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Abstract 

The X-ray diffraction method was used to determine the content of aragonite and calcite 
in samples of precipitated calcium carbonate synthesized in the laboratory. The transforma- 
tion of the aragonite modification present into the stable calcite structure was traced by 
means of DSC analysis. All the samples were analysed by DSC under non-isothermal 
conditions in the temperature range 624-772 K at heating rates of 5, 10, 1.5, 20 and 2.5 K 
min-‘. A mathematical analysis of experimental DSC curves defined the mechanism and 
the kinetics of the phase transformation of aragonite into calcite. The kinetic curves 
(Y = f(t) and (Y = f(T) are sigmoidal in shape, and their inflection points and the u, point 
of the curves u = f(t) and u = f(T) are interrelated and are defined by the concept of a 
stationary point. 

The kinetic curves indicate that u, corresponds to (dH/dt), of the endothermal peak 
of transformation of aragonite into calcite, which is characteristic of a topochemical 
reaction. 

INTRODUCTION 

It is known that anhydrous calcium carbonate occurs in three crystal 
modifications: calcite, aragonite and vaterite. By varying the conditions of 
preparation, all three polymorphic modifications can be obtained selec- 
tively in comparatively pure states [l-6]. 

Aragonite and vaterite are metastable modifications which transform 
into the more stable calcite when heated [6-91. Because each modification 
has a certain energy content, when one crystal modification transforms into 
another, a quantity of energy, equal to the difference between the energy 
contents of the two modifications, is released or captured. 

In this research, the phase transformation of aragonite into calcite was 
followed by means of differential scanning calorimetry (DSC). 
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EXPERIMENTAL 

‘lko samples were prepared in the laboratory: sample A by precipitation 
of calcium carbonate from calcium nitrate and sodium carbonate solutions 
[l], and sample B by homogeneous precipitation of calcium carbonate from 
trichloroacetate medium [2]. 

Sample analysis 

Chemical and mineralogical analysis 
The calcium concentration was determined by complexometric titration 

at pH 12 with calcein indicator. The percentage of CaCO, was then 
calculated. 

Qualitative and quantitative phase analysis of the samples was carried 
out in a Philips X-ray diffractometer with the following operating condi- 
tions: Cu Ka radiation was used, the scanning speed was 1 deg min-‘, the 
reduction factor RF was 400, and the time constant TC was 4. 

DSC analysis 
The DSC analysis was carried out under dynamic non-isothermal condi- 

tions and in a flow of extra-pure nitrogen in a Perkin-Elmer DSC-4 
differential scanning calorimeter. The operating conditions were: tempera- 
ture range, 623-773 K, heating rates, 5, 10, 15, 20 and 25 K min-r; cooling 
rate, 593 K min-‘; and flow rate of extra-pure nitrogen, 30 ml min-‘. 

The choice of the upper temperature limit of 773 K was influenced by 
the characteristics of the apparatus. 

RESULTS AND DISCUSSION 

Mineralogical analysis of samples 

Based on X-ray patterns (Fig. 1) and the CaCO, content of the samples, 
the quantitative analysis (the matrix-flushing method according to Chung 
[IO]> determined the amount of aragonite and calcite for the most intense 
diffraction lines of aragonite (d,,, = 0.340) and calcite (d,,, = 0.303). Table 
1 presents the results of the analysis. 

Differential scanning calorimetry 

The phase transformation of aragonite into calcite is an endothermal 
process 

Ahea’C+AH 

which can be seen in the DSC curves (Figs. 2 and 3) by the presence of an 
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Fig. 1. X-ray patterns for samples A and B. 

TABLE 1 

Results of the chemical and mineralogical anaiysis of the samples 

Sample CaCO, Aragonite Calcite 
(%I (%I (%I 

A 95.61 95 5 
B 97.20 100 0 

663 663 723 
71 KI 

-743- 

Fig. 2. DSC curves for sample A. Heating rates: curve a, 5 K minef; curve b, 10 K min-‘; 
curve c, 15 K min-‘; curve d, 20 K min-‘; curve e, 25 K min-‘. 
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Fig. 3. DSC curves for sample B. Curves as for Fig. 2. 

endothermal peak in the temperature range 683-772 K. 
When the heating rate is increased from 5 to 25 K min-‘, the endother- 

mal peak increases, and its maximum shifts towards higher temperatures. 
With sample B, these effects do not end in the operating temperature 
range. 

Mathematical elaboration of the DSC curves 

The DSC curves were elaborated mathematically in order to determine 
the mechanism and the kinetics of the phase transformation of aragonite 
into calcite by means of methods using a number of experimental kinetic 
curves and the stationary point theory [ll]. The degree of transformation (Y 
is determined from the ratio of change of enthalpy AHpartial in time t and 
the change of total enthalpy AHtotal 

A Hpartial 

a = AfLal 
(1) 

i.e. by determining the partial and total surface of the DSC curve. 
The phase transformation rate v is expressed as a differential change 

dcu 

‘= dt i 1 
- 

(2) 

and represents a function of (Y and time t 1121. Figures 4 and 5 show 
graphically the dependence of the calculated values of (Y on temperature 
and time for sample A. It can be seen that the curves (Y =f(t> and 
(Y =f(T) are sigmoidal in shape for different heating rates (Figs. 4 and 5). 
With non-isothermal curves cy =f(t>, the degree of transformation (Y is 
zero at zero time (the beginning of change), which would indicate that this 
process is not characterized by an induction period. 
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Time,tls) 
Fig. 4. Plots of degree of transformation versus time for sample A. Curves as for Fig. 2. 

