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Abstract:

This study of the thermal decomposition kinetics of various average diameter nano-particles of cal-

cium carbonate by means of TG-DTA( thermogravimetry and differential thermal analysis) showed that the ther-

mal decomposition kinetic mechanisms of the same crystal type of calcium carbonate samples do not vary with

decreasing of their average diameters; their pseudo-active energy E,; and that the top-temperature of decom-

position T, decreases gently in the scope of micron-sized diameter, but decreases sharply when the average di-

ameter decreases from micron region to nanometer region. The extraordinary properties of nano-particles were

explored by comparing the varying regularity of the mechanisms and kinetic parameters of the solid-phase reac-

tions as well as their structural characterization with the varation of average diameters of particles. These show

that the aggregation, surface effect as well as internal aberrance and stress of the nano-particles are the main

reason causing both E, and T, to decline sharply with the decrease of the average diameter of nano-particles .
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INTRODUCTION

There are few of quantitative thermal analysis
(TA) investigations ( Mulokozi, 1992) of the
governing relations between the parameters of
solid phase reaction kinetics and the average di-
ameters of ultra fine calcium carbonate and the
effects of fine particles on their solid phase reac-
tion kinetics. And a few of them were only limit-
ed to particles with size of several microns ( Orte-
ga et al.» 1990) . This paper reports the results
of TA study on the correlation between the solid
phase reaction kinetics mechanisms’ parameters
and the varying average diameters of nano-sized
calcium carbonate .

EXPERIMENTS AND METHODS

1.Samples and experiential conditions

The 40 nm to 1.25 pm calcite and aragonite
samples uvsed in the study were synthesized by

Nano-particle, Aggregation, Non-isothermal kinetics, Surface effect, Phase interface reaction.

CLC number:

0614 .23; 0643.12

using microtherm carbonization method and dou-
ble-decomposition reaction method under various
temperatures, respectively. The DT-40 thermal
analyzer made in Japan Shimadzu was used.
Amorphous Al,O; was used as a reference. A
verified standard A.R. Canalytical reagent) cal-
cium carbonate ( common calcite ) with average
diameter of 5 pum as determined by SEM( Scan-
ning electron microscope) was used. The experi-
mental conditions were: atmosphere of static air,

heat rate of 10 K/sec.
2.Data analysis

A commonly used standard method using the
Coats-Redfern integral equation and Anderson-
Freeman differential equation was used to analyze
the original data and to verify the mechanisms
(Elder, 1998). The logarithmic equations were
as follows:
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Where g(a ) and f(a) are integral and differen-
tial mechanism function, respectively. 8, A, R,
and K, are heat rate, frequency factor, gas con-
stant> and pseudo-active energys respectively.

3. Kinetics experiments

Before the experiments, pure zinc and calci-
um oxalate were used to modulate temperature
and baseline of the TA curve respectively. Then
5 mg sample of calcium carbonate was weighted
and placed into the thermal analyzer, to conduct
thermal analysis experiments .

RESULTS

1.The decomposition mechanism and kinetics param-
eters of calcite samples

The verified sample’ s TG-DTA curves are
shown in Fig.1.

The results of the standard method proved
that the phase interface reaction mechanisms with
three-dimensional spherical shrink ( R3) were
the most ideal ones; so that the thermal decom-
position of the verified sample should in accor-
and with the R3
— a)??. These

mechanism results were the same as those ob-

dance with the mechanism R3-

mechanism function: f Do) = (1

tained by the method using the properties of

the TA curves ( Dollimore, 1996). The verified
sample’ s pseudo-active energy E, was about
234. 128 kJ/mol — 228. 795 kJ/mol. And its
mechanism and F, values match very well with

related references (Sharp et al., 1969; Wang
et al.» 1995).
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Fig.1 TG-DTA curves of the verified calcite

In order to study the effect of diameters on the
solid-phase reaction kinetics, four calcite samples
with TA curves were analyzed using the standard
method combined with both Coats-Redfern”s inte-
gral equation and Anderson-Freeman’ s differential
equation. The final results (Table 1) indicated
that all calcite samples decomposed thermally in
according to the same mechanism and mechanism
function of the verified calcite sample. The pseu-
do-active energy F, and peak-temperature of ther-
mal decomposition 7', decreased with the decrease
of the average diameter of particles. The decrease
of the pseudo-active energy E, was very obvious.

