
T
p

N
C

a

A
R
R
A
A

K
C
A
V
C
T

1

a
(
l
t
p
t
a
c
m
n
s
w
r
a
a
c
g

0
d

Thermochimica Acta 512 (2011) 13–21

Contents lists available at ScienceDirect

Thermochimica Acta

journa l homepage: www.e lsev ier .com/ locate / tca

hermally induced transformations of calcium carbonate polymorphs
recipitated selectively in ethanol/water solutions

obuyoshi Koga ∗, Yuko Yamane, Tomoyasu Kimura
hemistry Laboratory, Department of Science Education, Graduate School of Education, Hiroshima University, 1-1-1 Kagamiyama, Higashi-Hiroshima 739-8524, Japan

r t i c l e i n f o

rticle history:
eceived 1 June 2010
eceived in revised form 15 August 2010
ccepted 19 August 2010
vailable online 26 August 2010

eywords:
alcium carbonate polymorphs
morphous calcium carbonate
aterite

a b s t r a c t

For the precipitation of calcium carbonate polymorphs in ethanol/water solutions of calcium chloride
by the diffusion of the gases produced by sublimation–decomposition of solid ammonium carbonate,
polymorph selection and morphology control of the precipitates were demonstrated by the effect of
ethanol/water ratio in the mother liquor. The precipitated phases change systematically from gel-like
aggregates of hydrated amorphous calcium carbonate in the absolute ethanol solution to well-shaped
rhombohedral particles of calcite in the absolute aqueous solution via almost pure phase of vaterite
with dendrite structure in 75%-ethanol/25%-aqueous and 50%-ethanol/50%-aqueous solutions. On heat-
ing the precipitated sample in flowing dry nitrogen, all the samples transformed to calcite before the
thermal decomposition, where the thermal decomposition temperature shifts to higher temperatures
alcite
hermal behavior

with increasing the water content in the mother liquor due to the systematic increase in the particle size
of calcite. Accordingly, the present method of controlled precipitation of calcium carbonate polymorphs
is also useful to control the particle size and reactivity of calcite produced by heating the precipitates.
Selecting vaterite with dendrite structure from the present series of precipitated samples, the structural
phase transition to calcite was characterized as the three-dimensional growth of rhombohedral par-
ticles of calcite with the enthalpy change �H = − 2.8 ± 0.1 kJ mol−1 and the apparent activation energy

Ea = 289.9 ± 5.8 kJ mol−1.

. Introduction

Selective synthesis and morphology control of calcium carbon-
te polymorphs (CCPs) including amorphous calcium carbonate
ACC) through precipitation reactions from mother liquors have
ong been studied by many workers due to their various indus-
rial applications such as additives and fillers in medicine, foods,
lastics, printing ink, etc. It is well known that these CCPs are the
ypical biominerals that exhibit various specialized morphologies
nd architectures [1,2]. Learning after biomineralization of calcium
arbonate in living organisms [3–10], recent researches on the for-
ation processes of CCPs have been concentrated to control the

ucleation of a favored phase, crystal growth to a selected direction,
elf-assemblage or agglomeration of nanoparticles, hybridization
ith polymer, etc. in a highly systematic way by regulating various

eaction conditions at the respective reaction steps [11,12]. Inter-

ctions of inorganic ions with organic (macro)molecules have been
pplied to control the respective reaction steps, resulting in suc-
essful polymorph selection, morphology control, and composite
eneration by variously designed biomimetic mineralization pro-
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cesses [13]. In such biomimetic mineralization of CCPs, the roles of
ACC to transform a selected polymorph with a specialized morphol-
ogy and architecture are special interest [14]. Variously oriented
material synthesis of CCPs such as nano-sized functional mate-
rials [15–18], inorganic–organic hybrid materials [19–21], thin
films [22–27], and so on were examined through ACC precursor
pathways, together with examinations on the preparation and sta-
bilization methods of ACC [28–34] and on the physico-chemical
properties of ACC such as structural and thermal properties [35,36].

At the same time, CCPs are also the precursors of many
functional ceramics so that thermally induced structural phase
transitions of CCPs [37–48], i.e., the transformations from
metastable phases of vaterite and alagonite to stable phase of
calcite, and thermal decomposition of calcite [49–54] have been
subjected to thermodynamic and kinetic studies for gathering fun-
damental information on applying for the ceramic processing. In
such reactions in the solid-state, the physico-chemical mechanism
of the reaction and the properties of product solids are influenced
largely by the morphology of the reactant solid [55,56]. In this point,

it is expected that recent advancements of polymorph selection and
morphology control of CCPs precipitations enable us to characterize
the thermodynamics and kinetics of those solid-state transforma-
tions of the reactant solids with the rigorously controlled and/or
highly specialized morphologies, which is useful for controlling
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http://www.sciencedirect.com/science/journal/00406031
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he physico-geometry of the reaction processes and the assembled
tructure of the products in an advanced ceramic processing.

