffraction analyses at alkaline earth metal to 
dissolved carbonate mole ratios of 1:1 and 1:2, for revealing the conversion possibilities of dissolved 
carbonate in the pregnant solutions to solid carbonate by-products. The results of direct conversion 
experiments showed that Ca(OH)2, CaSO4·2H2O, Sr(OH)2·8H2O and Ba(OH)2·8H2O converted to their 
corresponding carbonates, SrSO4 partially converted to SrCO3 as observed by the presence of unreacted 
SrSO4 peaks in X-ray diffraction patterns of the converted solids, and BaSO4 did not convert to BaCO3 
because of its lower solubility with respect to BaCO3. On the other hand, it was observed that Mg(OH)2 
did not convert to MgCO3, but MgSO4·7H2O converted dominantly to an uncommon phase, which was 
tentatively identified as Mg5Zn3(CO3)2(OH)12·H2O. In the study, a complete discussion on the 
conversion behaviors of alkaline earth metal solids to their corresponding carbonates was given 
considering the differences between their solubility product constants and the changes in the free 
energies of the theoretical conversion reactions. In addition, infrared spectra and scanning electron 
microscope images of some of the converted solids were also presented for characterization purposes. 
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1. Introduction 

The hydrometallurgical ‘direct conversion’ process is one of the two commercial processes used for the 
production of strontium carbonate (SrCO3), which is utilized mainly in the preparation of ferrite 
magnets (i.e. SrFe12O19), glasses and other strontium chemicals, from celestine (natural SrSO4) ores and 
concentrates. In the direct conversion process, solid celestine feed is added to a hot (>80°C) aqueous 
solution of sodium carbonate, which is the source of dissolved carbonate, to obtain solid strontium 
carbonate product according to Eq. (1). The conversion reaction (Eq. (1)) proceeds to the right (product) 
side because of the great difference between the solubility product constants of SrSO4 (Ksp=3.44·10−7) 
and SrCO3 (Ksp=5.60·10−10) and the negative free energy change of Eq. (1) (Carrillo et al., 1995; Castillejos 
et al., 1996; Lide, 2010; Pullar, 2012; Singerling, 2017). In addition to the conventional direct conversion 
process, celestine could also be converted to strontium carbonate directly with the use of sodium 
carbonate by mechanochemical (Obut et al., 2006; Erdemoglu et al., 2007; Setoudeh et al., 2010, Sezer 
and Arslan, 2019) and hydrothermal (Suarez-Orduna et al., 2004,2007) processes. On the other hand, 
Yan et al. (2021) used sodium bicarbonate and Bingol et al. (2012), Zoraga and Kahruman (2014), Zoraga 
et al. (2016), Hizli et al. (2017) and Icin et al. (2021) used ammonium carbonate as the source of carbonate 
for the conversion of celestine to strontium carbonate. 
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SrSO4(s) + CO32−(aq) ↔ SrCO3(s) + SO42−(aq)   (ΔG0=−8.7 kJ/mol)                                 (1) 
Zinc is an industrially important metal with the main use in galvanizing and is extracted primarily 

from the sulfide (i.e. sphalerite, ZnS) and the non-sulfide (i.e. smithsonite, ZnCO3) zinc ores. For the 
extraction of zinc from smithsonite ores, the direct (without pre-heating) leaching process in ammonia 
solutions is widely studied in the literature due to the selectivity of ammonia for smithsonite dissolution 
against the major gangue minerals (i.e., goethite, calcite and/or dolomite) in these ores (Frenay, 1985; 
Ding et al., 2013; Li et al., 2018; Ehsani et al., 2021). Following leaching, the dissolved zinc in carbonate-
containing ammoniacal pregnant solutions may be recovered in metallic or compound forms (i.e., as 
Zn5(CO3)2(OH)6) by different processes (Harvey, 2006). 

