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Abstract: The decomposition kinetics of Algerian Tamazarte kaolinite (TK) was investigated using thermogravimetric analysis (TG).
Differential thermal analysis (DTA) and TG experiments were carried out between room temperature and 1400 °C, at different
heating rates from 10 to 40 °C/min. The activation energies, measured by DTG from isothermal treatments using
Johnson—Mehl—Avrami (JMA) and Ligero methods and by non-isothermal treatments using Ozawa, Boswell and Kissinger methods,
were around 151 and 144 kJ/mol, respectively. The Avrami parameter of growth morphology (indicating the crystallization mode)
was found to be around 1.57 using non-isothermal treatments; however, when using isothermal treatments it is found to be equal to
1.35. The numerical factor, which depends on the dimensionality of crystal growth, is found to be 1.53 using Matusita equation. The
frequency factor calculated by the isothermal treatment is equal to 1.55x107 s™'. The results show that the bulk nucleation is followed
by three-dimensional growth of metakaolinite with polyhedron-like morphology controlled by diffusion from a constant number of

nuclei.
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1 Introduction

Kaolin is widely used in a diverse applications in
the industry of ceramics: conventional, structural and
refractory ceramics, dielectrics and infrared transmitting
materials [1,2]. Further than ceramics applications,
kaolin also is utilized as an industrial filler agent for
paper, rubber, plastics, cosmetics and paints [1,2]. Also,
kaolin can be utilized for management of waste and
preparation of geopolymers, geopolymer based
composites and zeolites [1,3]. All these applications
contain the thermal transformation of kaolinite and
main mineral phase of kaolin. So, the course of
metakaolinite development from kaolinite has been
proved by some techniques and methods such as
thermogravimetric analysis (TG), differential thermal
analysis (DTA), differential scanning calorimetry (DSC)
and dilatometry [2,3,4,5,6—14].

By using different factors such as the degree of
structural ordering, adsorbed and substituted ions, shape
and particle size, the thermal decomposition of kaolinite
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were determined. Also, the influence of instrumental
conditions on the rate of decomposition is discussed in
many works. In the range of temperature between 450
and 700 °C, the water release of kaolinite and the
formation of the metakaolinite Al,Si,07are well known.
During the thermogravimetric investigation, the
difference between the thermogravimetric mass loss
(between 11.2% and 14.5% [4,5]) and the theoretical
value of 13.95% is commonly reported.

In published works [6—16] the kinetics and
mechanism of thermal decomposition of kaolinite and
general clay mineral give large interesting. A full
spectrum of methods, including molecular spectroscopy
[6,7], electron microscopy [9] and thermal analysis
techniques [8,10—12] were investigated in a massive
process.

The aim of the present work is to study two
corresponding processes during thermal decomposition
of kaolin, such as dehydroxylation of kaolinite and the
mechanism of dehydroxylation. The important kinetic
parameters (overall activation energy and frequency
factor) will be determined on the basis of TG experiments.
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2 Experimental

Raw kaolin of Tamazarte (from Jijel, Algeria) was
used in this investigation. Its chemical composition was
determined by X-ray fluorescence (XRF) as shown in
Table 1. The raw kaolin was milled by planetary ball
with alumina grinding media for 4 h, after that it was
milled by attrition for 2 h using ZrO, balls (diameter of
1.25 mm) at a speed of 700 rev/min. The slurry was dried
at 150 °C, crushed manually then sieved through a
63 um mesh.

Table 1 Chemical composition of raw kaolin (mass fraction, %)

AlLO; SiO, Na,O P,05 SO,

33.00 61.73 0.14 0.03 0.03
K,O MgO CaO Fe,04
2.96 0.44 0.44 0.80

Thermal analysis (DTA/TG) at the same time was
carried out on a Setaram LABSYS Evo TG-DSC
1600 °C equipment, operated under Argon atmosphere.
The samples were heated from room temperature up to
1400 °C at heating rates of 10 to 40 °C/min. The phases
and their transformations were characterized by
diffractometer system (XPERT-Pro) with a scan step of
0.0167° (Cu K, radiation and a Ni filter) operated at
40 kV and 40 mA. The morphology of powders was
characterized by a JEOL scanning electron microscope
(SEM) model JMS 5600. The mechanism and kinetics of
kaolinite transformation have been investigated by two
different isothermal and non-isothermal methods.
According to the information obtained about the thermal
activities of kaolin, each technique gave excellent results.

