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Abstract Experiments on thermal decomposition of nano-sized calcium carbonate were carried out in a thermo-
gravimetric analyzer under non-isothermal condition of different heating rates (5 to 20K-min—!). The Coats and
Redfern’s equation was used to determine the apparent activation energy and the pre-exponential factors. The
mechanism of thermal decomposition was evaluated using the master plots, Coats and Redfern’s equation and the
kinetic compensation law, It was found that the thermal decomposition property of nano-sized calcium carbonate
was different from that of bulk calcite. Nano-sized calcium carbonate began to decompose at 640°C, which was 180°C
lower than the reported value for calcite. The experimental results of kinetics were compatible with the mechanism
of one-dimensional phase boundary movement. The apparent activation energy of nano-sized calcium carbonate was
estimated to be 151 kJ-mol~! while the literature value for normal calcite was approximately 200kJ-mol~!. The

order of magnitude of pre-exponential factors was estimated to be 1051,
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1 INTRODUCTION

Solid state decomposition reactions are one of the
important fields in solid chemistry. The coal pyrolytic
kinetics!!], the kinetic behavior and process of thermal
decomposition of a-zirconium phosphate[zl, the ther-
mal decomposition of propella.ntls], the crystalliza-
tion kinetics of aleic anhydride graft polypropylenel?!
have been reported. Nano-sized CaCOj3 as functional
materials has been widely used in nanocomposites
such as rubbers, plastics and coating. In processes
of polymers, thermal stability of nano-sized CaCOj3
is very important. Nano-sized CaCOj as template
has been applied in preparation for nanometer hollow-
structured materials. It is very important to control
its decomposition rate, otherwise, it causes the col-
lapse of hollow structure.

A number of researchers have investigated ther-
mal decomposition and kinetics of CaCO3 by em-
ploying a variety of techniques. Integral meth-
ods for determining the kinetic parameters®~7) have
been developed. Differential methods®~12! have been
adopted. The thermal decomposition of CaCQOj3 un-
der isothermal condition was studied 1. It was
found that the activation energy was 210.33 kJ-mol~?
for two-dimentional phase boundary movement and
201.65kJ-mol~! for the one-dimensional diffusion
mechanism respectively. The intrinsic reaction rate
constant was determined based on the grain model(!?
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and the activation energy (192kJ-mol~!) was ob-
tained. Gallagher and Johnson*?] demonstrated that
the kinetics of decomposition of CaCO; was sensitive
to the heat conductivity of the purge gas, and they
concluded that the decomposition was controlled by
heat transmission to the endothermic reactant. Cri-
ado and Ortegal'® observed that the apparent ac-
tivation energy of CaCOj with particle size in the
ranges 25—50 um, 50—100 ym and 100—160 ym was
lower than that of large particles. This behaviour may
be explained by taking into account that the smaller
the particle size, the greater the fraction of “CaCOjg
molecules” located on the surface with respect to the
bulk. Therefore, the activation energy decreases be-
cause of the “extra” energy stored on the surface of
the smaller particles. Chen et al.['® have found that
the initial decomposition temperature of cubic-shaped
nano-sized CaCOj particles of mean size 20nm is sub-
stantially lower than that of bulk calcite when the
heating rate is 10 K-min—!, Nano-sized particles (1—
100 nm) that are in transitional region between molec-
ular or atomic and macroscopic particles have peculiar
physical and chemical properties such as ostensible,
quantum and tunnel effects. However, very few have
been reported on their thermal decomposition behav-
ior.

In this paper, the mechanism of thermal decom-
position and kinetic parameters of nano-sized CaCOQOj
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will be discussed using Coats and Redfern’s equa-
tion, master plots, kinetic compensation law and non-
isothermal analysis.