It seems possible that other than the direct use of sodium carbonate or ammonium carbonate 
chemicals as the source of dissolved carbonate, the dissolved carbonate that formed during 
hydrometallurgical processing of a carbonate-containing primary source may also be utilized for the 
direct conversion purpose, as demonstrated by Ehsani and Obut (2019) for the dissolved carbonate-
containing pregnant solution formed after sodium hydroxide leaching of a smithsonite ore sample. 
Therefore, in this study, for the first time, the direct conversion behaviors of different alkaline earth 
metal hydroxides and sulfates to their corresponding carbonates in dissolved carbonate-containing 
pregnant solutions obtained by direct leaching of a smithsonite ore sample in aqueous ammonia 
solutions were systematically investigated by X-ray diffraction (XRD) analyses. For characterization 
purposes, the attenuated total reflection-infrared (ATR-IR) spectra and the scanning electron 
microscope (SEM) images of some of the converted solids were also determined. 

2. Materials and methods 

The hydroxides and the sulfates of some of the alkaline earth metals, namely reagent grade calcium 
hydroxide (Ca(OH)2), natural calcium sulfate dihydrate (gypsum, CaSO4·2H2O), reagent grade 
strontium hydroxide octahydrate (Sr(OH)2·8H2O), reagent grade strontium sulfate (SrSO4), natural 
strontium sulfate (celestine, SrSO4), reagent grade barium hydroxide octahydrate (Ba(OH)2·8H2O), 
reagent grade barium sulfate (BaSO4), reagent grade magnesium hydroxide (Mg(OH)2) and reagent 
grade magnesium sulfate heptahydrate (MgSO4·7H2O), were used in the direct conversion experiments 
as the solid feed materials. Because of the generally observed low solubility product constants of 
alkaline earth metal carbonates (Table 1), the above-mentioned alkaline earth metal-containing solids 
were selected and used in the experimental studies. 

Table 1. Solubility product constants of selected alkaline earth metal solids (Lide, 2010) 

Mg(OH)2 5.61·10−12  MgSO4·7H2O freely soluble*  MgCO3 6.82·10−6 
Ca(OH)2 5.02·10−6  CaSO4·2H2O 3.14·10−5  CaCO3 3.36·10−9 
Sr(OH)2·8H2O sparingly soluble*  SrSO4 3.44·10−7  SrCO3 5.60·10−10 
Ba(OH)2·8H2O soluble*  BaSO4 1.08·10−10  BaCO3 2.58·10−9 
*: see text 

 
A representative conversion experiment was initiated by the addition of calculated amounts 

(according to alkaline earth metal to dissolved carbonate mole ratios of 1:1 and 1:2) of alkaline earth 
metal solid to a 110 mL dissolved carbonate-containing (the dominant carbon-containing dissolved 
specie is CO32− anion; Carrillo et al., 1995) pregnant solution formed after direct leaching of a local 
(Kayseri/Turkey) smithsonite ore sample in 4 M, 8 M or 13.3 M NH3 solution. Henceforward, these 
solutions were called as 4 M, 8 M and 13.3 M pregnant solution, respectively. The dissolved carbonate 
contents of the pregnant solutions obtained after leaching in 4 M, 8 M and 13.3 M NH3 solutions, 
calculated according to the leaching ratio values of zinc in the ore sample (Ehsani et al., 2021), were 24.2 
g/L, 48.6 g/L and 82.8 g/L, respectively. The properties of the smithsonite ore sample, the details of the 
leaching procedure and conditions, the obtained leaching ratio values and the other properties of 
pregnant solutions were given in Ehsani et al. (2021). Following a conversion time of two hours under 
magnetic stirring at room temperature, the converted solid was obtained by centrifugation, water 
washing and drying at 105°C in a laboratory oven. The alkaline earth metal to dissolved carbonate mole 
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ratios, the conversion time and the initial ammonia concentrations of solutions used in the leaching 
were determined according to preliminary experiments and previous literature studies (Ehsani and 
Obut, 2019; Ehsani et al., 2021). The room temperature was selected as the conversion temperature 
because of the instabilities of the pregnant solutions at higher temperatures (Harvey, 2006; Ehsani et al., 
2021). Finally, the converted solid was stored in covered glass bottles for XRD analysis (Rigaku-Miniflex 
600, CuKα radiation). The ATR-IR spectra (Perkin Elmer-Spectrum 2), the SEM images (FEI-Inspect F50) 
and the thermal analyses (TG/DTA) curves (Setaram-Labsys, heating rate=10°C/minute) of some of the 
converted solids were also determined for detailed characterization. 

