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Abstract

The decomposition kinetics of nanocrystalline calcite is investigated using the master plot method and Coats and Redfern’s
equation. It is shown that the nanocrystalline calcite as well as the reference calcite dissociates according to the contracting
volume mechanism R3;. Comprehensive techniques have been used to determine the kinetic parameters. A considerable
diminution of the activation energy E, up to 70-80 kJ mol ™" is observed in the case of nanocrystalline calcite. In addition, the
kinetic compensation law has also been used to correlate the pre-exponential factor A with the activation energy E,. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Calcium carbonate is one of the most widely
used fillers in many industrial applications such
as plastics, rubber, paper making and medicine.
Recently it is found that the nano scale calcium
carbonate has much more advantages than the com-
monly used normal size calcium carbonate and its
novel characteristic has attracted wide research inter-
ests.

Extensive work has been carried out on the non-
isothermal decomposition kinetics of solid system.
Multiple techniques were reported in literatures for
determining the reaction mechanism and deducing
kinetic parameters [1-7]. Contrary to the homoge-
neous reaction, the mechanism and kinetics of solid
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decomposition will vary with many factors such
as the change of reaction condition, crystal form
and particle size. It is mainly owing to the influence
of heat transfer and mass transfer on the phase bound-
aries. Since that, although the dissociation of calcium
carbonate has been widely studied, its mechanism and
kinetic parameters reported in the literatures are not
well consistent [4,6,8]. Besides, to the nano scale
particles, the kinetic behavior of decomposition is
particularly rarely noticed. Criado and Ortega [9]
has observed that smaller particle would result in
the diminution of the activation energy, but their
experiment was confined to particles of micro scale.
As is known to all, constitutive particle size of nano-
material is ranging between molecular cluster and
bulk substance. It may result in many special char-
acteristics. In this paper, the thermal decomposition of
nanocrystalline calcite is studied to see the effect of
particle size on the decomposition parameters and
mechanism.
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2. Decomposition kinetics

The commonly used equation in the non-isothermal
decomposition kinetics is presented below

da
— =k 1
= k() 1)
in which the kinetic function f{c) is determined by
reaction mechanism and speed controlling step. It has
an another form as

_ [
~Jo fl@)’

Possible f{a) and expressions are listed in Table 1.

Since the mechanism determination and the kinetic
parameter calculation are mutually dependent, non-
mechanism equation is firstly introduced to estimate
the activation energy as a prerequisite for determining
the reaction mechanism. After the reaction mechanism
is deduced, mechanism equations are then used to
further confirm the kinetic parameters obtained pre-
viously.

g(a) 2

Table 1
Classification of kinetic models for reaction mechanism

Freeman—Carroll [10] equation and Kissinger [11]
equation are commonly used non-mechanism equa-
tions. However, There is evidence that the former may
yield diffusive data points. So, Kissinger equation,

E T2\ E
In(A)=In(=) —In| 2 2
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is applied to estimate the activation energy where T,
represents the peak temperature of DTA curve, 3 is the
heating rate. Although some authors suggested that
T,,, peak temperature of DTG curve, rather than Tp
should be used in the above formula [6,7], T}, is still
preferred when the reaction proceeds over narrow
temperature range (between 0.9 T;, and 1.1 Ty,). In
this case, T}, is very close to Ty, and easy to accurately
determined.

In the mechanism determining process, methods
proposed by Berggern and Satava [12] (plot log(g(a))
against 1/T), and by Coats and Redfern [13] (plot
log(g(a)/T?) against 1/T) are not sensitive enough to
distinguish some mechanisms. Master plot method
less influenced by experimental conditions is used

Kinetic classification

gla) = [da/f(a)

Sfloy=(1/k)(da/dt)

(1) Acceleratory a—t curves
Powerlaw (P;) «@
Exponential law (E) In(c)
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—1
l’l'(Y(” n

«

Avrami-Erofeev (A,)
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(3) Deceleratory a—t curves

(3.1) Based on geometrical models
Contracting area (R5)
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(3.2) Based on diffusion mechanisms
One-dimentional (D)
Two-dimensional (D)
Three-dimensional (D5)
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to determine the reaction mechanism. That is, plot
z(a)=f(a)-g(a) against a for all possible mechanisms
and thus establish a series of standard curves, the curve
that best fits the experimental data in the form of

da/dt
z(a) 3
where 7(x)=(x’+18x*+88x+96)/(x*+20x’+120x*+
240x+120), x=E,/RT, and (3 represents the heating
rate, should be considered as the reaction mechanism.
Afterwards, Achar, Brindley and Sharp equation
[14], referred to as differential method

1 da A E,
() () 7 v

and Coats and Redfern equation [13], referred to as
integral method

7(x) - T, “)

g(a) AR E,
1 =2 ) =1 — | —= 6
D) () B
are further used to confirm the obtained activation
energy.
Eq. (5) can be modified as
da E,
In| — =1n(A - 7
n(§28) = marta)) - . )

for a certain «, In(Af(c)) is constant. A plot of In(da/
dT-() against 1/T with varied § should allow the
calculation of E,. It shows that the activation energy
changes slightly with «.. The kinetic compensation law
[15]

InA = bE + c, (®)

is then introduced to correlate the pre-exponential
factor A with E,.

