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ABSTRACT

In the present work, we report a novel microstructure of scalenohedral calcite synthesized without any additives by a simple

and ecofriendly carbonation process carried out in a liquid-gas system as well as the effects of experimental conditions on the

crystal growth of the scalenohedral calcite phase. Various process parameters, pH, temperature, Ca(OH)
2
 concentration, CO

2
 flow

rates, and the total volume concentration, were investigated to enhance the sensitivity of the process. The highest average length

of the scalenohedral calcite was obtained at pH 6.0, temperature of 450C, Ca(OH)
2
 concentration of 0.2M, CO

2
 flow rate of 80mL/

min, and total volume of 1L. The synthesized calcite was characterized by XRD, SEM, and FTIR to identify the phases and sur-

face morphology. 
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1. Introduction

alcium carbonate (CaCO
3
) is the most abundant min-

eral in the earth crust. It has three polymorphs, calcite,

aragonite, and vaterite. Among these, calcite is thermody-

namically stable and can be synthesized with various mor-

phologies: rhombohedral or cubic (a = b = 4.99 Ao and c =

17.06 Ao , {104} face), scalenohedral or rosette ({21-1} face),

and colloidal. The second polymorph, aragonite, is metasta-

ble and has a needle-like or whisker shape morphology.

Vaterite is trimorphous with aragonite and calcite and

metastable below 400oC.1,2) The scalenohedral morphology

is favored in most applications. Calcium carbonates can be

synthesized by several methods3-7) and they play important

roles as fillers,8-10) coating agents,11) and wastewater sorbing

material.12) 

The most established precipitation methods are available

for precipitation processes: i.e. i) the kraft pulping method,

ii) mixing of solutions, and iii) carbonation processes. In the

kraft pulping method, in a liquid-liquid system, fast addi-

tion of Na
2
CO

3 
favors the formation of the scalenohedral

phase. From mixed solution methods, both continuous and

liquid-solid method scalenohedral formation is possible.

Higher content of Ca(OH)
2
 in a solid-liquid-gas system

makes it possible to obtain CaO by hydrating from indus-

trial processes favored to scalenohedral calcite1) (Fig. 1).

A semicontinuous process of slaked lime carbonation is

possible for the synthesis of different morphologies of calcite

PCC (rhombhohedral, truncated prismatic, scalenohedral,

spheroidal or chain-like agglomerates, colloidal shape) by

controlling process parameters such as temperature and

mixture gas flow rates (20% CO
2
 and 80% N

2
).13) Some

researchers have investigated the effects of additives such

as anionic dextran for the synthesis of various PCC mor-

phologies by a semicontinuous carbonation process, but they

concluded they do not have a significant effect on the car-

bonation process and on the physical properties of calcite

crystals.10)

For a CO
2
 precipitation process, an environmentally benign

accelerated carbonation process is an attractive method.

Accelerated carbonation of lime binders in the presence of

20% atmosphere CO
2
 leads to the formation of cracked/cor-

roded scalenohedral calcite crystals. This morphology is

obtained due to the excess of CO3− ions by a dissolution-

reprecipitation process.14) Initial precipitation of amorphous

calcium carbonate (ACC) turns transformation of scalenohe-

dral calcite under an excess of Ca2+ ions in the presence of

CO
2
. During carbonation, precipitation of lime paste under

different experimental conditions has been evaluated.15)

Among the various morphologies of calcite, scalenohedral

calcite is important as a filler material in the paper industry

because it can improve the optical properties of handsheets.

Scalenohedral calcite shows a higher optical effect than con-

ventional ground calcium carbonate.16) The surface strength

of paper coated with scalenohedral calcite is higher than

C



108 Journal of the Korean Ceramic Society - Thenepalli Thriveni et al. Vol. 51, No. 2

that of rhombohedral calcite PCC and orthorhombic arago-

nite PCC, respectively.11)

Handsheets with scalenohedral and rhombhohedral com-

posite PCC showed constant light scattering and higher

density contrast than other reference materials.17) In this

work, an ecofriendly carbonation process was applied suc-

cessfully to synthesize pure scalenohedral calcite under

ideal experimental conditions. 