The present study is aimed to interlink those researches on
alcium carbonate orientated differently, expecting the compen-
ative integration of those studies by focusing on the thermal
ehavior of the systematically controlled CCPs. A precipitation
eaction in a calcium chloride solution by diffusion of the gases
roduced by sublimation–decomposition of solid ammonium car-
onate was selected for the preparation technique of CCPs. When
sing aqueous solution of calcium chloride, well-shaped rhom-
ohedral particles of calcite are obtained [22,57]. By changing
he solvent to ethanol, unusually stable gel-like precipitates of
ydrated ACC are obtained under the conditions otherwise iden-
ical with the formation of calcite in the aqueous solution [31]. As
as been utilized for the polymorph selection and morphology con-
rol in the other preparation techniques of CCPs in calcium chloride
olutions such as CO2 bubbling, urea decomposition, and diffusion
f sublimated–decomposed (NH4)2CO3 [58–60], changes in the
olymorphs and morphologies of the precipitates from hydrated
CC in ethanol solution to calcite in aqueous solution were exam-

ned by changing systematically the ethanol/water composition of
he solvent. From the viewpoints of solid-state reaction, thermal
ehaviors of the as-precipitated samples were investigated and
haracterized by considering the polymorph composition and the
orphology. The structural phase transition of vaterite with a den-

ritic branching structure, precipitated in the present study from
n ethanol/water solution, to calcite was subjected to the kinetic
tudy for demonstrating the dependence of the apparent kinetics
f the transformation and morphology of the product calcite on the
orphological characteristics of the vaterite particles.

. Experimental

.1. Sample preparation

An ethanol solution of 0.01 mol dm−3 CaCl2 was prepared using
hemical reagents of anhydrous CaCl2 (special grade ≥95.0%, Wako
hem.) and ethanol (special grade ≥99.5%, Sigma–Aldrich Japan).
n aqueous solution of the same concentration was prepared
y dissolving chemical regent of CaCl2 dihydrate (special grade
99.0%, Sigma–Aldrich Japan) into deionized–distilled water. The
thanol and aqueous solutions were mixed in various volume
atios. About 10 g of solid (NH4)2CO3 (special grade, ≥30% NH3
asis, Sigma–Aldrich Japan) was spread in a cylindrical separable
ask (500 cm3). A beaker (200 cm3) with 200 cm3 of the mixed
olution was placed in the flask, which was sealed up using a lid
200 cm3) for the separable flask. The closed reaction vessel was
eft at a controlled ambient temperature of 293 K for 24 h. Precipi-
ates obtained were filtered and washed with ethanol and/or water.
he filtrate was dried in a vacuum desiccator for 24 h and stored in
refrigerator at 278 K. The samples obtained from different mixed

olutions were labeled using the volume-% of the ethanol (ET) and
queous (AQ) solutions such as ET75AQ25 for the mixed solution
ith 75%-ethanol solution/25%-aqueous solutions.

.2. Measurements

The crystalline phase of the as-precipitated samples was charac-
erized by powder X-ray diffractometry (XRD) using a RINT2200V
Rigaku Co.; monochrome Cu-K�, 40 kV, 20 mA, 4◦ min−1). After

iluting the samples with KBr, Fourier transform infrared spectra
ere recorded with a FT-IR8400 M (Shimadzu Co.) by the dif-

use reflectance method. The morphologies of the samples were
bserved using a scanning electron microscope (SEM, S-2460N,
itachi Co.) after coating the samples with Au evaporation.
Acta 512 (2011) 13–21

Using a TGD9600 (ULVAC), simultaneous measurements of ther-
mogravimetry and differential thermal analysis (TG–DTA) were
performed by heating the samples of 10.0 mg, weighed into a
platinum cell (5 mm in diameter, 5 mm in height), at 10 K min−1

under flowing N2 (100 cm3 min−1). Phase changes during heat-
ing the samples were traced using the above XRD instrument by
equipping with a programmable heating chamber (PTC-20A, Rigaku
Co.). By heating the samples, press-fitted to a platinum plate, at
10 K min−1 under flowing N2 (100 cm3 min−1), XRD measurements
were started at various temperatures where the sample temper-
ature was kept constant during the diffraction measurement for
15 min. The samples heated to some selected temperature in the
above TG–DTA were subjected to FT-IR measurement and SEM
observation, in order to identify the thermally induced physico-
chemical events. The phase transition from vaterite to calcite
observed for some samples was traced by differential scanning
calorimetry (DSC) using a DSC8270 (Rigaku Co.). The DSC mea-
surements were carried out using 10.0 mg of sample, weighed into
a platinum cell (5 mm in diameter, 3 mm in height) and covered
up with a platinum lid, at various heating rates in flowing N2
(50 cm3 min−1), where 10.0 mg of �-Al2O3 were used as the ref-
erence material.

