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THERMAL BEHAVIORS OF AMORPHOUS CALCIUM CARBONATES
PREPARED IN AQUEOUS AND ETHANOL MEDIA

*
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Two different samples of amorphous calcium carbonate (ACC) hydrates were prepared respectively by mixing aqueous solutions of
CaCl, and Na,CO5;—NaOH and by allowing the diffusion of (NH,4),COs sublimate into ethanol solution of CaCl,. Thermal behaviors
of the synthetic ACCs were investigated comparatively by means of thermoanalytical techniques complimented by powder X-ray
diffraction, FTIR spectrometry and microscopic observations. The anhydrous ACCs produced by the thermal dehydration of the re-
spective samples were crystallized to calcite in different ways. The sample prepared in aqueous medium was crystallized at
around 600 K in a single step. Crystallization in two separated steps at around 600 and 825 K was observed for the sample prepared
in ethanol medium. Characteristics of the crystallization processes were discussed from thermodynamic and kinetic points of view.
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Introduction

In addition to three well-known crystalline polymorphs
of calcite, aragonite and vaterite, calcium carbonate
exists as metastable amorphous phases of hydrate and
anhydrate [1-4]. The amorphous calcium carbonates
(ACC) are found in many animals and plants as a tran-
sient phase of biomineralization of crystalline CaCO;
[5-9] and also as a possible storage form of calcium
ion [10]. The roles of ACC to transform a selected
crystalline polymorph of CaCO; with a specialized
morphology and/or architecture in living organisms are
special interest, as well as the mechanisms of stabiliza-
tion of intrinsically metastable ACC. Learning from
biomineralization of CaCO; in living organisms
[5-12], ACCs are attracting attentions recently in the
differently oriented material researches, i.e., nano-
sized functional materials [13—17], inorganic—organic
hybrid materials [18—20], thin films [21-26] and so on.
In all the cases, sophisticated kinetic controls of the nu-
cleation and growth processes of the desired crystalline
phase by preventing nucleation of undesired phase in a
matrix of ACC are one of the key to promoting those
researches [27-34].

Although various preparation methods of ACC
with or without additives are known, transformation
properties and/or stability of the synthetic ACC change
depending on the preparation methods and also on the
reaction conditions in the respective preparation meth-
ods. This seems to be due to varieties of synthetic ACC
in views of thermodynamic state, characterized by de-
gree of atomic disordering and particle aggregation, and
crystallization kinetics, characterized by probability of
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possible nucleation sites and atomic diffusion for crystal
growth [7, 35, 36]. For example, when preparing ACC
by one of the simplest methods of mixing a CaCl, solu-
tion with a Na,CO;—NaOH solution [37], the enthalpy
changes due to thermally induced crystallization of de-
hydrated ACC to calcite change largely from —4.0
to —12.3 kJ (mol CaCO;) ™" with the slight change of the
pH values of the mother solution from 12.2 to 13.0 [35].
Accompanying with such change of thermodynamic
state of dehydrated ACC with the preparation condition,
the apparent activation energy for the crystallization
process increases from 152 to 304 kJ mol™. Accord-
ingly, evaluation and control of specific characteristics
of ACC are essentially important in the variously orien-
tated studies using ACC as a raw material, where
thermoanalytical techniques can be one of the most
powerful tools for characterizing ACC from the view
points of thermal stability based on thermodynamics
and crystallization kinetics.

In the present study, we focused on ACC precipi-
tated in an ethanol solution of anhydrous CaCl, by the
dissolutions of gaseous CO,, NH; and H,O originated
from solid (NH4),CO; placed next to the ethanol solu-
tion in a closed system. Unusual stability of the gel-like
precipitate of ACC in the mother ethanol solution,
which barely transforms to crystalline CaCO;, has re-
cently been reported by Lee et al. [38]. The thermal be-
havior of the as-prepared ACC in the ethanol medium
was characterized by several thermoanalytical tech-
niques, in comparison with the ACC prepared in an
aqueous medium.
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Experimental
Sample preparation

