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Abstract 

In the present study, the kinetic parameters of the thermal decomposition of ulexite were in- 
vestigated by using TGA data. For the kinetic analysis, the Suzuki and Coats-Redfern methods 
were applied. It was determined that the process fits a first-order kinetic model, and the value of 
the activation energies and frequency factors decreased with decreasing panicle size, which can 
be attributed to the increasing particle internal resistance to the escape of water as the grain size 
increases. The activation energy values were found to be 47.34--60.01 kJ mo1-1 for region I and 
0.225-1.796 kJ mo1-1 for region II for the range of panicle size fraction used. The frequency 
factors were calculated to be 9821.8-524.9 s -l for region I and 3.05• -s for re- 
gion II for the same conditions. 

Keywords: dehydration, dehydration kinetics, thermal decomposition, thermogravimetry, 
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Introduction 

Most of  the world's commercially recoverable boron reserves are in the form hy- 
drated borate minerals, such as ulexite, pandermite, tincal and colemanite. An im- 
portant extent of  the world's ulexite reserves, together with colemanite and other 
boron minerals, was discovered in the Bigadi~ region in Turkey. It is estimated that 
about 54% of the world's known boron reserves are in Turkey which has a substan- 
tial boron extraction industry [1-4].  Ulexite, a hydrated calcium-sodium borate 
with the chemical formula Na20.2CaO.5B2Oyl6H20, is a commercial ly important 
boron mineral. At present, it is commonly used in the production of fire-resistant 
chemical substances, insulators and fiberglass [3]. When substances containing hy- 
drate water are heated to a certain temperature, they lose mass by giving off HzO, 
a process called dehydration. Dehydration processes can be used for different tech- 
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nological and economical purposes; to decrease the mass of a material in order to 
reduce transportation costs if it includes hydrated water in large amounts, or it can 
be a necessary stage of a chemical process. The purpose of applying thermal dehy- 
dration to ulexite is to obtain a high rate of extraction of boric acid with acidic so- 
lutions from the dehydrated mineral. 

To predict and understand an industrially important dehydration process, its ki- 
netic must be known. In recent years, procedures have been introduced into almost 
all fields of material sciences for the determination of kinetic parameters, utilizing 
non-isothermal TG data. These methods have been applied to obtain experimental 
thermogravimetric data on materials and kinetic parameters of reactions, The mass 
change of a material heated at a constant heating rate is recorded continuously, and 
these thermogravimetric data are then interpreted with the use of different ap- 
proaches, such as the Suzuki method [5], the Coats-Redfern method [6], Doyle's 
approximation and McCarty's approximation [7]. 

The thermal dehydration of ulexite has been studied by various investigators 
[8-12], but studies on the dehydration kinetics from the thermogravimetric data are 
scarce. Therefore, the aim of this work was to investigate the dehydration kinetics 
Of ulexite by using TG data. For this purpose, DTA and TG curves of an ulexite min- 
eral were obtained for five samples with different particle sizes, and the depend- 
ence of the kinetic parameters on the particle size was investigated by employing 
two different kinetic models on the basis of the TG curves. 

T h e o r e t i c a l  b a c k r o u n d  

For a kinetic analysis employing thermal decomposition data, various ap- 
proaches have been developed. Two of them, based on TG, explained briefly below, 
were used in the present study. 

Coats -Redfern  m e t h o d  [6] 

For a decomposition reaction of a solid material 

aA s -~ bB s + cC~ (1) 

the decomposition rate of the solid material, A s , can be expressed as 

dx  -- k(1 - x )  n (2 )  
~7 

where x is the conversion fraction, t is time, k is the rate constant and n is the re- 
action order. If the heating rate is expressed as q=dT/dt ,  and the rate constant 
k=koexp(-E/RT) ,  Eq. (2) can be expressed as 

d--T = q (1 - x) n exp (3) 
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where k o is the frequency factor, T is the absolute temperature, E is the activation 
energy and R is the universal gas constant. Integration of Eq. (3) with the boundary 
conditions 0 ~ x  for the conversion fraction and T o ~ T  for the temperature gives the 
following expression: 

I - ( 1 - x ' l - n  ~-~~ i I-~-- ] (1 - n) - exp dT (4) 

The right-hand side of this equation has no exact integral, but the following 
equation can be obtained when the right-hand side of the equation is expanded into 
an asymptotic series and the higher-order terms are ignored: 

T 2 ( 1 - n )  - qE 1 -  exp (for n ~  1) 

where koR/qE is constant for any definite value of n and of heating rate. Assuming 
that 2RT/E <<1, Eq. (5) reduces to 

1 -(1 - x) l-n koR - (~ ]  (6) 
T2(1 -n )  - qE exp ( f o r n r  1) 

For n=  1, the following equation can be obtained from Eq. (3) with the same as- 
sumptions: 

-In(1 - x) koR -I-~-] 
T 2 - qE exp (for n = 1) (7) 

k J 

If the following functions are defined: 

f(x) = 1 - (1 - x) n (n r 1) (8) 
T 2 

f(x) = -In(1 - x) T2 (n = 1) (9) 

the following general equation can be written: 

In ~ (koR'~ = lntq~-] - ( E  ] (10) 

A plot of ln([(x)/T z) vs. 1/T gives a straight line of slope -E/R.  The frequency 
factor can be calculated from the intercept of this straight line. 