3. Results and discussion

3.1. Characterization of precipitates

By exposing the series ethanol/water solutions of CaCl2 to the
gases produced by sublimation–decomposition of solid (NH4)2CO3,
i.e., NH3, CO2 and water vapor, for 24 h in a closed vessel, precipi-
tation reactions took place irrespective of the mother liquors with
different ethanol/water compositions. Appearance of the precipi-
tates in the respective mother liquors varied systematically from
colloidal precipitates of ET100AQ0 to well-crystallized precipitates
of ET0AQ100.

Fig. 1 compares typical XRD patterns of the as-precipitated sam-
ples in the respective mother liquors. As has been reported in our
previous paper [36], ET100AQ0 indicates a halo centered at around
27.5◦ without any distinguished diffraction peaks. With increasing
the ratio of water in the mother liquor to 5%, i.e., ET95AQ5, the
diffraction peaks ascribed to vaterite phase appear. The diffraction
peaks grow with increasing the water content in the mother liquor
up to 50%, i.e., ET50AQ50. Further increase in the water content
results in the appearance of the diffraction peaks of calcite as is
seen for ET25AQ75 identified as the mixed phases of vaterite and
calcite. For ET0AQ100, the XRD pattern corresponds almost to that
of calcite with the detectable trace of vaterite. Such changes of the
precipitated phases are clearly seen by the IR absorption due to
internal �4 mode of CO3

2− as shown in Fig. 2 [61]. For the amor-
phous precipitate of ET100AQ0, no distinguished absorption peak
due to �4(CO3

2−) is observed. With increasing the water content in
the mother liquor, absorption peak at 745 cm−1 corresponding to
�4(CO3

2−) of vaterite appears and grows. The absorption peak at
712 cm−1, the �4 mode of CO3

2− for calcite appears for ET50AQ50
and grows with further increase in the water content accompany-
ing with the attenuation of the absorption peak at 745 cm−1.

Fig. 3 compares the SEM images of the as-precipitated sam-
ples from the different mother liquors. The amorphous phase of
ET100AQ0 looks like a gel aggregate, Fig. 3(a). Vaterite phase pre-
cipitated from the mother liquors with low water contents, i.e.,

ET95AQ5 and ET90AQ10, consisted of spherical particles with a
fairly monodispersive distribution, Fig. 3(b) and (c). By increas-
ing the water contents in the mother liquors, morphology of
vaterite precipitates changes to dendritic branching structure con-
structed with spindle-shaped aggregates of nanoparticles as is
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ig. 1. Typical XRD patterns of the as-precipitated samples. (a) ET100AQ0, (b)
T95AQ5, (c) ET90AQ10, (d) ET75AQ25, (e) ET50AQ50, (f) ET25AQ75, and (g)
T0AQ100.

hown in Fig. 3(d) and (e) for ET75AQ25 and ET50AQ50, respec-
ively.

The observed variation in the morphology of vaterite precipi-
ates followed the same trend with the crystallization of vaterite
rom surfactant-stabilized amorphous calcium carbonate (ACC)
nduced by the addition of water reported by Li and Mann [15],

here a range of organized hybrid surfactant–vaterite nanostruc-
ures was produced. It was reported [15] that, when the low amount
f water was added to alkylbenzensulfonate-coated ACC nanoparti-
les in water-in-isooctane sodium bis(2-ethlhexyle)sulfosuccinate
icroemulsions, monodisperse spherical aggregates of densely

acked 5 nm diameter surfactant-coated vaterite nanoparticles
ere produced as is the present case of ET95AQ5 and ET90AQ10.
ecreasing the extent of coupling at the surface–inorganic inter-

ace by the addition of higher amount of water, the morphology of
aterite changed to anisotropic nanostructures of spindle-shaped
ggregates of 18 nm sized vaterite nanoparticles as was observed
or ET75AQ25 and ET50AQ50 in the present study. It is known
hat the hydrated ACC is stabilized in ethanol being inhibited the
olution mediated phase transformation to vaterite or calcite [31].
t is expected that the present variation of vaterite morphology
epending on the ethanol/water composition in the mother liquor
esults from the variation of the stability of ethanol solvated ACC
anoparticles with the extent of coupling at the surface-in-ethanol