3. Results and discussion 

Because calcium is the most abundant alkaline earth metal among the investigated metals (order of 
abundance in the earth’s crust: 5, average content in the earth’s crust: 4.15·104 g/ton; Enghag, 2004), the 
direct conversion experiments were started with the use and comparison of two different calcium-
containing solids. The XRD patterns of Ca(OH)2 and its converted solids (Fig. 1) obtained by direct 
conversion at Ca:CO32− mole ratios of 1:1 and 1:2 in 4 M, 8 M and 13.3 M pregnant solutions indicated 
that all converted solids obtained in three different pregnant solutions were dominantly calcium 
carbonate of calcite polymorph. For all of the pregnant solutions studied, the conversion at Ca:CO32− 
mole ratio of 1:2 generally produced purer solids in comparison to the mole ratio of 1:1, for which the 
converted solids, in addition to the dominant CaCO3 phase, contained low amounts of hydrated calcium 
hydroxyzincate (CaZn2(OH)6·2H2O; JCPDS card no: 24-0222) and zinc oxide (ZnO, JCPDS card no: 36-
1451) phases. The only single-phase converted solid, whose XRD pattern contained only peaks of CaCO3 
(Calcite, JCPDS card no: 5-0586), was obtained at Ca:CO32− mole ratio of 1:2 following direct conversion 
in 4 M pregnant solution. The complete conversion of Ca(OH)2 to CaCO3 was expected due to the great 
difference between the solubility product constants of Ca(OH)2 and CaCO3 (Table 1) and the negative 
free energy change (Barin, 1995; Free, 2013) of the related conversion reaction (Eq. (2)). 

Ca(OH)2(s) + CO32−(aq) ↔ CaCO3(s) + 2OH−(aq)   (ΔG0=−17.1 kJ/mol)                           (2) 
 It can be seen from Fig. 2 that CaSO4·2H2O also converted mainly to calcium carbonate of calcite 

polymorph and the converted solids generally were purer (the only impurity observed was 
CaSO4·0.5H2O)  than  the  converted  solids  obtained  from  Ca(OH)2  under  all  experimental  conditions 
studied. The conversion could easily be followed by the disappearance of CaSO4·2H2O peaks, i.e. at 
2θ=11.64,  20.74   and 29.12°  (Gypsum,  JCPDS  card n o: 33-0311),  and the appearance of newly formed 

 
Fig. 1. XRD patterns of Ca(OH)2 and its converted solids obtained after conversion in indicated pregnant 
solutions (Ca:CO32− mole ratios; left 1:1 and right 1:2) (d:Ca(OH)2, h:CaZn2(OH)6·2H2O, k:CaCO3, z:ZnO) 
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CaCO3 peaks, i.e. at 2θ=29.43, 39.47 and 43.23°, in XRD patterns of the converted solids. The complete 
conversion of CaSO4·2H2O to CaCO3 according to Eq. (3) was expected due to the great difference 
between the solubility product constants of the feed and the product solids (Table 1), and the negative 
free energy change (Barin, 1995; Free, 2013) of the conversion reaction. The results of direct conversion 
experiments using calcium-containing solids indicated that it was possible to integrate naturally 
abundant gypsum into the processing of smithsonite ores by ammonia leaching for the obtainment of 
calcium carbonate by-product, which may found use in various industries, e.g. paper, paints, plastics, 
rubber and others (Phipps, 2014; Thenepalli et al., 2015; Jimoh et al., 2018). 