Amorphous calcium carbonates termed as ACC-AQ
and ACC-ET were prepared by two different methods
in an aqueous and ethanol media according to the
methods reported previously by Kojima et al. [37] and
Lee et al. [38], respectively. For the fabrication of
ACC-AQ, every 100 cm’ of aqueous solutions of so-
dium carbonate (0.1 mol dm™) and sodium hydroxide
(0.1 mol dm™) were mixed with mechanical stirring to
obtaining a stock solution of pH~13. The stock solu-
tion was stored in a refrigerator at 273 K for more
than 1 h, together with an alternative stock solution
of 100 cm® of calcium chloride (0.1 mol dm™). Using a
cooling stirrer (CSB-900N), two stock solutions were
mixed rapidly in a beaker (500 cm®) at an ambient tem-
perature of 273 K. The precipitated colloidal phase was
filtered immediately and washed with ice—water. The
precipitate was dried in a vacuum desiccator for one
day and stored in a refrigerator at 263 K.

According to Lee et al. [38], ACC-ET was pre-
pared from an ethanol solution of anhydrous calcium
chloride (1.0-10”% mol dm™) and solid ammonium
carbonate, where a regent grade of ethanol (299.5%:
Sigma Aldrich Japan) was utilized. Ammonium car-
bonate (10 g) was spread in a cylindrical separable
flask (500 cm’). A beaker (200 cm®) with 200 cm® of
ethanol solution of anhydrous calcium chloride
(1.0-107 mol dm™) was placed in the separable flask.
Using a lid for the separable flask, the reaction vessel
was sealed up. The closed reaction vessel was left at a
controlled ambient temperature of 293 K for 24 h. A
milky-white colloidal phase as precipitated was fil-
tered and washed with ethanol. The precipitate was
dried in a vacuum desiccator for 4 h and stored in a
refrigerator at 263 K.

Measurements

Powder X-ray diffraction (XRD) patterns of the sam-
ples, ACC-AQ and ACC-ET, were recorded using an
instrument of Rigaku RINT2200V (monochrome
CuK,, 40 kV, 20 mA). Fourier transformation infra-
red (FTIR) spectra were measured, using an instru-
ment of Shimadzu FTIR8400S, by the diffuse
reflectance method after diluting the samples with
KBr. TG-DTA measurements were carried out using a
ULVAC TGD9800 where the samples of 10.0 mg
were heated linearly at a heating rate of 10 K min"'
under flowing N, at a rate of 100 cm® min™'. Morph-
ologies of the samples were observed using a scan-
ning electron microscope (Hitachi S-2460N).

About 5 mg of samples weighed onto a platinum
cell (5 mm¢ and 2.5 mm in height) were subjected to
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the measurements of TG/DTA-MS. Using an instru-
ment of TG/DTA-MS constructed by coupling a
TG-DTA (Rigaku TG8120) with a quadrupole mass
spectrometer (Anelva M-200QA), TG-DTA curves
were recorded on heating at 10 K min™' under flowing
He (200 cm® min ™), accompanied by continuous mea-
surements of the mass spectra of the evolved gases
(mass range: 10-50 amu, EMSN: 1.0 A, SEM:
1000 V). Phase changes during heating the samples
from room temperature to 1100 K were followed us-
ing the above described XRD instrument by equip-
ping with a programmable heating chamber
(Rigaku PTC-20A). By heating the samples at a linear
heating rate of 5 K min"' under flowing N, at
100 cm® min™', XRD patterns were measured at vari-
ous temperatures where the sample temperature was
kept constant during the diffraction measurements.
For characterizing the crystallization behavior of
amorphous calcium carbonate anhydrate appeared
during the course of heating the samples, measure-
ments of differential scanning calorimetry (DSC:
Shimadzu DSC60) were carried out at different heat-
ing rates from 2 to 10 K min"' under flowing N,
(50 cm® min"), where the samples of 5.0 mg were
weighed onto a platinum cell (5 mm in diameter
and 2.5 mm in height) and covered with a platinum
lid. For covering the temperature range higher than
800 K, high temperature DSC (Rigaku DSC8270)
was also applied under the measuring conditions
identical with the above DSC runs.