nterface.
By further increase in the water contents in the mother liquor,

hombohedral particles of calcite with rough surfaces appear for
T25AQ75, mixed in with spindle-shaped aggregates of vaterite,
ee Fig. 3(f). Well-shaped rhombohedral particles of calcite with

mooth surfaces become the major component of ET0AQ100 as can
e seen in Fig. 3(g). In the same reaction scheme to the present
tudy, the compositional changes of the precipitated CCPs in the
imited region of ethanol <50% have been examined by Dickinson
Fig. 2. Typical FT-IR spectra of the as-precipitated samples. (a) ET100AQ0, (b)
ET95AQ5, (c) ET90AQ10, (d) ET75AQ25, (e) ET50AQ50, (f) ET25AQ75, and (g)
ET0AQ100.

and McGrath [60]. Although the mixed phases of calcite and vaterite
have been obtained in the study as in the present study, the system-
atic change of the CCPs composition with the ethanol/water ratio
of the mother liquor was not observed.

In comparison with the previous studies on the CCPs fabrication
in the same reaction scheme, the present samples are characteristic
in the appearances of nearly pure phases of hydrated ACC, vaterite,
and calcite with varying ethanol/water ratio of the mother liquor.
This observation is valuable both for the further detailed exami-
nation of the chemistry of the mineralization process and for the
systematic evaluation of the thermal behavior of the series of the
samples, where the latter is the present scope of the study.

3.2. Thermal behaviors

Fig. 4 compares typical TG–DTA curves of the as-precipitated
samples. ET100AQ0 indicates initial mass-loss of 22.0 ± 0.7%
accompanied by a wide endothermic peak during heating from
room temperature to 600 K. The mass-loss process is ascribed to the
thermal dehydration of hydrated ACC [36,46]. Slight but detectable
mass-loss in the same temperature range is observed for ET95AQ5
and ET90AQ10, indicating that the hydrated ACC is incorporated
in these samples as the secondary phase in addition to vaterite
phase detected by XRD. A distinguished exothermic peak observed
at the end of the thermal dehydration of ET100AQ0 is due to
the crystallization of anhydrous ACC to calcite phase [36,46]. The
corresponding exothermic peaks are observed for ET95AQ5 and
ET90AQ10, where the peak temperature shifts higher temperature
and the peak area decreases with increasing the water content in
the mother liquor. No trace of the exothermic peak can be detected

for the other samples.

The second exothermic peak observed for ET100AQ0 at around
800–900 K has been characterized as the crystal growth of poorly
crystalline calcite phase with developing a rightly stacking struc-
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Fig. 3. Typical SEM images of the as-precipitated samples. (a) ET100AQ0, (b) ET

ure [36] as shown in Fig. 5, where the minor phase of vaterite
roduced during the crystallization of anhydrous ACC also trans-
orms to calcite. It has also been revealed [36] that the enthalpy
hange �H for the second exothermic peak of ET100AQ0 increases
ystematically with increasing the heating rate applied, i.e.,
6.6 kJ (mol CaCO3)−1 at 2 K min−1 to −12.2 kJ (mol CaCO3)−1 at
0 K min−1, indicating the gradual proceeding of crystal growth of
he poorly crystalline calcite between the first and second exother-

ic peaks.
In the same temperature region with the second exother-

ic peak of ET100AQ0, ET75AQ25, characterized as almost single
hase of vaterite, also indicates an exothermic peak. By DSC
easurements, it was confirmed that the corresponding exother-
ic peak area is invariant at different heating rates with the
ean value of �H = − 2.8 ± 0.1 kJ (mol CaCO3)−1. The �H value

bserved for the exothermic peak of ET75AQ25 is fairly in good
greement with the values reported for the thermally induced

ransformation of vaterite to calcite, i.e., −3.1 ± 0.1 [45], −3.4 [42],
nd −3.5 kJ (mol CaCO3)−1 [37]. Fig. 6 shows changes of powder
RD patterns during stepwise heating of ET75AQ25. The original
aterite phase transforms to calcite at the temperature correspond-
ng to the DTA exothermic peak. The transformation is clearly seen
, (c) ET90AQ10, (d) ET75AQ25, (e) ET50AQ50, (f) ET25AQ75, and (g) ET0AQ100.

by comparing the IR absorption ascribed to �4 mode of CO3
2− for

the samples heated to just before and after the exothermic peak
as was shown in Fig. 7. Fig. 8 compares typical SEM images of the
samples, ET75AQ25, heated to just before and after the transforma-
tion. The dendritic branching structure of vaterite changes to the
aggregates of well-shaped rhombohedral particles. The exothermic
peak of the transformation is observed up to ET25AQ75 by lower-
ing the transformation temperature and decreasing the peak area
with increasing the water contents in the mother liquor. In spite
of the detectable trace of vaterite phase in XRD, ET0AQ100 did not
indicate the corresponding exothermic peak.

