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Abstract 

Second-order orthogonal experimental design has been used to examine the effect of mechan- 
ical activation, mass sample, heating rate and molar fraction of carbon dioxide in the environ- 
mental atmosphere on the thermal decomposition of calcite. 

The mathematical model of the activation energy (E,) for various mechanisms was examined 
by the Coats-Redfern equation using the best-fit procedure and the method of the shape of the 
TG/DTG curves. The best-fit procedure gave the second-order reaction mechanism (F2) as the 
predominant mechanism while the shape method gave the contacting area geometrical mech- 
anism (R2) and the two-dimensional diffusion mechanism (D2) as the predominant mechanisms. 

The mathematical models for the change of enthalpy (AH) and the temperature of the 
maximum rate of decomposition (Tin,x) were found, but unfortunately only the T~,x model was of 
significance. 

Keywords: Activation energy; Calcite; Decomposition; Experimental design 

1. Introduction 

In the last twenty years many thermoanalytical techniques have been widely used for 
the study of the thermal decomposition of solids and the understanding of the 
mechanisms which control these processes. Several techniques have been used to 
analyse the thermogravimetric curves, the most common being the Coats-Redfern 
method [1]. The overall kinetics of the thermal decomposition of solids is largely 
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affected by procedural variables, i.e. external factors such as heating rate, particle size, 
sample weight, linear velocity of purge gas, and the pressure and composition of the 
atmosphere. Internal factors also have an effect on the decomposition process. The 
most important ones are the energy of the substrates and products, the lattice defects, 
the mobility of crystal lattice elements and the induced energy from size reduction 
processes (mechanical activation). The latter can also represent an external factor, i.e. 
the time of mechanical activation, and the charge and environment of grinding. It is 
also very important to find a way of interpreting research data by a mathematical 
model which can represent the effect on the internal and external factors. The statistical 
design of experiments is a relevant technique which according to Murphy [2] has four 
benefits: (a) it can give more information per experiment than unplanned approaches, 
(b) an organized approach toward the collection and analysis of information, (c) an 
assessment of information reliability in the light of experimental and analytical varia- 
tions and (d) the capability of recognising interactions among experimental variables. 
The thermal decompositions of calcite and calcium carbonate have been studied by 
numerous authors under isothermal [3 7] and non-isothermal [3,7 14] conditions 
and by constant rate thermal analysis [ 15]. The combination of various experimental 
conditions has led to a very large range of kinetic parameter values. 

In this paper, we report the effect of sample size, heating rate, partial pressure of 
carbon dioxide, and time of mechanical activation on the thermal decomposition of 
calcite, using a full second-order statistical experimental design, which usually provides 
a good approximation of the true behaviour of a given system. 

2. Experimental and results 

A natural calcite, from the Epirus (Greece) area, was crushed to under 5001am 
particle size using a jaw crusher; 10 g of crushed calcite with 5 ml water were transferred 
into a 250ml capacity stainless-steel cylindrical bowl with 50 stainless steel balls of 
10mm diameter and ground using a Fritzch pulverisette 5 planetary mill for the 
necessary times (Table 1, factor z 1). 

Thermal analysis of ground calcite was carried out using a Chyo-TRDA3H derivato- 
graph with simultaneous recording of temperature (T), thermogravimetry (TG), differ- 
ential thermogravimetry (DTG) and differential thermal analysis (DTA). All the 
analyses used ct-Al20 3 as a blank and the other variables were mass sample, heating 
rate and carbon dioxide molar fraction in its mixture with nitrogen (Table 1, factors z 2, 
z 3 and z¢ respectively). The flow rate of C O 2 / N  2 mixtures for all the runs was 
150 ml min-1 at atmospheric pressure. Tables 1 and 2 show the experimental condi- 
tions which reflect a statistical experimental design. 

2.1. Experimental design 

We used a second-order orthogonal factorial experimetal design E2, 16] to obtain the 
geometrical portrait of response surfaces for the activation energy (Ea) , the change of 
enthalpy (A H) and the temperature at maximum rate decomposition (Tm, x) by means 
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Table 1 
The principal level and incremental changes in the factors 

131 

Factor Mechanical Mass/g Heating 
activation rate/(oc min I) 
time/min 

Molar 
fraction of 
CO/  

Natural scale/ zl /x  1 z2/x 2 Za/X a 
dimensionless 
coordinate" 

Basic level 90/0 100/0 5.93/0 
Unit  30/1 50/1 2.96/1 
Upper level 120/+ 1 150/+ 1 8.9/+ 1 
Lower level 6 0 / -  I 50/ 1 2 .97 / -  1 
Star arm 