2. Experimental Procedure

2.1. Materials 

Slaked lime (Ca(OH)
2
 was obtained from Sigma-Aldrich,

South Korea (95% Purity assay). Pure CO
2
 gas was supplied

by Jeil Gas Company, South Korea.

2.2. Carbonation process and mechanism

Calcium carbonate is synthesized by a carbonation method

in which gaseous CO
2
 is injected into a Ca2+ ion solution/

slurry to precipitate calcium carbonate. The carbonation

process can be accomplished by two methods: i) solid – liq-

uid – gas, solid Ca(OH)
2
 is added to a MgCl

2
 solution and

gaseous CO
2
 is injected into a suspension of MgCl

2
–

Ca(OH)
2
; and ii) liquid – liquid – gas, gaseous CO

2
 is injected

into a mixture of MgCl
2
 and Ca(OH)

2 
solutions. The general

mechanism involved in the carbonation process can be

expressed as follows:

[CO
2
 + H

2
O → H

2
CO

3
 → H+ + HCO

3

− → 2H+ + CO
3

2−] (1)

[Ca(OH)
2
 → Ca2+ + 2OH−] (2)

[Ca2+ + CO
3

2- → CaCO
3
] (3)

Overall reaction

[Ca(OH)
2
 + CO

2
 → CaCO

3
 + H

2
O] (4)

The carbonation reaction starts from the hydration of car-

bon dioxide and the ionization of calcium hydroxide, as

shown in Eqs. (1) and (2). The calcium and carbonate ions

react when mixed to form the calcium carbonate precipitate.

Figs. 2(a) and (b) show flow charts of the carbonation pro-

cesses.

2.3. Limestone 

 The precipitation of calcium carbonate (CaCO
3
) by a car-

bonation process is the most economical process developed

to date. Calcium oxide and carbon dioxide are formed from

limestone by means of calcination at temperatures between

900 ~ 1000oC. After the calcified lime has been treated with

water, the resulting milk of the lime is purified and carbon-

ated with the carbon dioxide obtained from the calcination

process. 

Calcination of limestone 

CaCO
3
 → CaO + CO

2
(5)

Slaking of quicklime

CaO +H
2
O → Ca(OH)

2
(6)

Precipitation

Ca(OH)
2
 + CO

2
 → CaCO

3
 (PCC) + H

2
O (7)

Fig. 1. Flow chart for different established precipitation methods (modified and adopted from ref.1).
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2.4. Synthesis of calcite

A 0.2M calcium hydroxide slurry was prepared in a glass

reactor using commercial calcium hydroxide and 1 L of

high-purity water with electrical resistivity of 18.2 MΩ. 1L

of a freshly prepared calcium hydroxide slurry was trans-

ferred into a double jacket glass reactor heated to 45oC with

a heating system attached to the reactor. When the slaked

lime temperature was reached, CO
2
 was bubbled into the

reactor at a flow rate of 80 mL min-1 in order to evaluate the

precipitation (or production) rate, and the pH value was

measured in a range of 12.0 ~ 6.0. The carbonation reaction

was completed when the slaked lime slurry reached pH 6.0.

The homogenization of the system was fixed at a stirring

rate of 600 rpm. The experiments were also carried out at

different temperatures from 25oC to 65oC and reaction time

durations of 1 ~ 1.30 h. Fig. 3 shows a flow chart of scaleno-

hedral PCC synthesis. For analysis of the particle size,

approximately 20 ml of the suspension was sampled after

the calcite precipitation. 

 

2.5. Characterization 

The obtained solid product was thoroughly characterized

through scanning electron microscopy (SEM, JSM-6380 LA,

Jeol), a powder X-ray analysis (Rigaku Xpert MPD equipped

with Cu K
α 
radiation, Japan) and Fourier transform infra-

red spectroscopy (FT-IR, Thermo Scientific, Nicolet 6700,

USA).