Irrespective of the samples, the mass-loss processes in the tem-
perature region higher than 850 K are thus due to the thermal
decomposition of calcite. The observed mass-loss values for the
respective samples are all in good agreement with 44.0% calcu-
lated by assuming: CaCO3 → CaO + CO2. On the other hand, the
temperature region and shape of the TG curve vary systemati-

cally with the ethanol/water composition of the mother liquor. It
is well known that the thermal decomposition process of calcite
vary sensitively with the characteristics of the sample particles and
the reaction conditions [51]. Among others, the physico-geometric
kinetic behavior is influenced largely by the particle size and its dis-
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ig. 4. Typical TG–DTA curves at 10 K min−1 under flowing N2 (100 cm3 min−1) of the
s-precipitated samples. (a) ET100AQ0, (b) ET95AQ5, (c) ET90AQ10, (d) ET75AQ25,
e) ET50AQ50, (f) ET25AQ75, and (g) ET0AQ100.

ribution [62], partial pressure of CO2 in reaction atmosphere [53],
ass-transfer phenomena of evolved CO2 [54], and so on.
By considering such characteristics of the thermal decomposi-

ion process, the variations of TG curves for the present series of
amples can be interpreted as follows. The thermal decomposition

f calcite phase produced from ET100AQ0 by the crystallization of
nhydrous ACC indicates a sigmoid TG curve over the temperature
egion wider than those of the others. Because the calcite phase is
ggregates of calcite particles with the stacking structure, see Fig. 5,

Fig. 5. A Typical SEM image of ET100AQ0 heated to 853 K.
Fig. 6. Changes of XRD patterns of ET75AQ25 during stepwise heating.

the thermal decomposition initiates at surface of the aggregates and
subsequently proceeds inwards. The reaction of calcite particle in
the internal of aggregates seems to be restrained by the increase
in the partial pressure of CO2 evolved by the reaction itself. It is
expected that the characteristics of the TG curve for the thermal
decomposition of calcite in ET100AQ0 result from such physico-
geometric factors of the reaction as the aggregates. For the series
of samples from ET95AQ5 to ET0AQ100, the TG curves of the ther-
mal decomposition indicate the similar monotonous acceleration,
which shift systematically to the higher temperature region with
increasing the water content in the mother liquor. As can be seen
in Figs. 3(g) and 8(b), the reactants of the thermal decomposition
processes of the respective samples are the rhombohedral cal-
cite particles with different particle sizes. Because the reactions of
the respective particles are described geometrically by nucleation-
growth at the particle surfaces and subsequent advancement of
as-produced reaction interfaces inwards, a systematic increase in
the particles size of calcite can be the major factor of the shift of
reaction temperatures to higher temperatures. The above findings
imply that fabrication of CCPs by the present method makes it pos-

sible to control not only the precipitated phase and morphology of
CCPs, but also the size and morphology of calcite particles produced
during heating those precipitated samples.

Fig. 7. Change of FT-IR spectra of ET75AQ25 during the exothermic DTA peak.
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Fig. 8. Changes of SEM images during the exot

.3. Kinetics of thermally induced transformation of vaterite to
alcite

Phase transitions from anhydrous ACC and vaterite to calcite are
bserved on heating the present samples. We have reported that
he kinetic behaviors of thermally induced crystallization of anhy-
rous ACC to calcite change largely influenced by the preparation
onditions of precursor, i.e., hydrated ACC [36,46]. Changes in num-
er of possible nucleation sites and in the structure and/or strength
f gel-like aggregates of anhydrous ACC have been suggested as the
ossible causes of the variation of physico-geometric mechanisms
f the nucleation and growth processes. The thermally induced
tructural transition from vaterite to calcite has also been subjected
o the kinetic studies by many workers [38–42,44,45]. Although a
inetic behavior of random nucleation and growth type has been
bserved for the transformation, the reported kinetic parameters
re distributing largely among the workers and depending on the
reparation conditions of vaterite. Being accepted generally for the
inetic analysis of the solid-state reactions [55,56], it has been
uggested [42] that experimental findings on the morphology of
he reactant, vaterite, and its changes during the transformation
re useful for interpreting the kinetic results evaluated empirically
rom the kinetic rate data such as thermoanalytical curves.