Many methods have been introduced to calculate
the activation energy (E,) in the case of the
non-isothermal method. In this study, just three of
methods Ozawa [15,16], Boswell [17] and Kissinger
were used [18—20]. The principle basics were listed by
three formulas below:

mv=40ﬂ8£i+q (1)
R,
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E
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where C;(i=1, 2 and 3) is a constant, v is the heating rate
in the DTG analysis, E, is the activation energy, T,is the
absolute peak temperature in DTG curves, and R is the
gas mole constant. The activation energy can be
calculated by the slope obtained. The value of Avrami

exponent, n, was determined from the shape of DTG
curves at any heating rates as [21,22]

2ﬂ§R
n:
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“4)

where AT, is the width of crystallization peak at half
maximum.

MATUSITA and SAKKA [23] have proposed a
method to change Kissinger method as follows:

v mE,

(&)

where m is a numerical factor which depends on the
dimensionality of crystal growth and » is the Avrami
parameter which indicates the crystallization mode.

Now in the second method (isothermal treatment of
the TG/DTG obtained curves) the theoretical basis for
interpreting TG results is determined by the
Johnson—Mehl—Avrami (JMA) theory. Under an
isothermal condition, the evolution of the crystallization
fraction with the time (¢) during a phase transformation
can be described as

x=1-exp[(—k1)"] (6)
where x is the volume fraction crystallized versus time (7),

it was determined from the DTG results presented in the
formula below:

_ A
4,

where A, is the total area of the peak in the DTG curve
between the temperature 7; (the initial of crystallization)
and T; (the completion of crystallization); At is the area
under the peak between T; and T k is the reaction rate
constant. Its temperature dependence is expressed by the
Arrhenius type equation:

X

(7

k=k, exp[—%} (8)

where k; is the frequency factor. Equations (6) and (8)
lead to

In (%j =In(Kon) + nT_l In[—In(1-x)]+ In(1—x) - %

=1n[kof(X)]—% 9)

LIGERO et al [24] suggested a mathematical
method through non-isothermal techniques. The
activation energy can be deduced from the slope of
Eq. (9) if the authors select the same value of x in every
experiment at different heating rates and plot for a given
x. The function In(dx/d¢) versus 1/T shows that the plot of
In(dx/df) versus 1/T at the same value of crystallized
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fraction x at different heating rates. Hence, the Avrami
parameter n was determined by the selection of many
pairs of x; and x, that contain the condition
In[ko £ (x1)]=In[ko f (x,)] for each heating rate, and using
Eq. (9), the following equation is derived [24].

In[In(1-x,)/In(1-x;)]

n= (10)
In{(1-x,)In(1—x,)/[(1—x) In(1-x;)]}
In addition, the frequency factor %, can be
calculated by the following equation:
In[ky f(x)]=Inky +Inn+
n—1
—[In(-=In(1-x))]+ In(1—x) (11)

3 Results and discussion

Figure 1 shows the DTA/TG and DTG curves of
kaolin powder heated from room temperature to 1400 °C
at a heating rate of 30 °C/min. Two-step mass losses are
observed on the TG curve. The first mass loss (Am=1.5%)
is due to the evaporation of adsorbed water and the
formation of kaolinite. This transformation corresponds
to the endothermic peak at 133 °C as seen in the DTA
curve otherwise at 114 °C (first peak) in the DTG curve.
The second step of mass loss (Am=10%) is due to the
dehydroxylation of kaolinite and the formation of
metakaolinite, which corresponds to the endothermic
peak at 582 °C seen in the DTA curve and corresponds to
the second peak on the DTG curve at 580 °C. Two other
exothermic peaks were observed on the DTA curve. The
first one at 995 °C corresponds to the formation of
primary mullite and amorphous silica SiO, and the
second at 1198 °C corresponds to the amorphous
transformation of SiO, to a crystalline phase
(cristobalite). It is close to the value at 1200 °C reported
by AZA et al [1] and PTACEK et al [25].