CaSO4·2H2O(s) + CO32−(aq) ↔ CaCO3(s) + SO42−(aq) + 2H2O(l)   (ΔG0=−22.6 kJ/mol)                  (3) 

 

Fig. 2. XRD patterns of CaSO4·2H2O and its converted solids obtained after conversion in indicated pregnant 
solutions (Ca:CO32− mole ratios; left 1:1 and right 1:2) (j:CaSO4·2H2O, k:CaCO3, n:CaSO4·0.5H2O) 

In a previous study, Ehsani and Obut (2019) observed a near-total conversion of gypsum and reagent 
grade calcium hydroxide to dominantly calcium hydroxyzincate (CaZn2(OH)6·2H2O) containing solids, 
in place of CaCO3, probably according to Equation (4) (Wang and Wainwright, 1986; Zhu et al., 2015), 
in a dissolved carbonate-containing pregnant zinc solution formed after leaching of a smithsonite ore 
sample in 4 M NaOH solution. In this study, calcium hydroxyzincate phase was observed to form in 
quite low amounts for only Ca(OH)2 used experiments, possibly due to the existence of dominant zinc 
ammine (Zn(NH3)42+) complex, in place of the zincate (Zn(OH)42−) complex, in the studied ammoniacal 
pregnant zinc solutions (Ding et al., 2013). On the other hand, it was observed that the less stable 
polymorphs, aragonite and vaterite, of calcite did not form under the studied experimental conditions 
for both of the used calcium-containing solids. 

Ca(OH)2 + 2Zn(OH)42− + 2H2O ↔ CaZn2(OH)6·2H2O + 4OH−                                 (4) 
For characterization purposes, the particle morphologies of single-phase converted solids obtained 

from Ca(OH)2 and CaSO4·2H2O at Ca:CO32− mole ratio of 1:2 in 4 M NH3 pregnant solution were 
determined by SEM analyses. The SEM images given in Fig. 3 showed that calcium carbonate particles 
obtained by the conversion of calcium-containing solids generally had a rhombohedral morphology, as 
also observed for the calcium carbonate precipitates of calcite polymorph in different literature studies 
(Kralj et al., 2004; Cheng et al., 2014; Liu et al., 2014), but the particles obtained from Ca(OH)2 were more 
rounded, agglomerated and smaller than the particles obtained from CaSO4·2H2O. 

Although strontium is the least abundant alkaline earth metal (order of abundance in the earth’s 
crust: 15, average content in the earth’s crust: 370 g/ton; Enghag, 2004) among the investigated metals, 
the direct conversion experiments continued with strontium containing alkaline earth metal solids due  
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Fig. 3. SEM images of CaCO3 particles obtained by conversion of Ca(OH)2 (top) and CaSO4·2H2O (bottom) 

to the presence of abundant strontium reserves in Turkey (MTA, 2021). The XRD patterns of 
Sr(OH)2·8H2O and its converted solids (Fig. 4) obtained by the direct conversion at Sr:CO32− mole ratios 
of 1:1 and 1:2 in 4 M, 8 M and 13.3 M pregnant solutions showed that all converted solids obtained in 
three different pregnant solutions contained strontium carbonate as the main phase, which was 
expected due to the great difference between the solubilities of sparingly water-soluble Sr(OH)2·8H2O 
(0.900°C g/100 mL H2O and 47.7100°C g/100 mL H2O; Patnaik, 2003) and water-insoluble SrCO3 
(0.0003420°C g/100 g H2O; Lide, 2010). The single-phase converted SrCO3 (Strontianite, JCPDS card no: 
5-0418), which did not contain any hydroxides of strontium (Sr(OH)2; JCPDS card no: 27-0847 and 
Sr(OH)2·H2O; JCPDS card no: 28-1222) in minor amounts, was only obtained at Sr:CO32− mole ratio of 
1:2 after direct conversion in 13.3 M pregnant solution. 