2 THEORY
The reaction rate of a solid-state process can be
described as
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Arrhenius equation can be written as
k = koe™ Fr (3)
and Eq. (1) become
d
5 = ke f(a) (4)

If the temperature rises at a constant rate § = d¢/dt,
Eq. (4) can be integrated as
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In general, E/RT > 1, so that e /T can be ex-
pressed in Taylor series. By adopting the first deriva-
tive, we obtain
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Eq.(6) can be rewritten as the Coats and Redfern’s
Equation.

If g{a) is known, the curves of thermogravimeteric
analysis(TGA) can be used to calculate In[g(a)/T?
for each possible controlling mechanism (as shown in
Table 1). It was plotted against 1/7" at different heat-
ing rate according to Eq.(7) and linear regression was
used to determine the mechanism, and values of £ and
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3 EXPERIMENTAL METHODS
3.1 Synthesis of nano-sized CaCOj; particles

Nano-sized CaCQOj was prepared by reactive pre-
cipitation between Ca(OH)2 and CO; in a rotating
packed-bed (RPB) reactor. Calcium hydroxide was
suspended in aqueous solution and was injected into
the reactor with CO; simultaneously to perform the
precipitation. Ca(OH); was continuously recycled
into the RPB reactor until neutral pH was reached.
This indicates complete conversion of Ca(OH); to
CaCO03. The calcium carbonate was filtered and then
dried at 100°C. Detailed preparation method can be
found in Chen et all'8), The nano-sized CaCQ3 was
characterized by transmission electron microscopy for
particle size analysis and X-ray diffraction for crystal
structure determination.
3.2 Determination of decomposition kinetic
parameters

Thermogravimetric analyzer (Model TASDT2960)
was used to measure the sample mass as a function
of time and temperature to a sensitivity of £107°g
and +0.001°C, respectively. In case of non-isothermal
experiments, the sample was approximately 5mg and
the flow rate of nitrogen gas was 100 ml-min~? at nor-
mal temperature and pressure. Experiments were con-
ducted at heating rates of 5, 10 and 20 K-min™!.

4 RESULTS AND DISCUSSION

The size of CaCOj3 particles produced with the
RPB reactor was estimated to have a mean diameter
of 20 nm and a narrow size distribution using transmis-
sion electron microscopy (TEM). The size and shape
of the nano-sized precipitated CaCQ3 are illustrated
in Fig. 1. The particles measured by X-ray diffraction
is of calcite crystal structure as shown in Fig. 2.

The TGA profile of the non-isothermal decomposi-
tion of nano-sized CaCOj3 particles at different heating
rate is shown in Fig.3. CaCQj began to decompose
into Ca0 and CO; at 640°C when heating rate 3 is

Table 1 Kinetics of heterogeneous solid state reaction(18:17
Mechanism Symbol fla) gla)

diffusion
one-dimensional transport process D, 1/2a~1 a?
two-dimensional (cylinder without volume change). D2 [~ln(l ~a)]! a+(1—a)ln(l-a)
three-dimensional diffusion spherical symmetry
(Jander mech.) D3 1.5(1 -u]§[1 —(l-a)é]"l - (lua)%‘]?
three-dimensional diffusion (Brounshtein-
Ginstling mech. ) D 2/3(1 —a)~ % — 1)1 (1-20/3) ~(1-a)f

one-dimensional R, 1 o
phase boundary movement two-dimensional Rz 2(1 ~ a)t/2 1-(1—-a)t/?

three-dimensional Ra 3(1 - a)?/3 1~ (1—a)l/3
nucleation and nuclei growth n=1 Ay (1—a) ~In(1 -~ a)
{Avrami-Erofeev equ.) n=15 Ais 1.5(1 — a)[—In(1 — a)]§ [-In(1 - a}}§
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Figure 1 TEM photograph of CaCOs particles
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Figure 2 X-Pattern of CaCOs particles