Table 1 Kinetics parameters and mechanism of some calcite samples

Samples( No> d Tp( K> Mech. E . (kJ/mol) A Cmin~ D) R
R3(H 234.128 4.3275 x 10" —0.9984686
Co1 5.0 pm 1089 .5
R3(g) 228.795 1.9712 x 10" —0.9982535
R3(H 155.571 2.5034 x 107 —-0.9986186
C02 1.25 pm 1017 .5
R3(g) 152 .839 2.7748 x 10° —0.9991508
R3(H 146 .230 1.2807 x 10 —0.9993470
CO03 800 nm 1003 .9
R3(g) 141.750 4.8375 x 10° —0.9965646
R3O 139.043 7.5000 x 107 —0.9998547
Cco4 399 nm 988.1
RS(g) 133.786 2.6147 x 10° —-0.9976337
R3O 102 .948 1.4668 x 10° —0.9984544
CO5 40 nm 955.5
R3(g) 98 .8988 3.3025 x 10° —0.999393
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2. Decomposition mechanism and Kinetics parameters
of aragonite samples

The TA curves of aragonite samples were an-
alyzed using the above-mentioned method. The
results (Table 2) indicate that the mechanisms of

all the aragonite samples were the random nucle-
ation mechanism ( F1) according with the F1

The corre-

mechanism function f{a) = 1 - a.
lation of the calcite samples could be found in

the same way.

Table 2 Kinetics parameters and mechanism of some aragonite samples

Samples( No> d T,)< K> Mech. E (k]/mol) A Cmin™ D) R
F1(£) 143 .823 3.6910 x 10° —0.9876734
A01 5.18 pm 984 .3
Fi1(g) 137.026 1.2551 x 10° —-0.9977251
F1(£) 137.010 2.6898 x 10’ —0.9988632
A02 1.60 pm 973.2
F1(g) 136.203 3.7989 x 10° —0.9899623
F1(D 136.969 9.9165 x 107 —0.9887920
AO3 600 nm 967 .6
F1(g) 136.152 1.3539 x 10° —0.9978461
F1(D 116.564 4.5321 x 10° —0.9989765
AO4 350 nm 963 .4
F1(g) 112.398 5.6432 x 107 —0.9998756
F1( 100.838 3.5871 x 107 —-0.9821471
A0S 50 nm 943.5
Fi1(g) 96.734 2.1196 x 107 —0.9981609
T, of the nano-aragonite samples was about
DISCUSSIONS 145.8K lower than that of the common verified

1. The effect of diameter on decomposition tempera-
ture

The graph of logarithms of the decomposition
temperature T, versus average diameter (Fig.2)
shows that the T, of all the ultra fine calcium
carbonate decreases with the decrease of the av-
erage diameter of particles. Calcite” s T, de-
creased gently with the decrease of the average
diameter of the micron-size particles; but de-
creased sharply when the average diameter de-
creased from micron-size to nanometer-size. The
T, of the 40nm calcite was 132K less than that of
T, of common verified calcite. The rate of T, de-
crease of nano-sized calcite samples was greater
than micrometer size samples. The T, change of
the aragonite samples was not as large as that of
the calcite samples. But no matter whether the
aragonite samples were nano-sized or micron-
sized, all their T, were lower than those of the
calcite samples. The T, of the aragonite samples
had the same sharp decline when their diameters
decreased from micron-size to nano-size, and the

calcite. There are many explanations for the T,
decrease with decreasing diameters. Some schol-
ars explained it was due to thermal resistance and
cold-itself effect ( Van Dooren et al ., 1982) as
well as the number of the active spots ( Liu,
1991) . Their explanations were rational, but did
not reach into the nature of the matter. So they
could not explain it reasonably and fully. We
consider that the alteration of the nano-crystalline
material’ s internal microstructure is the real

cause (Meyer, 1994) .
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Fig.3 Electron diffraction of the nano-calcite

Firstly, the crystalline grade of the nano-cal-
cite was so bad that we could see it from the
electron diffraction ( Fig. 3) indicating obvious
aberration and stresses inside the crystalline
structure of the nano-sized calcium carbonate
samples, whose aberration and stresses may be
considered as main causative reasons for the easy
decomposition of the nano-calcium carbonate .