The SEM image and the ATR-IR spectrum of single-phase converted solid obtained from 
Sr(OH)2·8H2O were also determined for characterization purposes. The SEM image (Fig. 5) showed that 
the shapes of prepared strontium carbonate particles were rod-like, as also found for the strontium 
carbonates synthesized in the literature studies (Li et al., 2012; Zhang et al., 2017). It could also be seen 
from Fig. 5 that the converted solid had a very strong adsorption band at 1444 cm−1 due to asymmetric 
stretching, a strong band at 856 cm−1 due to out-of-plane bending, and a doublet at 706 and 699 cm−1 
due to planar bending of carbonate groups in the structure of strontium carbonate. A very weak 
absorption peak was also observed at 1071 cm−1, which may be attributed to the symmetric stretching 
of the carbonate groups (Adler and Kerr, 1963). 
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Fig. 4. XRD patterns of Sr(OH)2·8H2O and its converted solids obtained after conversion in indicated pregnant 
solutions (Sr:CO32− mole ratios; left 1:1 and right 1:2) (t:Sr(OH)2·8H2O, p:Sr(OH)2·H2O, u:Sr(OH)2, s:SrCO3) 

 
Fig. 5. SEM image (left) and ATR-IR spectrum (right) of converted solid obtained from Sr(OH)2·8H2O 

Because single-phase strontium carbonate was only obtained at Sr:CO32− mole ratio of 1:2 for the 
strontium containing Sr(OH)2·8H2O solid, the comparative direct conversion experiments were 
performed on reagent grade SrSO4 and natural SrSO4 (celestine) solids only at Sr:CO32− mole ratio of 1:2. 
According to the XRD patterns of SrSO4, celestine and their converted solids obtained by direct 
conversion at Sr:CO32− mole ratio 1:2 in 4 M, 8 M and 13.3 M pregnant solutions, it can be said that both 
solid sulfates did not convert completely to strontium carbonate, as easily observed by the remaining 
XRD peaks of unreacted strontium sulfate, i.e. at 2θ=23.59, 27.05, 28.05, 30.06 and 32.74° (JCPDS card 
no: 5-0593), in the patterns of converted solids (Fig. 6). Although complete conversion of strontium 
sulfate to its carbonate according to Eq. (1) was expected, it did not occur readily as for the calcium-
containing solids, probably due to the lower (room) temperature applied and the possible kinetic 
restriction, i.e. formation of a porous product layer, mentioned in the literature studies (Carrillo et al., 
1995; Castillejos et al., 1996). 

Zoraga and Kahruman (2014) and Zoraga et al. (2016) investigated the direct conversion of celestine 
to strontium carbonate in aqueous solutions of ammonium carbonate (the solutions contained different 
amounts of NH4+, CO32−, HCO3−, H2CO3 and NH3 species) with dissolved CO32− concentrations varying 
between 0.0089-0.133 mol/L and pH of approximately 8.9, and they observed that conversion of 
celestine to strontium carbonate decreased with increasing CO32− concentration. On the other hand, 
Hizli et al. (2017) used aqueous ammonium carbonate solutions having stoichiometric amounts of 
carbonate  and  they  reported that ammonium carbonate was not effective alone for the conversion and  
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Fig. 6. XRD patterns of (left) reagent grade SrSO4, (right) natural SrSO4 (celestine) and their converted solids 
obtained after conversion in indicated pregnant solutions (Sr:CO32− mole ratio: 1:2) (c:SrSO4, s:SrCO3) 