As was seen in Fig. 3(d) and (e), the morphology of the vaterite
hase prepared in the present study, i.e., ET75AQ25 and ET50AQ50,
as characterized as dendritic branching structure constructed

ith spindle-like aggregates of nanoparticles. The construction is
aintained during heating the sample to just before the phase

ransition, see Fig. 8(a). By the phase transition to calcite, rhom-
ohedral particles of calcite are produced on the original dendritic

ig. 9. Typical DSC curves for the transformation from vaterite (ET75AQ25) to calcite
t different ˇ.
c DTA peak for ET75AQ25: (a) 753 K; (b) 813 K.

branching structure. From such morphological observations, three-
dimensional growth of calcite particles from possible nucleation
sites and/or pre-existing nuclei can be estimated as the physico-
geometric mechanism of the structural phase transition.

Based on the above, the formal kinetic analysis for the phase
transition from vaterite (ET75AQ25) to calcite was carried out by
means of DSC measurements at different ˇ. Fig. 9 shows the DSC
curves for the structural phase transition at different ˇ. Although
two divided peak tops of DSC curve for the vaterite transition have
been reported by Nassrallah-Aboukaïs et al. [48], the present sam-
ple indicated, irrespective of ˇ applied, smooth DSC curves with the
distinguished single peak top. By using the DSC curves as the series
of kinetic rate data, the apparent activation energies, Ea, at different
fractional conversion, ˛, were evaluated by Friedman method [63]
based on the following equation.

ln
d˛

dt
= ln[Af (˛)] − Ea

RT
(1)

where A and f(˛) are the pre-exponential factor of Arrhenius equa-
tion and kinetic model function in differential form, respectively.
Fig. 10 represents the results of the Friedman plots of ln(d˛/dt)
against T−1 at various selected ˛. At a selected ˛, all the data points
recorded at different ˇ line up on a straight line, see Fig. 10(a).
At the same time, slopes of the plots, −Ea/R, do not change prac-
tically irrespective of the selected ˛, so that the values of Ea

calculated from the slopes are constant over wide range of ˛ with
289.9 ± 5.8 kJ mol−1 averaged over 0.1 ≤ ˛ ≤ 0.9, see Fig. 10(b). The
results indicate that, within the reaction conditions of the present
series of kinetic rate data, the kinetic process under investiga-
tion satisfies the isoconversional kinetic relationship based on the
Arrhenius type temperature dependence and the relationship does
not change during the course of reaction, that are the prerequisites
of the kinetic analysis using Eq. (1).

For such an ideal kinetic process, three kinds of experimental
master plots can be drawn by extrapolating the measured rate data
to infinite temperature [64–66]. Fig. 11 represents such experi-
mental master plots, where the error bars indicate the standard
deviation of the respective y values calculated from the respective
kinetic rate data recorded at different ˇ. The experimental master
plot in differential form can be drawn by extrapolating the mea-
sured conversion rate (d˛/dt) to infinite temperature according to
the following equation [64–67].
(
d˛

d�

)
˛

=
(

d˛

dt

)
˛

exp
(

Ea

RT

)
with � =

∫ t

0

exp
(

− Ea

RT

)
dt (2)

where � is Ozawa’s generalized time [68,69] denoting the reaction
time at infinite temperature. The experimental master plot of d˛/d�
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ig. 10. Evaluation of apparent activation energy. (a) Friedman plots at different ˛
nd (b) the values of Ea at various ˛.

gainst ˛ is further correlated with f(˛) by the simple equation
64–67].
d˛

d�

)
= Af (˛) (3)

ig. 11. Comparisons of the experimental master plots at infinite temperature with
he theoretical curves drawn by assuming the kinetic model functions of JMA(m)
ype (a) in differential form, (b) in integral form, and (c) in multiplied form.
Acta 512 (2011) 13–21 19

Fig. 11(a) shows the normalized plot of (d˛/d�)/(d˛/d�)0.5
against ˛ drawn by assuming the constant Ea of 289.9 kJ mol−1

(0.1 ≤ ˛ ≤ 0.9) for the transition of vaterite (ET75AQ25),
which has the maximum d˛/d� at ˛ = 0.52 and indicates
the kinetic obedience to one of the nucleation-growth type
reactions [70,71]. Through comparisons with the theoreti-
cal curves for the typical nucleation-growth type model, i.e.,
Johnson–Mehl–Avrami–Erofeyev–Kolgomorov model JMA(m)
[72,73]: f(˛) = m(1 − ˛)[−ln(1 − ˛)]1−1/m, it is apparent that the
experimental master plot is nearly corresponding to JMA(3).