Figures 6 and 7 show graphically the dependence of transformation rate 
on time and temperature for sample A. It can be seen that when the 
heating rate decreases, the maximum rate U, shifts towards longer times, 
i.e. the maximum rate is obtained in shorter periods when heating rates are 
higher. 

Curves of the dependences (Y =f(t, T) and u =f(t, T) for sample B 
show similar shapes to those for sample A. Application of these depen- 
dences in further mathematical analyses, i.e. the calculation of kinetic 

Tempemture,T II0 

Fig. 5. Plots of degree of transformation versus temperature for sample A. Curves as for 
Fig. 2. 
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Fig. 6. Plots of transformation rate versus time for sample A. Curves as for Fig. 2. 

parameters, was restricted to methods using the heating rate q, tempera- 
ture T, and time t, at which the maximum transformation rate U, is 
achieved, that is, those parameters which can be determined exactly 
enough, even though the endothermal effects do not end in the operating 
temperature range. The degree of transformation CX, and therefore its 
differential change, were not calculated precisely, because the change in 
total enthalpy A Htotal could not be determined. 

The activation energy was calculated for samples A and B by means of 
several methods of non-isothermal kinetics derived from the stationary 

Tempemture,T(K) 

Fig. 7. Plots of transformation rate versus temperature for sample A. Curves as for Fig. 2. 
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point theory [11] 
the Antic-Colovic method 

d In U, E 
-- 

d(l/T,) = R 

the Kissinger method 

d ln(a’%f) E -- 
d(l,‘T,) = R 

the modified Kissinger method 

d ln(q/T,) E -- 
d~l/~*~ = R 

the Ozawa method 

d In q E 
-- 

d(l,‘~,) = R 

(3) 

(4) 

where E is the activation energy (J mol-‘1, R the gas constant (J mol-’ 
K-‘1, q the linear heating rate (K s-r>, U, the maximum transformation 
rate, and T, and t, the temperature and time at which U, is achieved. 

The slopes of the straight lines drawn by a least-squares method (ob- 
tained by plotting In urn, In(q/Td), ln(q/T,) and In 4 versus l/T,) deter- 
mine the values of activation energy. 

Because the kinetic curves cy =f<t> and a =f(T) are sigmoidal in shape, 
and because the curves LY =f(tred) overlap for different heating rates (Fig. 
S>, the modified Kazeev-Erofeev equation [ll] (eqn. (711, can be used to 
determine the me-exponential factor k, of the Arrhenius equation and the 
kinetic parameter n by the least-squares method 

E 
- = In k, - ln[ -ln(l - LY,)] + zz In t, 
RGl 

(7) 

where LY, is the degree of transformation in the stationary point, i.e. at the 
moment of achieving the m~imum reaction rate. 

Table 2 compares the calculated values for activation energy and kinetic 
parameters of the phase transformation of aragonite into calcite for sam- 
ples A and B. Table 2 shows that activation energy values calculated by 
means of eqns. (4)-t@ show good correspondence, while the activation 
energy calculated by means of eqn. (3) is significantly lower; therefore this 
value was not taken into account when determining the average activation 
energy. It can also be seen that sample B, consisting of pure aragonite, has 
a somewhat higher activation energy than sample A which contains 95% 
aragonite and 5% calcite. This may be due to the different methods of 
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Fig. 8. Affine transformed curves for the phase transformation of aragonite into calcite. 
Heating rates: o, 5 K min-‘; 0, 10 K min-‘; A, 15 K min-” A, 20 K min-‘; 0, 25 K 
min-‘. tred = ti /t,, where ti is the current time and t, the final time of the reaction 
development under non-isothermal conditions for the corresponding heating rate. 

sample preparation, as well as to the presence of calcite in sample A which 
favours the phase transformation of aragonite into calcite [2]. 

CONCLUSIONS 

A characteristic endothermal peak of the phase transformation A + C 
occurs in the temperature range 683-772 K. If the heating rate is increased 
from 5 K min-‘, the endothermal peak increases, and its maximum shifts 
towards higher temperatures, so that these effects do not end in the 
operating temperature range for sample B. 

An analysis of the kinetic curves (Y = f< t) and (Y =f< T) shows that they 
are sigmoidal in shape. With curves (Y =f(t>, if the heating rate increases, 
the time needed to achieve the same degree of transformation (Y becomes 
shorter; with curves (Y =f(T), the same degree of transformation is ob- 
tained at lower temperatures, if the heating rate is lower. 

The kinetic curves show that U, corresponds to (dH/dt), of the 
endothermal peak, which characterizes topochemical reactions. The maxi- 
mum transformation rate is obtained in a shorter period at higher heating 
rates. 

With curves u =f(T), it can be seen that when the heating rate in- 
creases, the maximum transformation rate increases and shifts towards 
higher temperatures. 

The activation energy values for the phase transformation, calculated for 
samples A and B by means of several methods of non-isothermal kinetics 
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derived from the stationary point theory, show good correspondence. The 
activation energy values for sample A, consisting of 95% aragonite and 5% 
calcite, are somewhat lower, which may be explained by the presence of the 
calcite modification which favours the phase transformation of aragonite 
into calcite. 
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