3. Results and Discussion

3.1. Reaction mechanism of calcite precipitation 

The general reaction mechanism of the carbonation pro-

cess followed several steps. The basic aqueous carbonation

of Ca(OH)
2
 is described in the following reactions (global

reaction).

Ca(OH)
2(s)

 + CO
2(aq)

 → CaCO
3(s)

 + H
2
O (8)

Ca(OH)
2(s)

 → Ca2+ + 2OH− (9)

CO
2(aq)

 + H
2
O → CO

3

2+ + 2H+ (10)

supersaturation (S
I
) of the solution with respect to calcite,

S
t
 = (Ca2+)(CO

3

2-) / K
sp

 > 1 (11)

where (Ca2+) and (CO
3

2-) are the activities of calcium and

carbonate ions in the solution, respectively, and K
sp

 is the

thermodynamic solubility of the calcite product. 

Fig. 2. (a) Liquid-liquid-gas system and (b) liquid-solid-gas system flow charts of carbonation processes.

Fig. 3. Schematic diagram of carbonation process for scale-
nohedral PCC.
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Ca2+ + CO
3

2- → CaCO
3
 (nuclei) (12)

CaCO
3
 (nuclei) → CaCO

3
 (calcite) (13)

During the carbonation process experiments, metastable

crystalline forms of CaCO
3
 such as aragonite and vaterite

were not identified from the X-ray diffraction spectra.

3.2. Effects of temperature

To analyze temperature effects, the liquid and gas states

were more intensively studied. The effects of temperature

on supersaturation are complex. Increasing temperature

negatively affects the morphology of scalenohedral PCC. In

contrast, lower temperatures positively affects the morphol-

ogy and are favorable for higher precipitation of CaCO
3
. We

synthesized scalenohedral calcite PCC at different tempera-

tures: 25oC, 35oC, 45oC, 55oC, and 65oC. The optimum tem-

perature was determined to be 45oC, at which the average

particle size length was close to 5.5 µm. Fig. 4 shows SEM

images of the scalenohedral calcite PCC morphology at dif-

ferent temperatures, Fig. 5 shows the XRD analysis results

of scalenohedral calcite PCC and Fig. 6 shows the cumula-

tive particle size of the scalenohedral calcite PCC.

3.3. Effects of Ca(OH)
2
 concentration

Ca(OH)
2
 is sparingly soluble in an aqueous solution

(Kps(2) in Eq. (14) is the Ca(OH)
2
 solubility product at 298 K).

The dissolution process proceeds through two steps: (i) the

Ca(OH)
2
 particles first chemically dissolve on the surface

(Eq. (14)); and then Ca2+ ions then diffuse away from the

surface (Eq. (15)). As a function of the stirring efficiency,

Ca(OH)
2
 dissolution can be either chemically or diffusion

controlled.

Ca(OH)
2
↔ Ca2+ + 2OH− (solid surface) Kps(2) = 10−5.3 (14)

Ca2+ + 2OH−(surface) ↔ Ca2+ + 2OH− (bulk solution) (15)

Figure 7 shows the effects of starting materials such as

calcium hydroxide concentration on the morphology and

Fig. 4. Effect of different temperatures on the morphology of scalenohedral PCC (a) 25oC (b) 35oC (c) 45oC (d) 55oC, and (e) 65oC.

Fig. 5. XRD analysis of scalenohedral PCC at different tem-
peratures (a) 25oC (b) 35oC (c) 45oC (d) 55oC, and (e)
65oC. Fig. 6. Effect of particle size by different temperatures.
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particle size of the scalenohedral calcite PCC. For this

parameter we studied the effects of different concentrations

(i.e. from 0.01 mole/L ~ 0.2 mole/L) of calcium hydroxide on

the scalenohedral calcite PCC growth rate. As seen in Fig. 8,

pure calcite forms at all concentrations and this is con-

firmed by XRD patterns. The optimum Ca(OH)
2
 concentra-

tion was determined to be 0.2 mole/L and this was more

suitable for obtaining scalenohedral calcite PCC. At this

concentration the particle size was more than 5 µm (Fig. 9). 

