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Precipitation of CaCO; Crystals from Variously
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ABSTRACT : Crystallization of CaCO; from the solutions of various degrees of supersaturation was
carried out by a spontaneous precipitation method. The solution was kept at 25C and pH 6.9~8.8. The
solution compositions were varied in two ways: (1) The total carbonate, {COs]y to total calcium, [Calr,
ratios vary as ; [COs]r/[Ca)r >1, [COs]w/[Cali=1, and [COs]+/[Ca]r <1. (2) The total calcium concen-
tration, [Ca]r, held at 0.02 mol/dm’, 0.2 mol/dm’, and 0.4 mol/dm’,

We found that the CaCQO; phase crystallized from the solutions of [COs]w/[Ca]r =1 was mostly calcite
with less than 1% of vaterite, while the CaCO; crystals precipitated from low carbonate concentration
toward calcium concentration, [COs}w/[Calr < 1, were dominated by vaterite crystals. It appears that the
polymorph of CaCO; precipitate was mainly controlled not by the calcium concentration but by the
carbonate concentration during the spontaneous precipitation. Also, we found that the surface roughness
of vaterite increased with decreasing carbonate concentration from 0.8 or 0.5 of [COs;]+/[Ca]r ratios and
the surface area of vaterite increased from 5.64~7.34 ym to 8.39~10.3 ym.
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Introduction

Calcium carbonate, CaCOs, is one of the most
abundant phases in natural environment. It con-
tains various sorbed species on the surface and
coprecipitates in the crystal, including heavy
metals which reflect the mineral formation envi-
ronment and alteration history (Zhong and Mucci,
1995). Calcium carbonate is also important in
many fields such as geochemical cycles of CO;
and removal of metal ions from effluent streams.
The precipitation of calcium carbonate minerals
has become an important concern in industrial
boilers, transportation pipes, even in the desalina-
tion plants where the concentration of calcium
and carbonate exceeds the saturation level (de
Leeuw and Parker, 1998). Many researchers also
have noticed the strong interactions between
surface of calcium carbonates and heavy metals
from various natural environments (Davis ef al.,
1987; Zachara et al., 1991).

Because a simple but effective way of re-
moving metal ions from wastewater is using
mineralwater interfacial reactions, characterization
of mineral surfaces becomes important. One of
the principal goals of characterizing solid surfaces
is to establish a correlation between the mecha-
nisms of their formation and their physical and
chemical properties during their interactions with
dissolved species.

Calcium carbonate minerals formed from vari-
ous natural environments exhibit characteristic
surface morphologies depending on their growth
solution conditions and secondary alteration histo-
ries. Highly supersaturated solutions often pro-
duce minerals of more complicated surface
morphology while minerals from diluted solutions
precipitate of simple surface morphology (Mullin,
1991).

Surface-sensitive microscopic and spectroscopic

techniques illustrate that chemical reactivity of
solid surface plays a crucial role in dissolution
and sorption reactions (Liang and Baer, 1997).
The surface structure of calcium carbonate minerals
has been studied by a variety of methods such as
AFM and SEM both under ultrahigh vacuum
conditions. AFM observations have demonstrated
that calcite grows from aqueous solution by mo-
tion of monomolecular steps, and dissolves by a
combination of step motion and etch pit expan-
sion (Hillner er al., 1992; Dove and Hochellar,
1993). Along this line of study, relationship
between growth mechanisms and the shape of
calcite crystals and size distributions were tested
and observed under Scanning Electron Micro-
probe (Kile et al., 2000).

Additionally, the equilibrium surface morphology
of carbonate polymorphs was predicted based on

. calculations of surface free energy (Titiloye et al.,

1998; de Leeuw and Parker, 1998). The surface
cationic sites were compared for the site pref-
erence of certain metal ions or certain mineral
structures such as calcite or dolomite.

In this study, the differences in surface mor-
phology and surface sites were discussed based
on equilibrium surface energies. This study will
aid to understand the different surface morphol-
ogy of CaCO; and their reactivity for metal ions
from various natural environments. The surface
morphology, the surface areas, and the size of
each CaCO; precipitates were discussed in rela-
tion to each other regarding rendering effective
surface site for metal interaction.