Secondlys the result of scanning electron mi-
croscopy (SEM) (Fig.4) and transmission elec-
tron microscopy ( TEM) (Fig.5) showed that the
crystalline perfection of the nano-calcite was
gradually ruined and soft reunites arises in the
nano-crystalline structure of calcite sample with
various average diameters. Which implies that
the particles aggregate together when their size
decreased into the nano-meter region. And the
calcium carbonate become nano-material and get
into the medium scope state ( Feng et al.»
2001). The aggregation effect causes the aberra-
tion and stresses in the crystalline structure of
materials. On the other hand, the transformation
of the regular surface of ultra-fine particles’ into
irregular spherical surface increases the surface/
volume ratio. This indicates that the surface ef-
fect and stress produced inside the crystalline are

Fig.4 SEM of 1.25um calcite

too large to neglect. Therefore, the aggregation
effect and surface effect are two main reasons for
the sharp decrease of the T,.

Fig.5 TEM of nano-calcite

2.The effect of diameter on active energy

The curve of the pseudo-active energy FE,
versus average diameter d in semi-logarithmic
coordinates ( Fig. 6) shows that the change of
the pseudo-active energy F, with the various di-
ameters follows the same rule as that of peak-
temperatures of thermal decomposition T,. The
only difference is that the pseudo-active energy
E, of nano-calcite sharply decreased by about
132 kJ/mol, and while that of nano-aragonite
sharply decreased by only about 41 kJ/mol. This
indicated the value of the pseudo-active energy
E, is related to the degree of the difficulty of the

solid phase reaction.
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Fig.6 Curves of InE, vs d
B: Curves of calcite by differential equation:
C: Curves of caleite by integral equations
D: Curves of aragonite by differential equations:
E: Curves of aragonite by integral equation.

There are three causative reasons for the de-
crease of the pseudo-active energy FE,. Firstly,



Study on the thermal decomposition kinetics of nano-sized calcium carbonate

367

the existence of the aberration and stress inside
the crystalline structure of ulira-fine material is
one of the dominant causative reasons for the
pseudo-active energy F, to decrease sharply.
The existence of the aberration and stress makes
the atoms inside crystalline rearrange to a new
stabilization or equilibrium. Secondly, the aber-
ration and stress inside the crystalline structure of
ulira-fine material obviously reduces the crystal
lattice energys resulting in the sharp decrease of
the pseudo-active energy FE,. Thirdly, the sur-
face and aggregation effects increased sharply as
a result of the decrease of average diameter, and
finally led to easy decomposition of the sample
material .

Molecular level investigation of the calcium
carbonate surface revealed minimal reconstruc-
tion of the surface. The newly exposed surface
was out of equilibrium. If there is scarcity of
atoms, the dangling bonds are satisfied as much
as possible by rearrangement of bonding configu-
ration and surface structure. After cleavage, sur-
face Ca atom share electrons with only five or
fewer O atoms. This probably results in stronger
CaO bonds at the surface. Finally, this not only
can make it react most rapidly with the contact-
ing medium but also can change the shape of the
nanocrystalline structure (Mao et al . 1997).

Additionally, the decrease of the average di-
ameters of ultra-fine calcite makes the reactions
of phase boundary movement transfer from long-
range to short-range; and for ulira-fine arago-
nite; the reactions of random nucleation occur

easily. This explains, from another point of
view,> why the pseudo-active energy F, of the de-
composition reaction decreases sharply when the

average diameter becomes nano-size .