3.4. Effects of CO
2
 flow rates

The driving force for CaCO
3
 precipitation is supersatura-

tion, determined by the product of the ionic concentration of

calcium and carbonate ions. Precipitation involves four

steps: (i) dissolution of Ca(OH)
2 

(discussed in Section 3.3),

(ii) mass transfer between the CO
2
 phase and the water

phase and the formation of carbonate ions, (iii) chemical

reaction, and (iv) crystal growth is relatively highly

absorbed in water with respect to other similar com-

pounds.18) 

This has been explained by the electrostatic forces of

water molecules, which can polarize CO
2
 molecules, increas-

ing their ability to penetrate the water phase. On the other

hand, the reagent CO
2
 must enter the phase containing the

Ca2+ ions, and the mass transport resistance is therefore also

a very important parameter. The resistance of CO
2
 to pene-

trate water can be stated in terms of viscosity. Compressed

CO
2
 is to some extent more viscous than atmospheric CO

2
, but

still considerably less viscous than water. After CO
2
 is

absorbed in water it hydrates to form CO
2
(aq) or carbonic acid

(H
2
CO

3
) (Eq. (16)) for the most part. H

2
CO

3
 subsequently

yields bicarbonate ions (HCO
3

 −) (Eq. (17)) and carbonate ions

(CO
3

2−) (Eq. (18)). These transformations are fast but only

about 1% of the absorbed CO
2
 is transformed into carbonate

ions. K4, K5, and K6 are the equilibrium constants and k4 and

k5 are the velocity constants (s−1) at 298 K18). 

CO
2
+H

2
O ↔ CO

2
(aq) (or H

2
CO

3
) K4 = 10−1.5 k4 = 10−1.8 (16)

H
2
CO3 + OH− ↔ HCO

3
 + H

2
O K5 = 10−6.3 k5 = 103.8 (17)

Fig. 7. Effect of Ca(OH)
2
 concentration on the morphology of scalenohedral PCC (a) 0.01 M (b) 0.02 M (c) 0.03 M (d) 0.04 M (e)

0.05 M (f) 0.1 M, and (g) 0.2 M.

Fig. 8. XRD patterns of scalenohedral PCC with various
Ca(OH)

2
 concentrations (a) 0.01 M (b) 0.02 M (c)

0.03 M (d) 0.04 M (e) 0.05 M (f) 0.1 M, and (g) 0.2 M.
Fig. 9. Scalenohedral PCC particle size at different Ca(OH)

2

concentrations (a) 0.01 M (b) 0.02 M (c) 0.03 M (d)
0.04 M (e) 0.05 M (f) 0.1 M, and (g) 0.2 M.
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HCO
3

− + OH− ↔ CO
3

2− + H
2
O K6 = 10−10.3 Instantaneous

(18)

The carbonation process was carried out in an open vessel,

and we checked different CO
2
 gas flow rates in a range of

20 mL/min to 100 mL/min at 45oC. However, after a certain

limit, increasing the flow rate no longer had any effect, as

shown in Fig. 10. This was due to the higher mobility of CO
2

molecules with respect to water, resulting in CO
2
 bypassing

the solution. At a lower CO
2
 gas flow rate of 20 mL/min, the

unreacted calcium hydroxide crystals were embedded and

another calcium carbonate polymorph aragonite phase

appeared. This can be clearly observed from the XRD analy-

sis at different CO
2
 flow rates, as presented in Fig. 11. In

Fig. 12 shows the particle size analysis of scalenohedral

PCC at different CO
2
 flow rates.

3.5. Crystal growth

Particle size is primarily influenced by supersaturation,

but the final crystal habit is also determined by excess spe-

cies, which which can act as additives. Modification of the

particle morphology can be attained by inducing different

growth rates on crystal faces. The growth morphology of

crystals is limited by the faces with the relatively slowest

growth rates. For calcite crystals, the nonpolar cleavage

rhombohedron {104} contains equimolar amounts of calcium

and carbonate ions. To positively influence the growth pro-

cess of the {104} face, equivalent coverage with Ca2+ and

CO
3

 2− is required when the relative growth rate of the {104}

face is high enough to produce the scalenohedral form. 