extra additions of ammonia to the solutions were needed for the complete conversion of celestine to 
strontium carbonate. In the above-mentioned studies, the conversion ratio of celestine to strontium 
carbonate was observed to increase with increasing conversion time. In this study, where dissolved 
CO32− concentrations and pH varied between 0.40-1.38 mol/L and 11.6-12.9, respectively, and the 
pregnant solutions contained dominantly zinc ammine complex, the converted solid having lowest 
unreacted strontium sulfate content was obtained in 4 M pregnant solution at Sr:CO32− mole ratio of 
1:2.In order to reveal the possible effects of various dissolved zinc complexes on the conversion behavior 
of celestine to strontium carbonate in ammonia or sodium hydroxide solutions, a further detailed study 
should be performed in the future using synthetic solutions having different CO32− concentrations and 
pH values. 

As in the study of Ehsani and Obut (2019), in which reagent grade SrSO4 completely converted to 
SrCO3 in a dissolved carbonate-containing pregnant solution formed after leaching of a smithsonite ore 
sample in 3 M NaOH solution at Sr:CO32− mole ratio of 1:2 for conversion time of two hours, achieving 
the complete conversion from strontium sulfate to strontium carbonate, possibly by increasing the 
conversion time, may also provide a new and different commercial production method for strontium 
carbonate during the processing of smithsonite ores by direct ammonia leaching. On the other hand, it 
was observed that no strontium zincate phase, such as SrZn(OH)4·H2O (Stahl and Jacobs, 1997a), formed 
during the conversion experiments performed by using SrSO4. 

Because generally more pure or single-phase converted solids obtained in 4 M pregnant solution at 
alkaline earth metal to dissolved carbonate mole ratio of 1:2, the direct conversion behaviors of barium 
and magnesium-containing solids were investigated under these conditions. The XRD patterns of 
Ba(OH)2·8H2O, BaSO4 and their converted solids (Fig. 7) obtained by direct conversion at Ba:CO32− mole 
ratio of 1:2 in 4 M pregnant solution showed that barium hydroxide octahydrate completely converted 
to barium carbonate as observed by the total disappearance of Ba(OH)2·8H2O peaks, i.e. at 2θ=14.81, 
15.15 and 20.59° (JCPDS card no: 26-0155), in XRD pattern of the converted solid, which was single-
phase barium carbonate, as identified by the peaks observed mainly at 2θ values of 23.92, 34.15 and 
42.04° (Witherite, JCPDS card no: 5-0378). The pattern of reagent grade Ba(OH)2·8H2O contained some 
XRD peaks of BaCO3, possibly as a result of interaction with carbon dioxide present in the air (Zhang 
and Saito, 1997). The complete conversion of water-soluble Ba(OH)2·8H2O (3.7620°C g/100 g H2O; 
Patnaik, 2003) to insoluble BaCO3 (0.002525°C g/100 mL H2O; Patnaik, 2003) was predicted because of 

  
 



176 Physicochem. Probl. Miner. Process., 58(1), 2022, 169-180 
 

the negative free energy change of the theoretical conversion reaction (Eq. (5)) (Benson and Teague, 
1980; Barin, 1995; Free, 2013). The obtained barium carbonate may be used for removal of sulfate from 
various aqueous streams and may also find uses in production of various glass and ceramic products 
(Kresse et al., 2012). On the contrary, as expected, BaSO4 did not convert to BaCO3 (see Fig. 7) because 
of the lower solubility product constant of BaSO4 (Table 1) and the positive free energy change of Eq. 
(6) (Barin, 1995; Free, 2013). In addition, the possible conversion of barium sulfate to barium hydroxide 
(Eq. (7)) also did not occur. As seen from Fig. 7, however, any kind of barium zincate phase, such as 
BaZn2(OH)6·5H2O (Stahl and Jacobs, 1997b), did not form during the conversion experiments performed 
by using either Ba(OH)2·8H2O or BaSO4. 