Experimental Method

The calcium carbonate, CaCOs, crystals were
prepared by a spontaneous precipitation method
from solutions of three different ratios of total
carbonate, [COs]r over total calcium, [Calr,: [COs}y/
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Table 1. Precipitation systems for different synthetic
CaCO; crystals by spontaneous precipitation method
and their physical parameters

*mean | **surface

System Tcy:goo f [?(?; ]]T/ m[oCl;g;f size area
’ i (um) | (m/g)

0.02 43 1.20

1.5 0.20 74 0.64

I Calcite 0.40 7.5 0.61

0.02 3.6 1.50
2.0 0.20 7.0 0.70
0.40 8.5 0.59
0.02 6.1 1.03
Il Calcites | 1.0 0.20 5.8 1.56
0.40 7.2 0.92
0.02 10.1 8.39
0.5 0.20 9.1 10.3
0.40 9.1 10.2
0.02 9.5 5.64
0.8 0.20 9.7 5.90
0.40 10.1 7.34

*Measured by optical measurements and SEM observation.
**Measured by BET method.

111 Vaterite

[Calr >1, [COs]1/[Ca]r =1, and [COs]v/[Ca]r <I.
In the first system, the [CO;]i/[Ca]r ratio was
adjusted to 1.5 and 2.0. In the third system, the
ratio was kept as 0.5 and 0.8 (Table 1). In
addition to this fixed [CO;]v/[Ca]r ratio, the total
calcium concentration was varied to 0.02 mol/
dm’, 0.2 mol/dm’, and 0.4 mol/dm’ and the cor-
responding carbonate concentration was changed
to hold the given ratios (Table 1).

CaCOs Precipitation

A common method for producing a precipitate
is to mix two reactant solutions together as
quickly as possible. This process involves the
creation of highly supersaturated systems, but the
major difficulty is to maintain reasonably uniform
conditions throughout the reaction vessel during
the whole reaction time (Mullin, 1991). Therefore,
the choice of the method of reactant mixing is
very important and should avoid any accidental
development of heterogeneous zones of excessive
supersaturation. In this study, calcite precipitation
was initiated by mixing two concentrated solutions

of CaCly - 2H,O and (NH4)CO; in a 1000 mL
glass reaction vessel. The reaction vessel was
immersed in a temperature controlled water bath
at 25C and 1 atm, and continuously stirred by
rotating the propeller at 250~300 rpm. The
reaction vessel was covered by an acrylic plate
but not sealed. Almost instantaneous precipitation
of calcium carbonates was observed. The pre-
cipitation was usually lasted for a few minutes.
When the suspension became cleared after 5
minutes and then the entire suspension was
filtered by polycarbonate membrane filter (0.4 um
polycarbonate membrane, Poretics) and dried at
607C for two days. In order to avoid surface
modification during filtration, the crystal precipi-
tates were thoroughly washed with saturated
solutions with respect to CaCOs. No changes in
morphology were observed after drying the
samples at 60°C. The reagent grade chemicals
used in this study were supplied by Merck
(Germany). During CaCOs; precipitation, pH of
the solution was not adjusted.

Solution Supersaturation

The composition of the experimental solution
was controlled by changing [Calr and [COs]r.
The level of supersaturation (&) was defined as:

Q=0/Ks
where
Q = [H'] / [Ca"] [HCO5]

in which the brackets refer to activities of
dissolved ion in solution, the actual ion activity
product O, and K, is the solubility product of
calcium carbonate.

Size Analysis and Surface Area Measurements

Upon completion of the precipitation experi-
ments, solutions and the crystal precipitates were
filtered through 0.4 ym polycarbonate membrane
filter. The crystals were taken from membrane
filter, placed on a glass slide and the crystal size
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Fig. 1. Synthetic calcite crystals precipitated by instantaneous nucleation method with [COs}r > [Ca]r molar
ratios. 1.5 and 2.0 represent 1.5 and 2.0 molar ratios of [COs]r / [Ca]r.

was measured by microscope (X 500). About 250
to 300 individual crystals were measured. Two
asymmetric long diagonals were measured of a
crystal and averaged as described by Kiel er al.
(2000). The size of the calcium carbonate
precipitates of 50 individual crystals from 5
different sample sections was also measured
under SEM (Fig. 1, 2 and 3) (Table 1).

The surface area of calcium carbonate precipitates
was determined by the Brunauer-Emmett-Teller
(BET) method using Quantachrome Monosorb
MS-18. The BET measurement was repeated
three times.