Results and discussion
Characterization of samples

Figure 1 compares typical SEM images of the samples,
ACC-AQ and ACC-ET, prepared in aqueous and etha-
nol media, respectively. Although both the samples ap-
pear as aggregates of nano-sized particles, it is appar-
ent that ACC-ET represents the more homogeneous
gel-like aggregates. Figure 2 shows the powder XRD
patterns of the samples. Although both the samples in-
dicate no distinguished XRD peak, the centers of halos
are observed at different diffraction angles, i.e.,
around 32 and 27.5 for ACC-AQ and ACC-ET, respec-
tively. FTIR spectra of the samples are shown in Fig. 3.
No distinguished difference can be seen for the FTIR
spectra of the samples. It is also noted that these spec-
tra are very similar to those for the biogenic ACC
[7, 10, 12]. Broad absorption bands around 3400-3500
and 1400—1500 cm™' correspond to O—H stretching vi-
bration of hydrated water and v; mode of carbonate
ion, respectively. The broadened and/or split absorp-
tion peaks of v; mode of carbonate ions at
1400-1500 cm ™' indicate a lock of symmetry in the
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Fig. 1 Typical SEM images of a — ACC-AQ and b— ACC-ET
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Fig. 2 Typical powder XRD patterns of ACC-AQ and ACC-ET
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Fig. 3 Typical FTIR spectra of ACC-AQ and ACC-ET

carbonate ions [7]. Appearance of v; mode of carbon-
ate ions at around 1075 cm ' is also due to non-centro-
symmetric structure, which is also observed for crystal-
line aragonite and vaterite [28, 39, 40].

Thermal behaviors

Figure 4 represents typical TG-DTA curves of the
samples. For both the samples, mass losses initiate
near room temperature just after starting heating pro-
gram. During heating the samples up to 600 K, total
mass losses of 20.0+0.4 and 22.0+0.7%, which seem
to be due to dehydration of hydrated water, are ob-
served for ACC-AQ and ACC-ET, respectively. From
the shapes of TG-DTA curves, the dehydration pro-
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Fig. 4 Typical TG-DTA curves for ACC-AQ and ACC-ET
recorded at a heating rate of 10 K min™" in flowing N,
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Fig. 5 Typical mass-chromatograms of m/z 18 and 44 for the
evolved gases during the thermal dehydration of
ACC-AQ and ACC-ET

cess proceeds via two separated mass loss steps,
where well separated two step dehydration is ob-
served more clearly for ACC-ET. Figure 5 shows typ-
ical mass-chromatograms of m/z 18 and 44 recorded
for the evolved gases during the dehydration process
under flowing He (200 cm® min™"). It is seen that
small amount of CO, is evolved during this reaction
stage together with H,O, which seems to be due to
CO, and/or HCO; trapped in the gel precipi-
tate [37, 41, 42]. As was expected from the shapes of
TG-DTA curves, evolutions of H,O and/or CO, take
place in some more clearly separated two steps in
ACC-ET. The two separated dehydration behavior is
also reported for the biogenic ACC [8, 10].

Just after the dehydration processes were com-
pleted, an exothermic peak is observed for both the
samples, Fig. 4. Under a linearly increasing tempera-
ture at 10 K min "', extrapolated onset temperature of
the exothermic peak of ACC-AQ is higher by 15 K
than that of ACC-ET. Figure 6 shows changes of the
powder XRD patterns of the samples during stepwise
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Fig. 6 Changes of powder XRD patterns on heating ACC-AQ
and ACC-ET