Upper level a 132.4/ 160/ 
+ 1.414 + 1.414 

Lower level a 47 .6 / -  1.414 4 0 / -  1.414 

24/X 4 

0.5/0 
0.2/1 
0.7/+ 1 
0 .3 / -  1 

10.11/ 0.78/ 
+ 1.414 + 1.414 
1.74/-- 1.414 0 .22 / -  1.414 

0 a X i = (Zi -- Z i )/A z i. 

of  the es t imated  regress ion e q u a t i o n  

n n '  n 

,f = bo + 2 bix, + Z buxi xj + 2 bu X/2 n '  = n ( r / - -  1)/2 (1) 
1 1 1 

where b o, b i, b, ,  and  b u are the free term, l inear  term, quadra t i c  term and in terac t ion  
term coefficients, i :/:j. The  coefficients were ca lcula ted  from the equa t ion  

N 

Z xijYu 

b i j -  1 u 

2 
1 

(2) 

The significance of the coefficients was tested on the basis of the Student  t- test  for 
a level o f p  = 0.05 or  95% confidence and an e r ror  mean  square  (S 2) which was found 
from three repea ted  observa t ions  (B 1, B 2 and  B 3, see Table  4, below) at the centre po in t  
of the design (37 °) (here, for f = 3 - 1 = 2 degrees of  freedom, t = 4.30) 

3 
E(yO _ ; o ) 2  

Se ~ -- (3) 
2 

T o  test the es t imated  mode l ,  i.e. the e q u a t i o n  after e l imina t ing  ins igni f icant  coeffi-  
c ients ,  we used Fisher's var iance  ratio (F-test) 

F = s ? / s d  (4) 
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whe re  S 2 is the  res idua l  m e a n  s q u a r e  

N 

S 2 _ x N - -  I (5) 

whe re  l is the  n u m b e r  of  s igni f icant  coefficients.  

T a b l e  1 shows  the  cen t re  p o i n t  of  des ign  o r  bas ic  level (z °, z °, z ° and  z °, z ° = 

(Zimax + Zimin)/2), the  c h a n g e  in te rva l  o r  uni t  on  the  axis (A zl ,  A z 2, A z 3 a n d  A z4, A z ° = 

(Zimax + Zimin)/2 ), the  u p p e r  a n d  l ower  levels  (Zimax and  Zimi, ) and  also the  def in i t ion  of  
the  factors .  T a b l e  2 shows  the  m a t r i x  of  a s e c o n d - o r d e r  o r t h o g o n a l  des ign  for  k -- 4. 

T h e  n u m b e r  of  e x p e r i m e n t s  was  25 and  the  s tar  a r m  was 1.414. 

2.2. Kinet ic  analysis 

T h e  k ine t i c  ana lyses  of  the  t h e r m a l  d e c o m p o s i t i o n  o f  ca lc i te  was  s tud ied  us ing  the  

mod i f i ed  C o a t s - R e d f e r n  m e t h o d ,  based  on  Eq. (1), for  v a r i o u s  m e c h a n i s m s  [17]  as 

l is ted in T a b l e  3 

E a R r (6) 

whe re  g(~) ( some a u t h o r s  use the  s y m b o l  f (c0)  is the  in tegra l  of  the  inverse  func t i on  

which  desc r ibes  the  d e p e n d e n c e  o f d e / d  t on  c~, :~ is the  r eac ted  m o l a r  f rac t ion ,  t the  t ime,  

Table 3 
Classification of solid-state rate expressions 

Symbol g(ct) 

Acceleratory ~ time curves 
Pn Power law (n = 1,2, 3, 4) ~l/. 

Sigmoid ~ time curves 
An Avrami-Erofe'ev [ ln(l - ~)]t,,. 

(Random nucleation n = 2, 3, 4) 
Deceleration 2 time curves based on geometrical models 
R2 Contracting area 1 (1 ~)1,,2 
R3 Contracting volume 1 - (1  7)1:3 

Deceleration or-time curves based on diffusion mechanisms 
D 1 One-dimensional ~2 
D2 Two-dimensional (1 - ~)ln(1 - ~) + ct 
D3 Three-dimensional, spherical symmetry; [1 - (1 - ct)l/3] 2 

Jander equation 
D4 Three-dimensional, spherical symmetry; (1 - 2ct/3)-(1 ct) 2/3 

Ginstling Brounshtein equation 

Deceleration s-time curves based on order of reaction 
F 1 First order 
F2 Second order 