Similarly, the experimental master plot in integral form, �
against ˛, is also useful to distinguish the appropriate kinetic model
function. The value of � at a selected ˛ is evaluated from the kinetic
rate data at a constant heating rate ˇ according to the equation
[64–69].

� = 1
ˇ

∫ T

0

exp
(

− Ea

RT

)
dT= Ea

ˇR

∫ ∞

x

exp(−x)
x2

dx ∼= Ea

ˇR

exp(−x)
x2

�(x)

with

x = Ea

RT
and �(x) = x3 + 18x2 + 86x + 96

x4 + 20x3 + 120x2 + 240x + 120
(4)

where �(x) is the fourth rational approximation of exponential inte-
gral [74,75]. The experimental master plot in integral form can be
correlated to the kinetic model function in integral form g(˛) by the
equation obtained by integrating Eq. (3) [64–69].

g(˛) =
∫ ˛

0

d˛

f (˛)
= A

∫ �

0

d� = A� (5)

As can be seen in Fig. 11(b), comparison of the experimental
master plot in integral form with the theoretical curve of JMA(m)
model, g(˛) = [−ln(1 − ˛)]1/m, also supports a fairly good correspon-
dence to JMA(3).

By multiplying these experimental master plots in differential
and integral forms, we obtain an alternative master plot of (d˛/d�)�
against ˛ [65,66,69,70]. The multiplied master plot can be corre-
lated directly to the kinetic model function by(

d˛

d�

)
� = f (˛)g(˛) (6)

As for JMA(m) model, the theoretical curve of the multiplied
function f(˛)g(˛) = m(1 − ˛)[−ln(1 − ˛)] against ˛ is independent
of the kinetic exponent m after normalizing at ˛ = 0.5 [67,70,71],
so that comparison with the normalized experimental master
plot in multiplied form, (d˛/d�)�/(d˛/d�)0.5�0.5 against ˛ makes
it possible to evaluate critically the kinetic correspondence of the
process under investigation to JMA(m) model. The present pro-
cess is nearly described by JMA(m) as was observed above, but the
slight difference from the ideal JMA(m) model can be detected in
Fig. 11(c), being characterized by the deviation of the ˛ value at
the maximum, i.e., ˛ = 0.63 for JMA(m) and ˛ = 0.66 for the present
process.

For the final optimizations of the most appropriate kinetic model
function and the value of A, empirical functions of Sestak–Berggren
model [76], SB(m, n, p): f(˛) = ˛m(1 − �)n[−ln(1 − �)]p, which fits
to various physico-geometric types of reaction and those deviated
cases [77,78], was employed by considering the possible devi-
ations of the kinetic process from the idealized kinetic model,
together with JMA(m) with non-integral kinetic exponent. Based
on Eq. (2), the optimization was performed by fitting the exper-

imental master plot of d˛/d� against ˛ with these kinetic model
functions through the nonlinear least square fitting [79,80] by the
Levenberg–Marquardt optimization algorithm. Fig. 12 shows the
results of model fitting. The experimental master plot is nearly per-
fectly fitted by SB(−4.10, 2.55, 4.67). The fitting curve by JMA(3.34)
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Table 1
Kinetic results for the thermally induced phase transition from vaterite (ET75AQ25) to calcite.

Ea
a (kJ mol−1) Kinetic model Kinetic exponents A (s−1) �2 b

289.9 ± 5.8 JMA(m) m = 3.34 ± 0.04 (2.03 ± 0.02) × 1017 0.9880
SB(m, n, p) m = −4.10 ± 0.19

n = 2.55 ± 0.07
p = 4.67 ± 0.18

(4.97 ± 0.07) × 1017 0.9987
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a Averaged over 0.1 ≤ ˛ ≤ 0.9.
b Correlation coefficient of the nonlinear regression analysis.