Ba(OH)2·8H2O(s) + CO32−(aq) ↔ BaCO3(s) + 2OH−(aq) + 8H2O(l)   (ΔG0=−28.3 kJ/mol)                    (5) 
BaSO4(s) + CO32−(aq) ↔ BaCO3(s) + SO42−(aq)   (ΔG0=7.7 kJ/mol)                                    (6) 

BaSO4(s) + 2OH−(aq) ↔ Ba(OH)2(s) +SO42−(aq)   (ΔG0=72.6 kJ/mol)                                  (7) 

 
 Fig. 7. XRD patterns of Ba(OH)2·8H2O (left), BaSO4 (right) and their converted solids obtained after conversion in 

4 M pregnant solution at Ba:CO32− mole ratio of 1:2 (b:BaSO4, o:Ba(OH)2·8H2O, v:BaCO3) 

The SEM image of the single-phase converted solid obtained from Ba(OH)2·8H2O (Fig. 8) displayed 
that all converted barium carbonate particles had rod-like morphology, as for different barium 
carbonates prepared in the previous literature studies (Xu and Xue, 2006; Shamsipur et al., 2013; Shahid 
et al., 2018). It could also be seen from Fig. 8 that the converted solid had adsorptions at 1417 cm−1, 1060 
cm−1, 856 cm−1 and 693 cm−1, respectively, due to asymmetric stretching, symmetric stretching, out-of-
plane bending and planar bending of carbonate groups in the structure of barium carbonate solid (Adler 
and Kerr, 1963).  

The XRD patterns of Mg(OH)2, MgSO4·7H2O and their converted solids (Fig. 9) obtained by direct 
conversion at Mg:CO32− mole ratio of 1:2 in 4 M pregnant solution indicated that both magnesium-
containing  solids  did  not  convert  to magnesium carbonate under the studied experimental conditions.  

 
Fig. 8. SEM image (left) and ATR-IR spectrum (right) of converted solid obtained from Ba(OH)2·8H2O 
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Because of the lower solubility product constant of Mg(OH)2 in comparison to MgCO3 (Table 1), the 
hydroxide did not convert to its carbonate form (see Eq. (8)). On the other hand, the magnesium sulfate  
heptahydrate (including some MgSO4·6H2O as impurity), which is freely water-soluble (71.020°C g/100 
mL H2O; Patnaik, 2003), converted dominantly to a magnesium zinc carbonate hydroxide hydrate 
(Mg5Zn3(CO3)2(OH)12·H2O) containing solid with some unidentified impurity phase(s) (Fig. 9), in place 
of the expected magnesium carbonate (Eq. (9)) and magnesium hydroxide (Eq. (10)) phases. In the 
literature, an unnamed zinc-magnesium-carbonate-hydroxide mineral from Sterling Hill (New Jersey, 
USA) was first described by Dunn (1986) with main XRD peaks observed at 2θ=11.85, 33.26 and 58.86° 
(JCPDS card no: 41-1436). In this study, the main XRD peaks of tentatively identified magnesium zinc 
carbonate hydroxide hydrate were observed at 2θ values of 11.84, 33.16 and 59.14°. In addition, the 
converted solid effervesced vigorously when interacted with a 10% hydrochloric acid solution, as also 
experienced by Dunn (1986). On the other hand, in this study, no crystalline magnesium zincate phase 
was observed to form, as indicated by Ropp (2013), during the conversion experiments performed using 
magnesium hydroxide and magnesium sulfate heptahydrate solids. Besides, separate crystalline 
magnesium (i.e., (NH4)2Mg(CO3)2·4H2O, Erdos et al., 1979) and zinc (i.e., Zn(NH3)CO3, Ehsani et al., 
2021) containing phases that could be prepared in dissolved carbonate-containing ammoniacal media 
also were not observed to form during the conversion experiments performed by using either Mg(OH)2 
or MgSO4·7H2O. 