The growth of the face involves the formation of an

uncharged soluble complex: CaCO
3
. The neutral CaCO

3

complex is formed at the crystal/solution interface, and the

different adsorption behavior of Ca2+ and CO
3

2− ions in the

crystal surface should therefore be taken into account. Con-

Fig. 10. Effect of CO
2
 flow rates on the morphology of scalenohedral PCC (a) 100 mL/min (b) 80 mL/min (c) 60 mL/min (d) 40 mL/min,

and (e) 20 mL/min.

Fig. 11. XRD analysis of effect of CO
2
 flow rates on the mor-

phology of scalenohedral calcite PCC (a) 100 mL/
min (b) 80 mL/min (c) 60 mL/min (d) 40 mL/min,
and (e) 20 mL/min.

Fig. 12. Particle size analysis of scalenohedral calcite PCC
at different CO

2
 flow rates on the morphology of

(a) 100 mL/min (b) 80 mL/min (c) 60 mL/min (d) 40 mL/
min, and (e) 20 mL/min.
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sidering that the Langmuirian adsorption coefficient for

CO
3

2− is higher than that for Ca2+, an excess of Ca2+ in the

bulk solution would be necessary to obtain similar relative

adsorptions of Ca2+ and CO
3

2− and to favor the formation of

CaCO
3
. As a consequence, under stoichiometric Ca2+:CO

3

2−

conditions it is possible to produce rhombohedral shapes,

but under nonstoichiometric conditions, with excess Ca2+,

the morphology of the precipitated calcite is typically scale-

nohedral. In the experiments performed in this work, mor-

phological changes were induced by varying the CO
2

concentration and thus the Ca2+:CO
3

2− ratio in the bulk solu-

tion.

3.6. FT-IR-studies

As presented in Fig. 13, infrared spectroscopy measure-

ments revealed a complete Ca(OH)
2
–calcite transformation

for all calcium hydroxide carbonation experiments, because

the OH-stretching vibration band (1) at 3642 cm−1 corre-

sponding to the calcium hydroxide was not detected in the

solid product. Here, the CO
3
 stretching vibration band (3) at

1410–1490cm−1 and the CO
3
-bending vibration band (2) at

877cm−1 are typical fundamental bands for calcite. 

4. Conclusions

The production of precipitated calcium carbonate, PCC, by

a carbonation process of slaked lime was performed in a

bench-scale glass reactor. The carbonation process was

demonstrated with the chosen range of process parameters

(temperature, CO
2
 gas flow rates, stirring rate, and mass

concentration of Ca(OH)
2
 suspension), and calcite particles/

crystals with different characteristic morphologies (rhombo-

hedral, truncated prismatic, scalenohedral or chain like

agglomerates) were produced. Because of the large number

of physical–chemical processes that take place simultane-

ously during the carbonation (CO
2
 and Ca(OH)

2
 dissolution,

heterogeneous and homogeneous nucleation of CaCO
3
), it is

difficult to precisely predict the PCC properties. A large

number of experiments are needed to obtain a product with

desired properties. Therefore, an empirical approach based

on experimental design techniques was employed to identify

the effects of the chosen process parameters on the PCC

morphology (specific shape of calcium carbonate). 

A multiple experimental analysis of the obtained data

suggests that temperature, mass concentration of the

Ca(OH)
2
 suspension, and CO

2
 gas flow rates significantly

influence the PCC morphology. At low temperatures, sub-

micrometric PCC can be produced, whereas higher tem-

peratures are not favored for obtaining large size scaleno-

hedral PCC. The stirring rate and the gas flow rate have

been found to be largely responsible for CO
2
 conversion into

calcium carbonate, at the given experimental (process)

parameters. These results emphasize the role of the liquid -

gas phase interface with respect to the physical chemical

properties of precipitated calcium carbonate.
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