(a) ACC-AQ

Fig. 7 Typical SEM images of a — ACC-AQ and b — ACC-ET
heated to 643 K

heating at a heating rate 10 K min' and holding
for 10 min for diffraction measurements at various
temperatures. During the thermal dehydration process,
no distinguished diffraction peak appears. At 623 K
just after the DTA exothermic peak, diffraction pattern
of calcite appears in both the samples as has been re-
ported previously [35, 37]. Figure 7 shows typical
SEM images of the samples heated to 643 K. As for
ACC-AQ, a stacking structure constructed by sheet ag-
gregates of crystallized particles is observed. Appear-
ances of ACC-ET do not change largely by the crystal-
lization, but a banded structure lined up a specific di-
rection is observed on the selected surfaces of the
gel-like aggregates. The above observations indicate
that, for both ACC-AQ and ACC-ET, two dimensional
development of crystallites network plays an important
role in the crystallization of calcite from amorphous
calcium carbonate. Details of XRD patterns and IR
spectra of the crystallized samples are compared in
Figs 8 and 9. In comparing the XRD patterns of the
samples at 623 K shown in Figs 8a and b, while the sin-
gle phase of calcite is confirmed in Fig. 8a for
ACC-AQ, several diffraction peaks due to vaterite are
observed in Fig. 8b for ACC-ET as a miner phase in
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Fig. 8 Typical powder XRD patterns of ACC-AQ and
ACC-ET heated to several selected temperatures
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Fig. 9 Typical FTIR spectra of ACC-AQ and ACC-ET heated
to several selected temperatures

the major phase of calcite. Deducing from the compari-
sons of intensities and half-width of the respective cor-
responding diffraction peaks of calcite, it is also ex-
pected that the growth of crystalline particles of calcite
is more remarkable for ACC-AQ than ACC-ET. In the
IR absorption spectra of the samples at 643 K just after
calcite crystallization, shown in Figs 9a and b, all the
major peaks due to IR vibration modes of CO? in cal-
cite are observed, i.e., at 877 cm™ (v,), ~1425 cm™ (v3)
and 713 cm ' (v4) [39]. Differences can be seen for the
weak absorption peaks appeared in the range of
1000-1250 cm™', where split peaks at 1055 and
1082 cm ™' observed in Fig. 9b for ACC-ET at 643 K,
together with the peak at 1236 cm ', are likely due to
the stretching vibrations of CO; in vaterite contami-
nated as the miner phase.

On further heating, the second exothermic peak
is observed only for ACC-ET at around 800-850 K
before decomposition of calcite, Fig. 4. The powder
XRD pattern and IR spectrum of ACC-ET after the
second exothermic peak are shown in Figs 8c and 9c,
respectively. Both the powder XRD pattern and IR

J. Therm. Anal. Cal., 94, 2008
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Fig. 10 Typical SEM images of ACC-ET at temperatures just
a — before and b — after the second exothermic effect
of crystallization

spectrum are clearly corresponding to those for cal-
cite, except small XRD peaks due to CaO produced
by the partial decomposition of calcite. Figure 10
compares typical SEM images of ACC-ET at 803
and 853 K which are just before and after the second
exothermic peak, respectively. At 803 K before the
second exothermic peak, the sample particle indicates
the gel-like aggregate with smooth surface textures,
by remaining the characteristic texture of original
ACC-ET unchanged. Surface textures of ACC-ET
change drastically during the second exothermic peak
as is seen in Fig. 10b, where destruction of the origi-
nal structure of gel-like aggregate and development of
stacking layer of calcite phase are observed. The
above findings concerning the physico-chemical
events taking place during the second exothermic
peak for ACC-ET indicate the crystal growth of cal-
cite in the poorly crystalline phase that has been pro-
duced during the first exothermic peak of crystalliza-
tion. The calcite crystallization separated in two steps
seems to result from the rigid gel structure of
ACC-ET, which disturbs the crystal growth of calcite
during the first exothermic peak. The rightly stacking
structure of calcite is constructed by the effect of such
rigid gel structure characteristic for ACC-ET and
through the crystallization in two separated steps.

The subsequent mass loss accompanying with ex-
tensive DTA endothermic peak initiates at around
850 K, indicating the mass losses of 42.6+1.1 and
42.6+1.0% on the basis of dehydrated samples for
ACC-AQ and ACC-ET, respectively. The observed
mass loss values are nearly corresponding to the theo-
retical value of 44.0% calculated by assuming the ther-
mal decomposition:

CaCO3—)C&O+C02

Enthalpy changes and kinetics of thermally induced
crystallization processes from dehydrated ACC to
calcite