- I n ( 1  - ~ )  

l / ( l  - ~ )  
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T the temperature, Z the pre-exponential factor, R the gas constant, E a the activation 
energy, and/~ the heating rate. When ln(9(~)/T 2) is plotted against 1/T, straight lines 
can be drawn by the method of least squares, from which Ea, Z and the correlation 
coefficient are calculated. For each mechanism, the mean value of the correlation 
coefficients of all runs is accepted as the mean correlation coefficient (rm). The random 
nucleation mechanism (A2, A3, A4) which yields the highest correlation coefficients is 
accepted as the predominant nucleation mechanism. Another way to choose the 
predominant mechanism for each run, according to Dollimore and coworkers [ 13, 17 
19], is the shape of the T G / D T G  curves. From (Fig. 1) the decomposed fraction at 
maximum rate decomposition (C~max), the DTG peak width at half height or half width 
(HiT-LoT), and the initial or onset temperature (T~) and final temperature (Tf) of TG  
curve, we found the predominant mechanism according to Fig. 2. 
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Fig. 1. TG,  D T G  and  D T A  curves  of calcite using basic level condi t ions  (see Table  1), and  the schemat ic  
representa t ion of the de te rmina t ion  of 0~ma x and  the half  width of the D T G  peak. 
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I 
Experimental TG/DTG Curve I 

* amax , + half width, d diffuse, s sharp I 
1 

IF1, ,~, A3, A4, D3, R3 I 
I 

Ti(d) J Ti(s) Ti(d) (24- 0)* 

I ' ~  <--(14-32), 

~-(12-22)~- 

~- (<10) ~- 

I 

-->(30-70)--> 

->(20-42)-~ [ ' ~  

Fig. 2. Flow chart showing procedures in recognising the kinetic equations [17]. 
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Fig. 3. The response surface of the F2 model for activation energy ( y axis). The effect of activation time (z~, 
a axis) and mass sample (z z, b axis) at a heating rate of 5.93°C min - t and CO 2 molar fraction 0.5. 
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The change of enthalpy for the calcite decomposition was determined from the peak 
area of the DTA curves by the equation 

KsA 
A H - (7) 

where K is the derivatograph constant, s is the used sensitivity for the DTA measure- 
ments, A the peak area and m the mass of the sample. 

3. Discussion 

The highest mean correlation coefficients of the activation energy models for 
different mechanism (Table 4) are those of the second-order reaction model (F2) 
(r m = 0.9950). From Table 5, the F-test indicates that only the F2 mechanism model is 
significant at 95% confidence. The shape method gave a relatively low value of the 

600 

400 

200 
15 

10 
5 

50~..x. " . . . .  
161) " ~  . 

Fig. 4. The response surface of the F2 model for activation energy (y axis). The effect of activation time (zl, 
a axis ) and heating rate (z3, c axis) with a sample mass  of 100mg and CO 2 molar  fraction 0.5. 
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correlation coefficient (r  m = 0.9737) and an unexpected insignificance by the F-test. Our 
individual experiments on calcite decomposition without mechanical activation 
showed a good agreement between these two methods [20]. So the predominant 
mechanism for calcite decomposition under these conditions is the second-order 
reaction. The shape of the T G / D T G  curves gave the predominant mechanism as R2 for 
13 runs and D2 for 8 runs. Dollimore et al. [13] found that at a heating rate of 
10°C min -  1, the predominant mechanisms of limestone decomposition, as predicted 
by the shape method, were R3 and D3. Under isothermal conditions, Maciejewski and 
Reller [7] found that in carbon dioxide atmosphere the mechanisms were F1 and A2, 
while in nitrogen atmosphere it was P1. A change in the decomposition mechanism 
following mechanical activation has also been observed for magnesite [21] and calcite 
[22]. 

The F2 mechanism model (Table 5) predicts that all the linear terms are significant. 
The significant quadratic terms are those of the mass of sample (b 2), the rate of heating 
(b 3) and the molar fraction of CO 2 (b4), while the significant interaction terms a r e  b 2 b 3 
and b 2 b 4. The influence of the activation time (z I ) on the activation energy is linear, as 
only the linear term is significant. The same linear influence is also apparent in Figs. 3-5 
where the parallels at the activation time axis of the third response-surface illustration 
of model F2 are straight lines. Generally the activation energy is increased with 
decreasing activation time. The influence of three other factors on the activation energy 
is illustrated with a parabolic shape. Figs. 3, 6 and 7 show that the influence of sample 

ldO0 

800 

600 

i ¸! IZil . . . . . .  ....... % £  ..... 