Suzuki  me thod  [5] 

In this method, a conversion vs. temperature plot obtained from TG data is used 
to obtain kinetic parameters. The temperature corresponding to 50% conversion, 
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T1/2, and AT, which is the slope of the plot at the point of 50% conversion, are de- 
termined by using this plot. The following function is then defined: 

~ _  AT 2 r 
T1/2 - ~-~q) 

(11) 

where 

cp = 1 - [zeZEl(z)]  

oO 

s r l<,z 
,L z J 

(12a) 

(12b) 

where z = E / R T 1 / 2 .  To calculate the activation energy of the process, ~ is obtained 
from the conversion vs .  temperature plot, and the term q~ is then calculated from 
Eq. (11). For estimation of the value of z, the graph prepared by Suzuki [5] is used. 
The frequency factor is obtained from the following equation: 

ko 2q exp (13) 
AT 

Experimental 

The ulexite used in the present work was obtained from the deposits around Esk- 
isehir-Kirka in Turkey. The composition of the sample was determined by X-ray 
diffraction and analytical analysis (Table 1). Five different particle sizes of the min- 
eral were used in the thermogravimetric experiments. A Shimadzu Model 50 DTA- 
TG system was employed for the DTA and TG measurements. For TG, a given 
amount of the sample was put into a platinum crucible, and its mass loss due to de- 
hydration was recorded at a constant heating rate of 10~ rain -I at a N 2 gas flow 
rate of 0.83 mLs -1. 

Results and discussion 

DTA and TG curves of the mineral are given in Figs la and lb, respectively, for 
the particle size fraction of -2000+1000  ~m. For all particle size fractions, two 
basic endothermic peaks were observed; one of them at 155-165~ and the other, 
larger than the first one, at 185-190~ The size of the peaks decreased as the tem- 
perature was raised. The TG curves showed that the mass loss started in the tem- 
perature range 62-71~ for all particle size fractions. In the DTA experiments, the 
rate the dehydration process was very high in the interval 90-230~ after 230~ 
the process continued at a very low rate up to 530~ at which almost no mass loss 
was observed. Two TG peaks and two DTA regions with different nominal mass 
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Table 1 Chemical  composition of ulexite 

Component Wt % 
CaO 13.67 
B203 42.44 
Na:O 7.24 
H20 35.42 

Impurity 1.23 

loss rates revealed that the dehydration process takes place in two steps. Stoch and 
Waclawska [12] studied the mechanism of thermal decomposition of ulexite and ob- 
served a three-step dehydration process. The difference in step number between 
their work and the present study may result from the difference in heating rates; 
they used heating rates of 10 and 2.5~ min -1, but without mentioning at which 
heating rate they observed three steps. It could have been 2.5~ min -1, which is 
much lower than that used in this study. They recorded the three peaks at tempera- 
tures of 118, 152 and 181~ while in our work the two peaks were observed at 158 
and 189~ i.e. in good agreement with the last two temperatures obtained by Stoch 
and Waclawska. This difference in peak number can be explained by the faster heat- 
ing in our investigation. From the TG experiments, it was observed that the second 
step of the process started at a conversion fraction of approximately 0.74 for all par- 
ticle size fractions used in the investigation, but that the beginning temperature of 
the second step decreased with decreasing particle size, from 240 to 210~ 

The dehydration reaction taking place in the process is given as 

Na20-2CaO.5B2Oy 16HzO 
Na20.2CaO.5B2OynH20 +(16-n)H20 (14) 

where n is the number of moles of water remaining after dehydration. The conver- 
sion fractions were calculated as the ratio of the mass loss at a given temperature to 
the total mass loss at the end of the process. 