On the basis of DSC at different heating rates, the
thermally induced crystallization processes of dehy-
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Fig. 11 Typical DSC curves for the crystallization of dehydrated
ACC-AQ at various heating rates
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Fig. 12 Typical DSC curves for the first crystallization step of
dehydrated ACC-ET at various heating rates

drated ACC-AQ and ACC-ET were characterized
from the view points of thermodynamics and kinetics.
Figures 11 and 12 show the DSC traces for the first
exothermic processes of ACC-AQ and ACC-ET, re-
spectively. The areas of DSC peaks do not change de-
pending on heating rate applied, indicating the aver-
aged enthalpy changes AH of -13.1£0.2 and
~19.140.2 kI (mol CaCO;)" for ACC-AQ and
ACC-ET, respectively. The value of AH determined
in the present study for ACC-AQ is closely corre-
sponding to that reported previously for the crystalli-
zation process of dehydrated ACC prepared by the
identical method in aqueous medium, i.e.,
—12.3+0.2 kJ (mol CaCO;)"' [35] and also to that re-
ported by Wolf and Gunther, i.e., —15.0+3.0 kJ mol™
[43]. Despite two step crystallization of amorphous
CaCO; to calcite observed for ACC-ET, the value of
AH  for the  first  crystallization  step,
~19.1+0.2 kJ (mol CaCOs)™", is larger than that for
ACC-AQ which crystallizes in single step. This
means that the state of amorphous CaCO; produced
by the thermal dehydration of ACC-ET is unstable
thermodynamically compared with that of ACC-AQ.
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The series of DSC traces at different heating
rates shown in Figs 11 and 12 were subjected to the
kinetic analyses. Firstly, the apparent activation ener-
gies, F,, at various fractional conversions, o, were de-
termined by the Friedman method [44] using the rela-
tionship between the rate of conversion, do/dz, and
the absolute temperature, 7.

da E,

In P »T + In[Af (a)] (1
where R, A and flo)) are the gas constant, Arrhenius
pre-exponential factor and kinetic model function in a
differential form. Within a selected range of 0.1<a<0.9,
the plots of In(da/df) vs. T at various constant o indi-
cated fairly linear correlations with the averaged corre-
lation coefficients of —0.9975 and —0.9805 for ACC-AQ
and ACC-ET, respectively. The values of E, calculated
from the slopes of the Friedman plots at various o for
the crystallizations of dehydrated ACC-AQ and
ACC-ET are compared in Fig. 13. Although a trend of
increasing the value of E, with a is observed for both
the samples, the change is less than the standard devia-
tion of 7% in the restricted range 0.1<0<0.9 indicating
the averaged £E, values of 270.7£15.1 and
379.8426.0 kJ mol ' for ACC-AQ and ACC-ET, re-
spectively. The E, value of 270.7+15.1 kJ mol”
evaluated for ACC-AQ is in good agreement with that
reported previously for the crystallization of dehy-
drated ACC prepared by the identical method in aque-
ous medium, i.e., 304.1+23.6 kJ mol ™' [35]. The value
of E, estimated for ACC-ET is larger by over
100 kJ mol ' than that for ACC-AQ, contrary to the
exothermic peaks of crystallization being observed at
the slightly lower temperatures.
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Fig. 13 The values of £, at various a for the crystallization of
dehydrated ACC-AQ and ACC-ET (1% step)

The isothermal rate behaviors of the crystalliza-
tion were simulated by extrapolating the measured
rate data to infinite temperature using the Ozawa’s
generalized time 0 [45-47]:
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t
E
0= j exp — — Wt 2)
) RT
The conversion rate at infinite temperature, do/do,
can be calculated using the isoconversional relation-

ship of the Friedman plots at selected a according to
the following equation [48, 49]:

do _ daexp{ E, j 3)

do dr RT
Figure 14 represents the plots of do/d6 vs. a for
the crystallizations of dehydrated ACC-AQ and
ACC-ET, where error bars indicate the standard devi-
ation of the do/d6 values calculated from the respec-
tive experimental data at different heating rates.
Large differences can be seen between the isothermal
rate behaviors of the samples. The crystallization rate
behavior of the dehydrated ACC-AQ is characterized
by the peak maximum at 0=0.25, indicating the con-
secutive and/or concurrent processes of nucleation
and growth. On the other hand, a linearly decelerating

process is estimated for the first crystallization step of
the dehydrated ACC-ET.
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Fig. 14 Isothermal rate behaviors simulated at infinite
temperature for the crystallization of dehydrated
ACC-AQ and ACC-ET (1% step)