Characterization of Calcium Carbonate Precipitates

Phase and purity of the calcium carbonate pre-
cipitates were examined by a Philips X-ray
diffractometer (X'Pert PW3040) with a continuous
scan mode under the conditions of 1°%min
scanning speed and 40 kV/30 mA. The morphol-
ogy of the CaCO; crystals was observed using a
field emission scanning electron microscope (FE-
SEM, Hitachi S-4700) with an acceleration voltage
of 15 kV.

Results and Discussion

The CaCO; crystals precipitated from variously
supersaturated solutions demonstrated that the



Precipitation of CaCO; Crystals from Variously Supersaturated Solutions

[Ca], (mol/dm®)

0 0.1 0.2 0.3

0.0

0.1

o
(S

[CO, ], (mol/dm®)
@

o
»

05%

Fig. 2. Synthetic calcite crystals precipitated by instantaneous nucleation method with 1 :
1 of [COs}r / [Calr molar ratio for 0.02 M (a-type), 0.2 M (b-type), and 0.4 M [Ca]r

(c-type), respectively.

surface morphology, the crystal size, and the
surface area were related to each other (Fig. 1, 2,
and 3). XRD and SEM analyses confirmed that
the CaCO; precipitates prepared under [COs]r /
[Calr = 1 conditions were mostly calcite, while
those prepared under [COs]r /[Calr < 1 condi-
tions were almost pure vaterite. (Fig. 4). Both
vaterite and calcite crystallized during sponta-
neous precipitation, but in all experiments the
amount of vaterite (in the presence of calcite
majority) and calcite (in the presence of vaterite
majority) were considerably small (less than 1%)
compared to that of either calcite or vaterite. The
presence of those nearly mutually exclusive
CaCOs polymorphs did not appear to influence
the surface morphology even though it would

have some effect on the measured surface areas.

CaCOs; Precipitated from the Solutions of
[COs]r/ [Calr> 1

The calcium carbonates precipitated from excess
carbonate conditions were mostly calcite crystals
of rhombohedral cleavages whereas each calcite
crystals exhibited different surface morphologies
depending on their solution compositions (Fig. 1).

The total carbonate to calcium ratio was fixed
at either 1.5 or 2.0. For each ratio, the calcium
concentration was changed to 0.02 mol/dm’, 0.2
mol/dm®, and 0.4 mol/dm’ (Tablel). The calcite
precipitates were distinguished into two parts
depending on total calcium concentration, one
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Fig. 3. Synthetic vaterite crystals precipitated by instantaneous nucieation method with [COs]r < [Ca}r molar
ratios. 0.5 and 0.8 represent 0.5 and 0.8 molar ratios of [COslr / [Calr.

from 0.02 mol/dm’ [Ca]r solution and the others
from both 0.2 mol/dm’ and 0.4 mol/dm’ [Ca]r
solutions. With the increase of the total calcium
concentration the morphology of the calcite pre-
cipitates became less complicated (Fig. 1) but the
crystal size became more diversified (Table 1).
The calcite crystals precipitated from 0.02
mol/dm’ [Ca]r solution, both 1.5 and 2.0 [COs]r /
[Ca]r ratios exhibited agglomeration of small
platelets on one direction parallel to {1014}. This
type of agglomeration becomes more complicated
when the total carbonate to total calcium ratio
increased to 2.0. The calcite crystals precipitated
from these solutions showed almost uniform size,
average of 4.3 ym in diameter (Fig. 1).
However, when the calcite was prepareded
from the solutions of higher concentrations, 0.2
mol/dm’ and 0.4 mol/dm’ [Ca];, mixed sized

crystals were precipitated (Fig. 1). The calcites
exhibited less complicated surface morphology
compared with the calcite precipitated from 0.02
mol/dm’ total calcium concentration. The mean
size of those calcite crystals is 7.4 ym. SEM
observation demonstrated that the calcite exhibit
simple cleavage {1014} face. There was no
evidence of developing agglomeration of small
platelets along {1014} direction. The occurrence
of mixed sized crystals indicates surface textural
evolution of the Ostwald ripening; large grains
grow at the expense of small crystals (Miyazaki,
1996). This was frequently observed from the
solution where over-growth of large crystals
continued on behalf of small crystals especially
in highly supersaturated solutions. According to
Miyazaki (1996), the ripening of large crystals
continueuntil the remaining small crystals were

— 16 —
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Fig. 4. X-ray powder diffractogram of synthetic calcites and vaterite precipitated
from 0.02 M (a-type), 0.2 M (b-type), and 0.4 M CaCl; - 2H>O solution (c-type).

all disappear.