s very close to that of SB(−4.10, 2.55, 4.67). Although the physico-
eometrical meanings of the kinetic exponents in SB(−4.10, 2.55,
.67) are difficult to evaluate in the present case, the compara-
le good fitting by SB(−4.10, 2.55, 4.67) and JMA(3.34) supports
he validity of JMA(3.34) as the appropriate model function for
nterpreting the phsycio-geometrical characteristics of the process.
deally, JMA(m) with m = 3 is interpreted as the constant rate nucle-
tion and two-dimensional growth or three-dimensional growth
f pre-existing nuclei [72,73]. From the morphological observation
f three-dimensional growth of rhombohedral particles of calcite,
hree-dimensional growth of pre-existing nuclei seems to be dom-
nant in the present case. Several causes suggest themselves to
xplain the deviation of the evaluated m value in JMA(m) from 3.
ecause of the dendritic branching structure, the reactant is not
istributing homogeneously in the space of product growth, result-

ng in a size-distribution of the calcite particles. This situation is
ot considered in the ideal nucleation and growth model. Partial

nvolvement of nucleation process in the early stage of the trans-
ormation is also expected from the deviations of Ea values from the
onstant value for the established part of the transformation. The
ggregated calcite particles in Fig. 8(b) and the gradual decrease of
a value in the final stage may suggest the participation of sintering
rocess.

Table 1 summarizes the kinetic results for the thermally
nduced phase transition from vaterite (ET75AQ25) to calcite.
he present kinetic results indicate clearly that the physico-
eometric kinetics of the structural phase transition of vaterite
o calcite and the morphology and particle size of the product
alcite are largely influenced by the morphological characteris-
ics of the reactant vaterite. The findings imply the possibility
f further systematic control of calcite in views of the parti-
le morphology and the reactivity by combining the controlled

recipitation of CCPs and the thermally induced transformations
f those precipitates in the solid-state, because the solid-state
ransformations can also be controlled by the reaction conditions
37–54].

ig. 12. Comparisons of the experimental master plot of d˛/d� against ˛ with the-
retical curves of JMA(m) and SB(m, n, p) models.
4. Conclusions

When exposing an ethanol/water solution of CaCl2 to the gases
produced by sublimation–decomposition of solid (NH4)2CO3 in a
closed vessel, precipitation reactions of CCPs including hydrated
ACC take place by the dissolutions of the gases, i.e., NH3, CO2, and
water vapor, into the CaCl2 solution. The precipitates change from
gel-like aggregates of hydrated ACC in absolute ethanol solution
to rhombohedral calcite in absolute aqueous solution via co-
precipitation of vaterite in mixed ethanol/water solutions of CaCl2.
Nearly pure vaterite phase is precipitated from the ethanol/water
solution with a volume ratio of ethanol to water around 2–3. The
morphology of vaterite changes from a spherical aggregates of
nanoparticles to dendrites with increasing the content % of water in
the mother liquor. The above findings can be utilized for the selec-
tive synthesis of CCPs among the hydrated ACC, vaterite, and calcite
and for the morphology control of vaterite from spherical particles
to dendrites by the simple method of changing ethanol/water com-
position of the mother liquor without using organic macromolecule
additives.

On heating the series of precipitated samples in an inert gas,
several thermally induced transformations characteristic of the
component phases in the respective samples are observed. Ther-
mal dehydration of gel water of the hydrated ACC initiates from
room temperature, followed by the crystallization of as-produced
anhydrous ACC to calcite at the end of the dehydration process,
i.e., 500–550 K. Structural phase transition of vaterite to calcite
takes place at 750–800 K. All the calcite phases, precipitated from
mother solutions and transformed from hydrated ACC or vaterite,
decompose quantitatively to CaO at higher than 900 K. The mass-
loss traces for the thermal decomposition of calcite in the series of
samples are similar in shape except for that of the hydrated ACC
precipitated from the absolute ethanol solution and shift system-
atically to higher temperatures with increasing the water content
in the mother liquors due to the increase in the particle size of cal-
cite to be decomposed. Accordingly, it is expected that the present
method of precipitation control of CCPs is also useful to control
the particle size of calcite produced during heating the precipi-
tated CCPS and to regulate reaction kinetics of ceramic processing
including the thermal decomposition of calcite.

The structural phase transition of nearly pure vaterite phase,
precipitated from the ethanol/water solution of ET75AQ25 to
calcite takes place with �H = − 2.8 ± 0.1 kJ mol−1, where rhom-
bohedral particles of calcite grow on the dendrite substrates of
vaterite. From the viewpoint of overall kinetics, the established
part of the transformation is characterized by the nucleation
and growth type model, JMA(3.34), with the apparent value of
Ea = 289.9 ± 5.8 kJ mol−1, where the participations of nucleation
process and sintering of product particles were expected at the

initial and final part of the transformation, respectively. The devi-
ation of the kinetic exponent m = 3.34 in JMA(m) model from the
growth dimension 3 was explained by the limitation of the growth
size of product calcite by the spatial distribution of the reactant
substrates.
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