The isothermal kinetic data at infinite tempera-
ture expressed by a plot of da/d6 vs. o can be related
to the value of 4 and fla) by the following equa-
tion [48, 49]:

da
B Y@ 4)

In the present study, a physico-geometric f{a) of nuc-
leation and growth type, A(m), i.e. Johnson—
Mehl-Avrami—Erofeev—Kohlmogorov model [50-53],
was employed by introducing the non-integral kinetic
exponent m [54-58]. An empirical flo) with three
non-integral  kinetic exponents SB(m, n, p),
Sestak—Berggren model [59], was also applied for
supporting the interpretations of the kinetic fitting by
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Table 1 Summary of the kinetic results for the thermally induced crystallization of dehydrated ACC-AQ and ACC-ET in a

restricted range 0.1<0<0.9

Sample E./kJ mol™ flo) Als™
A(1.34) (9.19+0.03)-10*

ACC-AQ 270.7£15.1 SB(0.91, 0.78, ~0.57) (1.48+0.02)-107

ACC.ET 379.8426.0 A(1.02) (9.4040.03)-10%

SB(0.12, 1.10, -0.03)

(1.10£0.03)-10*

A(m). The kinetic model functions, A(m) and
SB(m, n, p), are expressed by the following equations,
respectively.

A(mEm(1-o)[-In(1-0)] "™ (5)
SB(m, n, p)=a."(1-o)"[-In(1-a)]° 6)

By applying the Lovenberg—Marquardt optimization
algorithm [60], the most appropriate values of kinetic
exponents and the value of 4 were determined
simultaneously by the nonlinear least square fitting
based on Eq. (4) [61].

As shown in Fig. 14, the crystallization pro-
cesses of the dehydrated ACC-AQ and ACC-ET were
fairly good fitted by the nucleation and growth model
A(m) with m=1.34 and m=1.02, respectively. Using
the empirical model of SB(m, n, p), the isothermal
rate data at infinite temperature are nearly perfectly
fitted due to really empirical characteristic of the
function to accommodate various physico-geometric
types of reactions including those deviated
cases [59, 61, 62]. The crystallization rate behavior of
the dehydrated ACC-AQ was best fitted by
SB(0.91, 0.78, —0.57). Although the physico-geomet-
rical meanings of the kinetic exponents are not clear
in this case, the fitting curve of SB(0.91, 0.78, —0.57)
is in good agreement with that of A(1.34), indicating
the validity of A(1.34) as the suitable f{a). The func-
tion A(m) with m=1.5 is interpreted physico-geomet-
rically as the three-dimensional growth of pre-exist-
ing nuclei controlled by diffusion or as the constant
rate nucleation and subsequent one-dimensional
growth controlled by diffusion [50-53]. As for the
first crystallization step of the dehydrated ACC-ET,
the empirical SB(0.12, 1.10, —0.03) was selected as
the best function. Because the function A(m) with
m=1.0 corresponds to SB(0, 1.0, 0), the functions
A(1.02) and SB(0.12, 1.10, —0.03) is taken as practi-
cally identical. Because the crystal growth of calcite
is restrained by the rigid gel structure of the substrate
in the first crystallization step of the dehydrated
ACC-ET, the first order rate behavior expressed by
the A(m) with m~1.0 seems to indicate the kinetic
process controlled by the constant rate nucleation or
two-dimensional growth of pre-existing nuclei
controlled by diffusion [50-53].
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The kinetic results for the crystallization of the
dehydrated samples are summarized in Table 1. By
considering the coefficient m in A(m) law, Eq. (5), the
values of 4 evaluated assuming A(m) and SB(m, n, p)
laws are practically identical within the respective
samples. The values of 4 evaluated for the respective
samples are largely different following with the dis-
tinguished difference in the E, values. Although the
crystallization processes of the respective samples are
characterized by largely different sets of 4 and £, due
to the difference of the physico-geometric mecha-
nism, the respective sets of 4 and E, describe the pro-
cesses taking place in a similar temperature region,
which is explained by the kinetic compensation effect
between the values of 4 and E, [50-53, 63—-66].