CaCOj; Precipitated from the Solutions of
[COs]v[Calr =1

The calcium carbonate precipitated from the
solutions of equal [COs]r to [Calr ratio was
almost pure calcite with less than 1% of vaterite.
The surfaces of calcite prepared from 0.02
mol/dm’ and 0.2 mol/dm’ [Cajr were all domi-

nated by {1014} but the calcite crystals from 0.02
mol/dm’ exhibited simple rhombohedral cleavages
while the other calcites precipitated from 0.2
mol/dm’ solution exhibited intergrowths of more
numerous, smaller and thinner crystallites of
{1014} (Fig. 2). This behavior is ofien noticed
from moderate to high supersaturated solutions in
this study. The calcite precipitated from 0.4 mol/
dm’ [Ca]r solution also exhibited rhombohedral
cleavage of {1014}, but it frequently showed a
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modified morphology. The sharp rhombic {1014}
faces were slightly modified along two of their
edges as described by Paquette and Reeder
(1995). The modified surface of this type ex-
hibited more or less rounded surface.

Vaterite Crystals from the Solutions of [COslv/
[Ca]r<1

The calcium carbonate crystals of the oolitic
surface morphology were obtained when [COs}r/
[Calr<1 (Fig. 3). SEM and XRD analyses
confirmed that the CaCO; crystals precipitated
from these conditions were almost pure vaterite
(Fig. 3 and 4). The morphology of vaterite
precipitates, the hexagonal polymorphs of CaCQOs,
also slightly changed depending on the degree of
the supersaturation. With increasing [Ca]r from
0.02 mol/dm® to 0.4 mol/dm’, the morphology of
vaterite changed from a simple radial bundle to
an aggregates having more complicated growth
surfaces. Agglomeration of several unit of ellip-
soidal sphere was more evident from the solutions
of higher supersaturation such as 0.2 mol/dm’
and 0.4 mol/dm’ [Ca]r and it showed intergrowth
of numerous and smaller crystallites (Fig. 3 and
4). As a result the surface areas of vaterite
increased as the surface morphology became
complicated with irregular ellipsoidal shape.

Surface Area in Relation to the Morphology
and the Crystal Size

Table 2 presents the calculated saturation indi-
ces of each experimental solution with respect to
calcite (Kp= 10%*%). The saturation indices of
0.02 mol/dm’, 0.2 mol/dm’, and 0.4 mol/dm’
Ca]r solutions ranges 11.78~12.38, 13.78 ~14.38,
and 14.38~14.99, respectively (Table 2). Calcu-
lated saturation indeces were plotted against
calcium concentration (Fig. 5). According to Fig.
5, it appears that the surface areas of CaCOs
precipitates were mainly affected not by the
calcium concentration but by the carbonate con-
centration during spontaneous precipitation. In
general, the decreased carbonate concentration re-

Table 2. Calculated saturation index of the CaCO;
crystals precipitated by spontaneous nucleation.

[Calr [COs]r Saturation index
(mol/dm”) (mol/dm’) (Q)

0.02 0.01~0.04 11.78~12.38

0.2 0.1~0.4 13.78 ~14.38

04 02~0.8 14.38 ~14.99

The saturation index () of the calcium carbonate precipi-
tating systems were calculated based on this:

Q = O/Ksp where O =[H/[Ca |[HCOs]

in which the brackets refer to activities of dissolved ion in
solution, Q is the ion activity product, and K, is the
solubility product of calcium carbonate

sulted in increasing surface roughness and in-
creasing surface areas. For example, the surface
roughness of vaterite increased with decreasing
[COs]r, [COs}/[Calr ratio from 0.8 to 0.5, and
consequently the surface areas of vaterite in-
creased from 5.64~7.34 to 8.39~10.3 (Table 2
and Fig. 3).