Figure 2 shows the XRD spectra of raw kaolin
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(Tamazarte) treated at different temperatures for 60 min.
From ambient temperature to 200 °C, only reflections of
aluminum silicate hydroxide (Al,Si,05(OH), kaolinite)
and silicon oxide (SiO,, Quartz) were present. At 700 °C,
complete transformation of kaolinite to metakaolinite
was observed. A primary mullite phase starts to form
from the spinel phase which was formed at 1000 °C.
After this temperature, the transformation of the spinel
phase to the primary mullite was completed and
cristobalite started to form through the transformation of
silica and quartz at 1200 °C. All the transformations of
kaolin in DTA/DTG results are confirmed by the XRD
phase analysis as shown in Fig. 2.

Figure 3 shows the scanning electron micrographs
of kaolin powder before milling and after milling (in
planetary ball for 4 h and then milled by attrition for 2 h).
It can be clearly seen that the powder of kaolin has a
large particle size distribution and an irregular shape.
However, milling decreased the particle size, and yielded
a homogeneous powder mixture with particles having
almost spherical shape. These parameters (small particle
size and spherical shape) play an important effect in the
sintering and compaction of the powder through
reduction of time and temperature sintering.

Figure 4 shows the variation of the crystallized
fraction of metakaolinite (dehydroxylated of kaolinite)
which was calculated using Eq. (7) from TG experiments
and the differential thermogravimetry (DTG). It can be
seen that the temperature of the maximum rate of
dehydroxylation curves peak position (7}, is shifted to a
higher temperature from 537 to 588 °C when the heating
rate increased from 10 to 40 °C/min. The increase of
heating rate shifts the rate of the variation of the
crystallized fraction from 0.146 to 0.623 min ' and the
time of the crystallized fraction decreases from 12.5 to
3 min.

Figure 5 presents the derivation of relative mass
loss change analysis curves for Tamazarte kaolinite at
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Fig. 1 DTA/TG and DTG curves of Tamazarte kaolin powder heated at 30 °C/min
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Fig. 2 XRD patterns of raw kaolin treated at different
temperatures
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Fig. 3 SEM images of raw kaolin powder (a) and kaolin
powder (b) after milling (in planetary ball for 4 h and by
attrition for 2 h)

different heating rates between 400 and 700 °C and the
plots according to Kissinger (Eq. (3)), Ozawa (Eq. (1))
and Boswell (Eq. (2)) methods. The activation energies
of dehydroxylated kaolinite calculated from the slope of
the function Y=f(1/T}) are listed in Table 2. The average
of activation energy is 144 kJ/mol. The above values of
activation energy fall in the range 115-250 kJ/mol
[1,3,13,26—29] (115, 227, 119, 178, 188, 197 and
248 kJ/mol, respectively). The difference between the
reported values of activation energy of dehydroxylated
kaolinite was attributed to many factors such as kaolinite
structure [6], heating rate [30] and impurities [27]. Table
3 presents the values of the Avrami parameters which
indicate the crystallization mode, », for different heating
rates using Eq. (4). The average Avrami parameter is
1.55, which suggests that the crystallization process of
meta kaolinite should be controlled by a diffusion
growth [31].

Figure 6 shows the plots of In(v'/7,?) versus 1/,
according to Matusita equation (Eq. (5)). The
dimensionality of crystal growth, m, calculated from
the slope of the function In(+v"/T, p2)=f(1/ T,), is found to be
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Fig. 4 Crystallized fractions and rate of crystallized fraction of
metakaolinite formation at different heating rates
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Fig. 5 Corresponding plots of dehydroxylation of kaolinite at different heating rates
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Table 2 Values of E,and R? for kaolinite dehydroxylation by
using Ozawa, Boswell and Kissinger methods from TG/DTG

experiments
Method Ex/(kJ-mol ™) R?
Ozawa 146 0.9987
Boswell 146 0.9986
Kissinger 140 0.9985

Table 3 Values of Avrami parameter n for different heating
rates from TG/DTG experiments

v/(°C-min ") AT T,/°C n
10 67.14 536.64 1.4
15 63.81 550.54 1.51
20 62.088 560.67 1.59
25 62.85 570.86 1.61
30 63.51 578.03 1.62
35 65.04 582.63 1.60
40 64.89 587.85 1.62
-13.2
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-13.8} Ty
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Fig. 6 Plot of ln(v"/Tap) versus 1/T, according to Matusita
equation

1.53 for the dehydroxylated of kaolinite. Both growth
morphology parameters # and m are close to 1.5. These
results also indicate that bulk nucleation is followed by
three-dimensional of metakaolinite with
polyhedron-like morphology controlled by diffusion
from a constant number of nuclei.