5K-min~!, which is 180°C lower than that reported
for bulk calcite!®). As heating rate increases, the de-
composition temperature increases. It may be mainly
reasoned that for non-isothermal process, solid decom-
position temperature involves not only thermodynam-
ics but also kinetics. The heating rate has an influence
on the kinetic parameters, so that it leads to the differ-
ent decomposition rate at different heating rate under
the same temperature. Consequently it causes differ-
ent TGA curves. The relationship between fraction
decomposed and temperature is plotted in Fig. 4 for
heating rates at 5, 10 and 20 K-min~'. Since the sam-
ple is very little and granularity of nano-sized CaCOg
is very tiny, the heat transport is neglected. It may be
considered that the temperature of the sample is uni-
form. The values of In[g(a)/T?] are plotted against
1/T at different heating rate for various mechanism
models. The linear regression results of Infg(a)/T?]
against 1/T are shown in Table 2.
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Figure 3 TGA curves at different heating rate
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Figure 4 Relation of @ vs. T
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Table 2 Calculating results according to Eq. (7)

Mechanism 8, K-min~! FE, kJ-mol~?! ko, s~ ! r
Dy 5 321.52 2.08 x 10'% 0.9998
10 365.67 1.05 x 1020 0.9994
20 314.91 2.48 x 1017 0.9998
D2 5 357.46 1.37 x 102° 0.9984
10 365.67 1.05 x 1020 0.9994
20 335.09 1.76 x 1018  0.9990
Ds 5 399.79 1.05 x 1022 0.9933
10 420.73 2.93 x 1022 0.9955
20 396.34 9.72 x 1020 0.9940
D4 5 370.93 2.04 x 1020 0.9970
10 383.82 2.46 x 102° 0.9985
20 366.42 2.10 x 10'? 0.9972
Ry 5 153.03 9.24 x 108  0.9998
10 151.00 7.08 x 108 0.9996
20 149.19 5.90 x 108  0.9998
Rz 5 181.56 2.54 x 1019 0.9958
10 188.69 4.26 x 101° 0.9976
20 179.90 1.48 x 1010 0.9961
Rs 5 192.16 7.56 x 10*° 0.9928
10 202.21 1.70 x 10t° 0.9952
20 189.89 4,18 x 101° 0.9961
Ay 5 215.08 5.38 x 1012 0.9739
10 231.71 3.52 x 101*  0.9837
20 136.87 1.79 x 108 0.9916
Ars 5 138.24 2.10 x 108  0.9835
10 149.05 7.28 x 108 0.9873
20 98,52 1.29 x 107 0.9857

In Table 2, it is in evidence that mechanism mod-
els of thermal decomposition of nano-sized CaCO3 ex-
amed in this study can all be linearly fitted. Straight
lines with high correlation coefficient (r) and low stan-
dard deviation were therefore selected to represent the
possible mechanism. The correlation coefficients are
all higher than 0.98 disregard the mechanism model
chosen, which elucidate that the Coats and Redfern’s
equation is insensitive to the mechanism models stud-
ied.

Alternatively, many studies have employed refer-
ence theoretical curves namely “master plots”(20 to
evaluate experimental data. Should the profile of a
given set of experimental data be compatible with the
master plot, the mechanism model is suitable. The
master plot in this sense is a characteristic curve in-
dependent of experimental condition. The function
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can be defined as follows
z(a) = f(@) - g(a) (8)

If the heating rate is 8 and Eq.(4) can be inte-
grated, Eq. (9) is obtained as below(1?]

koE _, [w(z) :

= 0 e [T 9
s(a) = oo [ 1] ©)

where

z® + 1822 + 88z + 96
= 10
"®) = o T 102 12t 510 (0
and

z=E/RT (11)

In this study, the fourth rational expression of
Senum and Yangl?!l is adopted to give errors lower
than 10~7 for # = 20. Thus from Eq.(4), following
equation can be obtained

fla) = %o df (12)
Combining Eq. (9) and (12), we can be obtain
z(a) = (da/dT)n(z)T (13)

The master plots refer to the theoretical curves
corresponding to Eq.(8), and the experimental data
transformed using Eq. (13) are shown in Fig. 5. Com-
paring the master curves with the experimental curves
for various mechanism models at different heating
rates in Fig. 5, the reaction that follows either R; or
D, mechanism is in good agreement with the non-
isothermal experimental data.