The reaction order of the process must first be determined in order to calculate 
the kinetic parameters by the Coats-Redfern method. The reaction order was deter- 
mined as the value giving the best fit to the plot of ln(f(x)/T 2) vs. (l/T) by iteration. 
This was done by increasing the value of the reaction order by a certain interval and 
then testing the fit of the ln(f(x)/T 2) vs. (l/T) plot. For the first region, the results 
for all particle sizes showed that the reaction fitted a first-order kinetic model with 
regression coefficients between 0.9929 and 0.9984. Since the Coats-Redfern 
method is applicable for conversion values from 0.05 to 0.8, and the second step of 
the reaction covers the range from approximately 0.74 to 0.97, i.e. partly out of the 
range of application of this method, taking the reaction in the second stage as of 
first order can be considered an approximation. However, application of the Coats- 
Redfern method confirmed the DTA and TG results, i.e. the process occurred in 
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two steps. The plot of ln(f(x)/T 2) vs. (l/T) includes two regions, due to two differ- 
em types of dehydration behaviour, as seen in the TG curve in Fig. lb, now shown 
in Fig. 3 for the particle size fraction -2000+ 1000 ~tm. Therefore, the Coats-Red- 
fern method was applied to both regions separately. From the slopes of the straight 
lines and Eq. (10), the activation energies and frequency factors for both regions 
were calculated, and are given in Table 2. 

Table 2 Activation energies and frequency factors from Coats-Redfern method 

Region I Region II 

Particle size tim E/kJ mol -l kolS -I EIkJ tool -1 

-2000+ 1000 60.01 9821.8 1.796 

-1000+710 54.50 4105.8 0.709 

-710+600 53.20 3635.8 0.510 

-425 + 300 47.90 818.8 0.333 

-300 + 250 47.34 524.9 0.225 

ko/s-' 
3.05xI0 q 

8.910xi0 -s 

6.900xI0 "s 

4.310xi0 -s 

2.807x I0 -s 
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Fig. 2 Coats-Redfern treatment for ulexite dehydration 

2..50 

To apply the Suzuki method, the plots of conversion fraction vs. temperature 
were constructed, as shown in Fig. 2 for the particle size fraction - 2 0 0 0 +  
1000 ~tm. The values of AT and 7"1/2 obtained from these plots, and the calculated 
values of the activation energies and frequency factors of the process are given in 
Table 3. As seen in Tables 2 and 3, the values of activation energies and frequency 
factors show a general tendency to decrease with decreasing particle size fraction. 
The effect of particle size on the activation energy can be explained by the increas- 
ing diffusional resistance to the escape of water from the particle interior as the par- 
ticle size increases. 

Table 3 Activation energies and frequency factors from Suzuki method 

Particle size T:~/K AT/K E/kJ mo1-1 ko/S -l 

-2000 + 1000 488 69.7 66.7 69338 

-1000+710 468 87.5 53.0 3150 

-710 + 600 465 82.0 53.1 3879 

-425 + 300 464 85.0 50.0 1725 

-300+250 475 97.5 48.2 707 
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Fig. 3 Suzuki treatment for ulexite dehydration 

If a comparison is made between the two methods used in the kinetic analysis, 
it can be seen that there is good agreement between the activation energy values ob- 
tained by the Coats-Redfern method for region I and the Suzuki method. It can be 
said that the values obtained by the Suzuki method represent only region I, where 
the main part of the conversion takes place. It is clear that the Coats-Redfern 
method is more suitable for the processes with more than one region. The Suzuki 
method can be applied to a process with one region, but is not suitable for processes 
with multi-regions. It can also be said that the Suzuki method leads to an overall 
approach, while the Coats-Redfern method gives the facility of a more detailed in- 
vestigation, and therefore the Coats-Redfern results can be said to be more reliable. 
A similar study was performed by Khadikar et al. [13], in which the thermal de- 
composition of thallium(III) citrate was investigated. They observed a three-region 
decomposition process and applied the Coats-Redfern method for estimation of the 
kinetic parameters. 

C o n c l u s i o n s  

In the present study, the kinetic parameters of the thermal decomposition of 
ulexite were investigated by using TG data. It was established that the process fits a 
first-order kinetic model, and the values of the activation energies and frequency 
factors decreased with decreasing particle size, which can be attributed to the in- 
creasing intraparticle resistance to the escape of water. The results of the Coats- 
Redfern method can be said to be more reliable, since the Suzuki method includes 
more hand-fitting procedure. Application of the Coats-Redfern method also con- 
firmed the DTA and TG results that the process consisted of two regions. The acti- 
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vation energy values were found to be 47.34-60.01 kJ tool -1 for region I and 
0.225-1.796 kJ mo1-1 for region II for the range of particle size fraction used. The 
frequency factors were calculated as 9821.8-524.9 s -l for region I and 3.05• 10 -4- 
2.807x 10 -5 for region II for the experimental conditions of the system. 

Explanation of symbols 

Symbol Meaning Unit 

E activation energy kJ mo1-1 
k rate constant s -x 
k o frequency factor s -1 
n reaction order 
q heating rate Ks -1 
R universal gas constant 8314 kJ mol- lK -1 
T temperature K 
x conversion fraction 
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