Fig. 5. The response surface of the F2 model for activation energy ( y axis). The effect of activation time (z~, 
a axis) and CO z molar fraction (z4, z axis) with a sample mass of 100 mg and a heating rate of 5.93°C rain 1 
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Fig. 6. The  response  sur face  of  the F2  mode l  for  ac t i va t ion  ene rgy  ( y axis). The  effect of  s a m p l e  m a s s  (z 2, 

b axis) a n d  h e a t i n g  ra te  (z 3, c axis) a t  a n  ac t i va t ion  t ime of  9 0 m i n  a n d  C O  2 m o l a r  f rac t ion  0.5. 
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Fig.  7. T h e  r e sponse  sur face  o f  the  F2  m o d e l  for  ac t i va t ion  ene rgy  ( y axis). T h e  effect of  s amp le  m a s s  (z 2, 
b axis) a n d  C O  z m o l a r  f rac t ion  (z 4, z axis) a t  a n  ac t i va t ion  t ime of  90 min  a n d  a h e a t i n g  ra te  o f  5 .93°C min  - 1. 
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mass on activation energy indicates a minimum of about 170mg. Gallagher and 
Johnson [3] found that between about 1 and 17mg, the activation energy of calcite 
decomposition decreased with increasing mass sample. The same effect is observed on 
the decomposition activation energy of CaC204"H20 [23], [Cu(en)2(H20)2]C20 4 
[24] and NH4NO 31-25]. The influence of the heating rate on the activation energy is 
the same as sample mass (Figs. 4,6 and 8), with a minimum of about 10°C min 1. 
Ninan and coworkers [23, 24] found that if the heating rate is increased, the decompo- 
sition activation energy is decreased. The inverse behaviour is shown in Figs. 5, 7 and 
8 for the carbon dioxide molar fraction, with a maximum value of about 0.75. The 
negative signs of the b 2 b 4 coefficient term indicate an antagonistic influence between 
the z 2 and z 4 factors. Figs. 7 and 8 illustrate this antagonistic interaction by saddle 
response-surfaces, Surprisingly high values o fE  a and Tma x were obtained in all the runs, 
explained by the effect of the CO 2. High values up to 900 kcal mol - 1 have been found 
by others [9, 10]. In Fig. 6, for pure nitrogen atmosphere (molar fraction of CO 2, zero) 
and without mechanical activation (activation time, zero), the activation energy is 
about 200 kcal mol 1 which is approx, four times more than the literature values. This 
could be explained by the chosen predominant mechanism. Under those conditions, 
the probable predominant mechanism, according to Ref. [7], was the P1 mechanism, 
for which (see Table 4) the values of E a a r e  about a quarter of those of the F2 
mechanism. 

Fig. 8. The response surface of the F2 model for activation energy (y axis). The effect of heating rate (z3, 
c axis) and CO 2 molar fraction (z4, z axis) at an activation time of 90min and a sample mass of 100 mg. 
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The A H model, as predicted by the F-test (Table 5), was not significant at the 95% 
confidence level. 

The Tma x model was significant at the 95% confidence level and indicated that the 
significant terms were those of the F2 mechanism model plus the b 1 b2, bl b3, b 1 b 4 and 
b3b 4 interaction terms. The CO 2 molar fraction (z4) action was antagonistic to the 
other parameters, and the activation time (z I ) with the mass sample (z 2). The effects of 
the individual z 2, z 3 and z 4 parameters were not antagonistic, i.e. by increasing each one 
of these, the peak temperature of the DTG curves of the calcite decomposition 
increased [3, 12]. This change in behaviour could be attributed to the influence of the 
mechanical activation. 

4. Conclusion 

The effect of the procedural variables, i.e. mass sample, heating rate and molar 
fraction of carbon dioxide, on the activation energy and the temperature of the 
maximum rate of decomposition, as indicated by the second-order factorial experi- 
ment, was illustrated by a parabolic shape, while the effect of the mechanical activation 
time was linear. In particular, for the activation energy, the mass sample and the 
heating rate showed parabola with response surfaces opening upwards, while the CO 2 
molar fraction parabola showed downward response surfaces. Accordingly, the results 
of the best-fit method for various mechanisms for the Coats-Redfern equation and 
statistical control by the F-test suggested that the predominant mechanism is the 
second-order reaction (F2). Therefore, the experimental design was a useful means 
under complex conditions to choose and explain the predominant mechanism of the 
decomposition of solids. 
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