Figure 7 presents the plot of In(dx/df) and 1/T versus
crystallized fraction x at different heating rates from
TG/DTG experiment. A mathematical method through
non-isothermal techniques was proposed by LIGERO et
al [24]. If the same value of crystallized fraction x in
every experiment at different heating rates is selected,
the function In(dx/df) versus 1/T gives a linear curve
(Fig. 8). The activation energy can be calculated from the
slope of the function In(dx/df)=A1/T) [24,32]. The values
of activation energy E, for different crystallized fractions,

growth
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which are calculated by the average of the slopes of the
lines, are listed in Table 4. The coefficient of
determination R” is greater than 0.99 for different x
values. The average activation energy of dehydroxylated
kaolinite is 151 kJ/mol, which is in good agreement with
that of 144 kJ/mol estimated by non-isothermal TG/DTG
treatment.
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Fig. 7 Plot of In(dx/df) and 1/T versus of crystallized fraction x
at different heating rates
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Fig. 8 Plots of In(dx/df) versus 1/T at same value of crystallized
fraction x at different heating rates

Table 4 Activation energy £, and coefficient of determination
R? for different crystallized fractions

X R? Ex/(kJ-mol ™)
0.1 0.998 147
0.2 0.994 145
0.3 0.995 146
0.4 0.997 149
0.5 0.998 152
0.6 0.996 153
0.7 0.996 154
0.8 0.997 156
0.9 0.992 158
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Figure 9 presents the plot of In[kyf(x)] versus
crystallization fraction x at different heating rates (20, 30
and 40 °C/min). The Avrami parameter, n, was
determined by the selection of many pairs of x; and x,
that satisfied the condition In[kof(x;)]=In[kof(x,)] using
Eq. (10). The average values of Avrami parameter, n, for
each heating rate are listed in Table 5. The average
Avrami parameter is 1.35. The frequency factor, kj, can
be calculated by Eq. (11); the average value of &y is
1.55x10"s".

16.85
n=1.35
16.80
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v=40 °C/min

= 16751 v=30 °C/min
=
=
£ 16701

16.65+

16.60 . . . .

0 0.1 0.2 0.3 0.4 0.5 0.6

Crystallisation fraction x
Fig. 9 Plots of In[kyf(x)] versus crystallization fraction for

kaolin powder heated at different heating rates

Table 5 Values of Avrami parameter, f;s/tyos value and
frequency factor at different heating rates

v/(°C-min") n fo.75/t0.25 ko/107
10 1.30 1.61 1.99
15 1.34 1.66 1.50
20 1.36 1.70 1.61
25 1.35 1.70 1.58
30 1.36 1.69 1.52
35 1.34 1.70 1.55
40 1.38 1.69 1.56

Hinoy=1.35; (10.75/0.25)moy=1.67; (ko)moy=1.55%10’

From the ratio of time for two fixed degrees of
transformation, the morphology of the crystal growth can
be obtained [31,32]. A suitable representative index is the
ratio of time for 75% and 25% transformation, in such a
way we find 1.48<¢)75/ty15<1.69 for 3D growth
(polyhedron), 1.69<f75/ty25<2.20 for two-dimensional
growth (plates) and 2.20<¢y75/ty25<4.82 for one-
dimensional growth (needles). The average values of
to.75/ty.05 for each heating rate are listed in Table 5. For all
the heating rates the average value is 1.67. This
suggests a three-dimensional growth of metakaolinite
crystals [32].

4 Conclusions

1) The activation energies, measured by DTG from
isothermal and non-isothermal treatments were around
151 and 144 kJ/mol, respectively.

2) The Avrami parameters of growth morphology
were found to be around 1.57 and 1.35 using
non-isothermal and isothermal treatments, respectively.

3) The numerical factor, which depends on the
dimensionality of crystal growth, is found to be 1.53
using Matusita equation.

4) The frequency factor calculated by the isothermal
treatment is 1.55x10" s™".

5) The bulk nucleation is dominant in metakaolinite
formation followed by three-dimensional growth of
metakaolinite ~ with  polyhedron-like  morphology
controlled by diffusion from a constant number of nuclei.
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