Two obvious variables reveal to the factors
affect the surface area of CaCQs; precipitate,
crystal size and surface morphology represented
by the surface roughness. As the grain size in-
creased, the surface areas decreased. But the
increased surface roughness will increase the
surface area. Within the solutions where the total
carbonate concentration was equal or greater than
total calcium concentration, the calcite crystal of
lower surface area was precipitated. On the other
hand, the vaterite crystals of higher surface area
were precipitated from the solution of lower total
carbonate concentration than total calcium con-
centration. In Table 1, the surface areas of calcite
show a maximum value of 1.56 mz/g while the
surface areas of vaterite are between 5.64 and
10.3 m’/g. Although the mean size of both calcite
and vaterite were similar, the fundamental dif-
ferences in the nature of surfaces would lead to a
significant difference in the available surface
areas, which might provide different surface
conditions on mineral-water interfacial reactions.
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Fig. 5. The surface areas of synthetic CaCO; crystals are plotted

against [COs]r (mol/dm’).

Implications of Surface Morphology to Avail-
able Site for Sorption

Surface-sensitive microscopic and spectroscopic
techniques demonstrated the occurrences and the
densities of the surface complexes such as =
COsH and =CaOH, which plays an important
role for metals interaction with CaCOs; surfaces

(Stipp and Hochellar, 1991; Cappellen er al.,
1993). The chemical structure and the reactivity
of surface sites were considered as a strong
factor affecting the reaction processes of forming
different surface complexes during calcite-water
interactions.

Titiloye et al. (1998) presented the difference
of carbonate minerals surface structures with
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characteristic surface energies. Each face on cal-
cite and dolomite surfaces exhibits different
surface energies depending on their crystallog-
raphic orientations. According to their atomistic
simulation, the surface energies of stable {1014}
and {1010} faces are lower than those of {1120}
face, 0.590, 0.970, and 1.390 J/mz, respectively.
The surface energy was assumed to determine the
equilibrium surface morphology (Titiloye ef al.,
1998; Leeuw and Parker, 1998). The equilibrium
surface morphology was considered as a visual
guide to the changes in surface stability during
mineral-water interactions. The densities of sur-
face sites with distinctive site energies would
control the mineral-water interfacial reactions in
terms of preferred removal of impurity ions or
differential dissolution behaviors (Hillner et al.,
1992).

The carbonate mineral surfaces having more
complicated surface morphologies such as small
steps and kinks will have higher energy surface
sites. The increased population density of high-
energy surface sites drives more accumulation of
common trace metals during mineral-water Inter-
actions.

Minerals formed in various natural systems
provide a record of the physicochemical proc-
esses of their formation and the environmental
factors that regulate their formation. In addition,
geochemical record on the mineral surface re-
flects the environmental history of their for-
mation. Surface morphology of various carbonate
minerals may control the preferred sorption and
subsequence surface precipitation behavior of
common metal ion from the natural systems. In
calcium carbonate precipitates, the surfaces with
higher energy sites would prefer to sorb more
trace metals, while the surfaces of more stable
sites would prefer to sorb less trace metals.
Along this, the kinetics of the surface reaction
with metal ions would be another important
factor to control the metal ion removal process
by solid surface. Fast sorption kinetics is ex-
pected from the surfaces with much higher
energy sites and relatively slower sorption ki-
netics is expected from the surfaces of more

stable sites with lower energy. Therefore, a better
insight into the mechanisms of the individual
processes would be of great help in under-
standing metal ions interaction processes in
natural environments.

Conclusions

Each CaCO; crystals exhibited characteristic
surface morphologies depending on their solution
compositions. XRD analysis and SEM obser-
vation reveal that the CaCO; precipitates prepared
from the solutions of [COs]r/[Calr =1 were
mostly calcite precipitates, while CaCO; precipi-
tates prepared from [COs]r /[Calr<1 conditions
were almost pure vaterite, a CaCOs polymorph of
calcium carbonate. Although there was a smalil
quantity of both vaterite and calcite impurities
were present, the amount of those phases was
very limited.

The CaCO; precipitated from the solutions of
different supersaturation conditions demonstrated
a direct relationship among the observed surface
morphologies, the surface areas, and the size of
each CaCOs precipitates. As the grain size in-
creased, the surface areas decreased. And the
increased surface roughness increased the surface
areas. The measured surface area of calcite
showed a maximum value of 1.56 m’/g while the
maximum surface area of vaterite was 10.3 m2/g
although the mean size of both calcite and
vaterite were similar., The fundamental differences
in the nature of surfaces would lead to form
different surface morphologies as well as dif-
ferent reactivity for each metal interested. The
increased surface areas as well as the increased
number of high energy surface site may play an
important control on the metal ion surface
reactions during removal or dissolution- processes.
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