3. Experiments and results
3.1. Experiments

Purified CO, gas (about 20-40% concentration,
diluted with N,) bubbled though and carbonized 5-
10% Ca(OH), until the pH value reached 7-8. The
precipitate was filtered, dried at 110°C to steady
weight, then sifted through 320 mesh. The crystallite
is confirmed as calcite by X-ray diffraction pattern and
the particle size is estimated at around 40 nm by TEM
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Fig. 1. Thermal curves of (a) nano-crystalline calcite and (b)
reference calcite.

examining. A reference calcite (99.99%, the particle
size is estimated at 5-20 pm by SEM examining) was
used for comparison. All the experiments were per-
formed on a shimadzu DT-30 thermal analyzer under
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Fig. 2. Master curves of z(«) and experimental data (A) for
reference calcite at the heating rate of 20 K min~".
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Z(at)

Fig. 3. Master curves of z(«) and experimental data (A) for nano-

crystalline calcite at the heating rate of 20 K min~".

the protection of nitrogen gas flow. The heating rates
for both reference and nanocrystalline calcites were at
5, 10, 20, and 50 K min~}, respectively.

3.2. Decomposition mechanism and kinetic
parameters

The thermal curves of reference and nanocrystalline
calcite are shown as Fig. 1. There is a considerable left
shift along the temperature axis in the case of nano-
crystalline calcite. For each heating rate of the refer-
ence and nanocrystalline calcite, ln(Tg /B) is plotted

Table 2
Determination of activation energy at different heating rates
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Fig. 4. log(g(u)/Tz) vs. 1/T for reference calcite: (O) Dy; (1) Da;
(@) Dy; (A) Di; (A) R3; () Rys (W) Fi; (V) Az (@) As.

against 1/T,, (Eq. (3)). Typical straight line fits the data
points best. The corresponding activation energy E,
are 207.8 and 120.5 kJ mol ', respectively.

Utilizing the above obtained activation energy, z(c)
for reference calcite and for nanocrystalline calcite at
heating rate of 20 K min~' are plotted against « as
Figs. 2 and 3. It seems that R; (three-dimensional
contracting volume model) fits the experimental data
best in both cases.

For further confirmation of the reaction mechanism,
using the experimental data of reference calcite and
nanocrystalline calcite at heating rate of 20 K min~'

>

Sample Heating rate (K min~ ") E, (kK] mol ™)
Differential method Achar, Integral method
Brindley and Sharp Coats and Redfern
Reference calcium carbonate 50 190.4 197.7
20 196.2 201.7
10 201.2 190.4
5 199.5 187.1
Nano-particle calcium carbonate 50 125 117.7
20 127.1 117.2
10 130.4 1214
5 129.6 121.5
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Fig. 5. In(da/(f(a)dT)) vs. 1/T for nano-crystalline calcite: (A)
50 Kmin~'; (A) 20 Kmin~"; () 10K min~'; (@) 5 Kmin~'.

plot log(g(a)/Ta) against 1/T (as Eq. (6) shows). It is
found that R3 (contracting volume) mechanism curve
is closer to straight line than other mechanisms. Fig. 4
shows the curves for the reference calcite case.
According to R; mechanism, for each heating rate
of reference calcite and nanocrystalline calcite, differ-
ential method (Eq. (5)) and integral method (Eq. (6))
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Fig. 6. In((da/dT)B) vs. 1/T for nano-rystalline calcite at ({)
a=83.3%; (A) a=41.7%; (&) a=27.8%; (¥) a=13.8%; (A)
a=5.56%.

are used respectively to determine kinetic parameters.
The corresponding values of E, are listed in Table 2.
Fig. 5 shows the curves for differential method in the
case of nanocrystalline calcite.

It is shown that the activation energies of the tested
samples increase slowly with the slowdown of the
heating rate. It is also consistent with the estimated
value obtained according to Eq. (3). Besides, the
activation energy of nanocrystalline calcite has a
diminution of up to 70-80 kJ mol~' compared with
reference calcite.

According to Eq. (7), a plot of In((da/dT)3) against
I/T is shown as Fig. 6. Using different values of
activation energy FE, and pre-exponential factor A
obtained from Egq. (7), a correlation leads to the
relationship of InA=0.1226-E—7.468 which fits litera-
ture value well [16].

4. Conclusions

1. Master plot method and Coats and Redfern
equation substantiate that both nanocrystalline
calcite and reference calcite dissociate according
to contracting volume mechanism Rj, which is in
accordance with most of the literature reports.
Since the particle size is very small, D; and D,
mechanisms reported in some literatures seem
inappropriate in the case of nanocrystalline
calcite.

2. The activation energy obtained from non-mechan-
ism equation is consistent with that obtained from
mechanism equation. It manifests the validity of
both the reaction mechanism and the activation
energy value. The activation energy of the refer-
ence calcite obtained from our experiments is
approximately 200 kJ mol™"' and the value is in
accordance with most of the reports.

3. The initial decomposition temperature of nano-
crystalline calcite is much lower than reference
calcite and there is a considerable diminution of
activation energy up to 70-80 kJ mol " in the case
of nanocrystalline calcite compared with the refer-
ence calcite. This diminution is usually attributed
to the excessive energy stored on the surface of
nano-material. However, through XRD experi-
ments, it is recently found that the obvious aber-
rance and stress in the crystal lattice of nano-
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material may contribute to its easier decomposi-
tion. The study about the influence of particle size
using X-ray diffraction measurements is presently
undergoing.
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