The apparent activation energy of bulk calcite was
reported to be 205kJ-mol=1122) and 210kJ-mol~12%],
The apparent activation energy (E) of nano-sized
CaCOj; in terms of mechanism D; was found in the
range of 314.91—321.52kJ-mol~! as indicated in Ta-
ble 2. These values are 1.5 times that of normal cal-
cite, which is theoretically incorrect. This is because
that the imbalance of atomic coordinate bond and the
higher surface energy of nano-sized calcium carbonate
will make the surface atoms too active to be stabilized,
so that lower activation energy is required. Criado and
Ortegal'¥lalso noticed that small particles would cause
the activation energy to decrease. The higher activa-
tion energy discovered with mechanism D; therefore
nullifies the mechanism of one-dimensional diffusion
parabolic law (D, ) for thermal decomposition of nano-
sized calcium carbonate. On the other hand, the lower
activation energy determined by mechanism R; in the
range of 149.19—153.03 kJ-mol~! supports the mech-
anism of one-dimensional phase boundary movement
(R1).
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Figure 5 Master curves z(a) vs. experimental curves
at different heating rate
experimental values: O —R;; A—Dy

According to the kinetic compensation law, the
values of £ and ko decrease with increase of § in
the non-isothermal decomposition?4). This is also ob-
served with R; in Table 2. The mechanism R; is fur-
ther shown to be consistent with the kinetic compen-
sation law (lgko = aF + b), where a straight line is
obtained as illustrated in Fig. 6.

The pre-exponential factors can serve as an ac-
cessorial criterion. According to the ionic vibration
frequency('®), the value of pre-exponential factor of
thermal decomposition may be in the vange of a few
orders of magnitude around 10%s~!. The values of the
pre-exponential factor kg is in the order of magnitude
10°s~! when the experimental data are evaluated by
mechanism R;.

From these experimental results we conclude that
the thermal decomposition of the nano-sized calcium
carbonate falls in the mechanism of one-dimensional
(zero order) phase boundary movement (R;) with E of
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151 kJ-mol™! and pre-exponential factor in the order
of 10%s~ L.

751
En?o o
65
6-0 i 1 i 1 I L Fa—
149 150 151 152 153
E, kJ-mol™

Figure 6 The plot of Igks and E

5 CONCLUSIONS

The thermal behavior and mechanism of nano-
sized CaCOj3 particles with mean diameter of 20nm
and narrow size distribution were studied using master
plot, Coats and Redfern’s equation and kinetic com-
pensation law. The study shows that:

(1) Coats and Redfern’s equation is an effective
method to discriminate reaction mechanism of normal
calcium carbonate or others solids, but it is difficult
to determine a suitable mechanism for the thermal
decomposition of nano-sized calcium carbonate.

(2) The nano-sized calcium carbonate decomposed
at 640°C, which is 180°C lower than that of normal cal-
cite. The reason is that higher surface energy of nano-
sized calcium carbonate makes the surface atoms too
active to be stabilized.

(3) The thermal decomposition of nano-sized cal-
cium carbonate is in line with the one-dimensional
phase boundary movement (R;). The apparent ac-
tivation energy of nano-sized calcium carbonate is
found to be 151kJ-mol~!, which is 50 kJ-mol~! lower
than that of calcite. The order of magnitude of pre-
exponential factor is estimated to be 10%s™!.

NOMENCLATURE
a, b constants
E apparent activation energy, J-mol~!
f(a), g(a) functions depending on the process mechanism
k rate constant
ko pre-exponential factor, min—!
n modeling parameter of Avrami-Erofeev equ.
R gas constant, Jumol—*.K—1
T absolute temperature, K
t time, min
z(a) characteristic curve
o fraction decomposed
8 heating rate, K-min—!
r correlation coefficient
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