3. Comparison of the pseudo-active energies between
calcite and aragonite

Fig. 6 shows that the FE, of calcite samples
are larger than that of aragonite samples with the
same average diameter. The difference of the £,
between calcite and aragonite follows the same
correlation of T, and E, with the decrease of the
average diameters (Fig.7). This difference can
be obtained from the data on the two curves in
the Fig.5 because the given points on the curve
represent the FE, values of the various calcium
carbonate samples, respectively. The formula is
as follows:
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Fig.7 Curve of InAE, vs d

AE& = %[( Ef + Eg)calcile - ( Ef + lag)aragonile:I

Fig. 7 indicates that the difference in the
pseudo-active energies of calcite and aragonite
decrease with the decrease of the average diame-
ters. When the micron-particles transform into
nano-particles, the difference of the active ener-
gies between calcite and aragonite would sharply
decline and finally the value of the difference ap-
proaches to zero, namely, AE,—0.

Regarding the crystalline structure, calcite is
octahedral. Namely, the coordination number of
the Ca’" cation is 6,

thorhombic,
cation is 9. The extra ligands CO3™, which take

while aragonite is or-
and the coordination number of its

part in the coordination of the Ca®* cation in the
aragonite, weaken the ionic bond between the
CO3~
mechanism of reactive crystallization of CaCO,
the
aragonite crystallizes earlier than calcite under
some conditions ( Mitsutaka et al., 2002). It
was reported that aragonite is more active than

anion and Ca’" cation. According to the

polymorphs from Ca ( OH ), suspensions;

calcite; and can even transform into calcite dur-
ing the time of decomposition. But the solid-
phase transformation is slow and not completed in
atmosphere of dry air. Therefore, aragonite de-
composed easier than calcite; and the pseudo-
active energy of aragonite also is smaller than
that of calcite.

The existence of many defects in crystalline
material can facilitate the nucleation and diffu-
sion resulting from decomposition reaction ( Bez-
jak et al ., 1993). When the size of the parti-
cles reduces into nano scale, the number of the
crystal defects would increase so rapidly that it
causes the whole crystal crumble. Therefore; the
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decrease of the diameter is very beneficial for the
decomposition of calcite. However; for micron-
sized aragonite> the decrease of the diameter on-
Iy benefits the nucleation of decomposition. The
change of the pseudo-active energy F, of calcite
is larger than that of aragonite. When the crystal
structures of both types of calcium carbonate are
on the verge of collapses their pseudo-active en-
ergies will be approach to equal .

The difference of two pseudo-active energies
of calcite and aragonite becomes small with the
decrease of their diameters. It can well be imag-
ined that the diffusion will be easier when the di-
ameter of nano-particle decreases to some extent.
Accordingly, the crystalline structure of calcite
will be almost the same as that of aragonite, and
it will be difficult to distinguish them from each
other. In this case, both types of calcium car-
bonate will decompose according to mechanism
F1, and their pseudo-active energies will be con-
sistent close to each other.

3.The effect of diameter on frequency factor A

The so-called frequency factor represents the
actual collision frequency of micro-particles in a
unit of volume in nature. In this paper, the fre-
quency factor A of calcite decreases with the de-
crease of particle diameter but the frequency fac-
tor A of aragonite does not> and the change is
small. It is paradoxical that the reactivity is con-
sistent with the actual collision frequency. But if
we deeply probe into the problem; we can find
that it is the serious crystalline imperfection in
the nano-calcite that caused the frequency factor
A of calcite to decrease. Although the aragonite
nano structure is very relaxed and looses the ef-
fect of the particle diameter on it is small.

CONCLUSIONS

From the above discussion, it can be con-
cluded that the thermal decomposition kinetic
mechanisms of calcium carbonate do not vary
with decreasing of their average diameters. The
reactivity of the micro-particles is sharply en-

hanced when the average diameter decreases from
the micron region to nanometer region. The ag-
gregation and surface effect as well as internal
aberration and stresses of the nano-particles are
considered as the main causes of the enhanced
reactivity of the micro-particles.
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