 The DTA curve (Fig. 10) of converted solid obtained from MgSO4·7H2O contained, other than low-
temperature endotherm near 105°C, only one strong endotherm centered at 390.8°C, which was found 
to be related with the decomposition of Mg5Zn3(CO3)2(OH)12·H2O phase into its corresponding oxides 
(Fig. 11). The peak temperature of the endotherm lied between decomposition peak temperatures of 
synthetic magnesium (for Mg5(CO3)4(OH)2·4H2O, between 420-475°C) and zinc (for Zn5(CO3)2(OH)6, 
between 245-270°C) hydroxycarbonates (Jambor, 1964; Koga and Yamane, 2008; Vagvolgyi et al., 
2008a,b; Frost et al., 2009; Bhattacharjya et al., 2012; Yamamoto et al., 2021). As also seen from Fig. 10, 
dominantly Mg5Zn3(CO3)2(OH)12·H2O containing converted solid had a strong split band with peaks at 
1392-1518 cm−1 and a weak band at 858 cm−1, both probably be related to asymmetric stretching and 
out-of-plane bending of the carbonate groups, respectively. The absorption bands centered at 1043 cm−1, 
1642 cm−1 and 3300 cm−1 may be related to hydroxyl and water contents in the converted solid. The very 
strong band observed at 563 cm−1 was tentatively assigned to the vibrations between metal 
(magnesium/zinc)-oxygen bonds present in the structure of converted solid (Remazeilles and Refait, 
2009; Winiarski et al., 2018). 

Mg(OH)2(s) + CO32−(aq) ↔ MgCO3(s) + 2OH−(aq)   (ΔG0=34.7 kJ/mol)                            (8) 
MgSO4·7H2O(s) + CO32−(aq) ↔ MgCO3(s) + SO42−(aq) + 7H2O(l)   (ΔG0=−17.7 kJ/mol)                 (9) 
MgSO4·7H2O(s) + 2OH−(aq) ↔ Mg(OH)2(s) + SO42−(aq) + 7H2O(l)   (ΔG0=−52.4 kJ/mol)             (10) 

 

Fig. 9. XRD patterns of Mg(OH)2 (left), MgSO4·7H2O (right) and their converted solids obtained after conversion 
in 4 M pregnant solution at Mg:CO32− mole ratio of 1:2 (e:MgSO4·7H2O, q: MgSO4·6H2O, m:Mg(OH)2, 

r:Mg5Zn3(CO3)2(OH)12·H2O, *:unidentified) 
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Fig. 10. TG/DTA curves (left) and ATR-IR spectrum (right) of converted solid obtained from MgSO4·7H2O 

 
Fig. 11. XRD pattern of the material formed after calcination of the converted solid obtained from MgSO4·7H2O at 

600°C for 1 hour (a: MgO, z: ZnO) 

4. Conclusions 

The direct conversion behaviors of calcium, strontium, barium and magnesium-containing alkaline 
earth metal solids to their corresponding carbonates in dissolved carbonate containing pregnant 
solutions formed after direct leaching of a smithsonite ore sample in aqueous ammonia solutions were 
investigated to reveal the possible ways for the obtainment of dissolved carbonate component of these 
solutions as solid alkaline earth metal carbonate by-products. In accord with the solubility product 
constants, it was observed that the hydroxides of calcium, strontium and barium, and the sulfates of 
calcium and strontium converted either partially or totally to their corresponding carbonates whereas 
the hydroxide of magnesium and the sulfate of barium remained unreacted, i.e., did not convert to any 
other form. Differently, the sulfate of magnesium converted dominantly to a hydrated magnesium zinc 
carbonate hydroxide containing solid in the dissolved carbonate-containing pregnant solution formed 
after leaching of smithsonite ore sample in 4 M NH3 solution. In conclusion, the results of this 
preliminary study indicated that it may be possible to integrate naturally abundant gypsum and 
celestine resources, following optimization, into the processing of smithsonite ores by direct ammonia 
leaching for bulk production of commercial calcium carbonate and strontium carbonate solids, which 
may find different uses in various industries.  
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