As described above, the second exothermic peak
of crystallization is observed for ACC-ET at around
800-850 K just before the thermal decomposition of
calcite. Figure 15 shows typical DSC curves for the
second exothermic effect of ACC-ET. In contrary to
the constant AH value, —19.1£0.2 kJ (mol CaC03)*1,
observed for the first exothermic effect irrespective of
heating rate applied, the value of AH for the second
exothermic effect varied with heating rate as shown in
Fig. 16. The decrease in AH for the second exothermic
peak with decreasing the heating rate applied seems to
indicate that the crystallization is proceeding gradually
in the temperature range between the first and second
exothermic peaks. At a heating rate of 10 K min', the
sum of AH for the first and second crystallization steps

[
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------- 2K min!
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Fig. 15 Typical DSC curves for the second crystallization step
of dehydrated ACC-ET at different heating rates
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Fig. 16 Changes of AH value for the second crystallization
step of dehydrated ACC-ET depending on heating rate
applied

of dehydrated ACC-ET is about —31 kJ (mol CaCO;) ",
which is twice as large as that for the crystallization of
dehydrated ACC-AQ.

Assuming a comparable thermodynamic state of
the calcite phases crystallized from the dehydrated
ACC-AQ and ACC-ET, it is expected that the amor-
phous phase of dehydrated ACC-ET is thermodynami-
cally unstable with larger degree of atomic disordering
compared with that of dehydrated ACC-AQ. Thus,
number of the possible nucleation site and/or pre-exist-
ing nuclei seems to be very limited in the dehydrated
ACC-ET. The linearly decreasing kinetic behavior ob-
served for the first crystallization step of dehydrated
ACC-ET is interpreted as the process controlled by the
nucleation, which is characterized by the remarkable
large value of £,=304.1+23.6 kJ mol'. This indicates
that the amorphous phase of dehydrated ACC-ET is
preserved up to around 600 K by the higher kinetic bar-
rier. Such amorphous formation processes through de-
hydration of precursor gel and stabilization mechanism
of in situ produced amorphous material are similar to
those of the glass formation by sol—gel method [67].

Conclusions

The amorphous calcium carbonates (ACC) prepared
by two different methods in aqueous and ethanol me-
dia, i.e. ACC-AQ and ACC-ET, indicated the compa-
rable IR spectra with that of the biogenic ACC. Both
the samples were characterized as aggregates of
nano-sized particles, where ACC-ET indicated a
dried gel-like appearance. On heating the samples,
thermal dehydrations took place in two steps, produc-
ing the dehydrated amorphous phases. The thermal
dehydration process of ACC-ET was some more
clearly separated in two steps as is observed for the
biogenic ACC.

Large differences were observed between the
thermally induced crystallization processes of the de-
hydrated ACCs to calcite. In agreement with the pre-

386

vious study, the dehydrated ACC-AQ was crystal-
lized at around 600 K to calcite in a single step with
AH=-13.140.2 kJ (mol CaCO;)"". The three dimen-
sional growth of pre-existing nuclei controlled by dif-
fusion was proposed as an appropriate physico-geo-
metric model of the crystallization process with the
kinetic parameters E,=270.7+15.1 kJ mol' and
A=(9.19+0.03)-10** s'. On the other hand, crystalli-
zation of the dehydrated ACC-ET proceeded through
two steps in the largely separated temperature re-
gions. The first step of crystallization took place with
AH=-19.1+0.2 kJ (mol CaCO;)" at around 600 K as
is the case of the dehydrated ACC-AQ. Although
poorly crystalline phase of calcite with a small but de-
tectable amount of vaterite phase was produced at this
step, the surface texture of the sample did not change
largely maintaining the dried gel-like appearance.
The linearly decelerating rate behavior with
E,=379.8426.0 kJ mol™' and 4=(9.40+0.03)-10°* s
of the first step of crystallization was interpreted as is
controlled by nucleation process. At the second step
of crystallization at around 825 K, the sample was
transformed into fully crystalline calcite with a rightly
stacking architecture.

The crystalline calcite phases obtained by heat-
ing ACC-AQ and ACC-ET decomposed quantita-
tively to CaO at the higher temperature than 900 K.
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