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In the present study, the kinetics of meta-kaolinite (Alp03-2Si02) formation from Algerian Tamazarte kaolin
was investigated by using differential thermal analysis. The differential thermal analysis and the thermogravimetric
experiments were carried out on samples between room temperature and 1400°C, at heating rates from 10 to
40°Cmin~'. X-ray diffraction was used to identify the phases present in the samples. The activation energies
measured by differential thermal analysis from isothermal and non-isothermal treatments using Johnson-Mehl-
Avrami methods with Ligero approximation and using Kissinger-Akahira-Sunose methods were around 145 and
159 kJ/mol, respectively. The Avrami parameter n which indicates the growth morphology parameters were
found to be almost equal to 1.60, using non-isothermal treatments, and equal to 1.47 using isothermal treatments.
The numerical factor which depends on the dimensionality of crystal growth was 1.60 obtained using Matusita
et al. equation. The frequency factor calculated using the isothermal treatment is equal to 1.173 x 107 s~ 1.
Analysis of the results have shown that bulk nucleation was dominant during kaolinite transformation, followed
by three-dimensional growth of meta-kaolinite with polyhedron-like morphology, controlled by diffusion from a

constant number of nuclei.
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1. Introduction

Kaolin is usually used in a various number of applica-
tions, for example in the ceramic industry: conventional
ceramics, structural and refractory ceramics, microelec-
tronic packaging, high-temperature protective coatings,
microwave dielectrics and infrared-transmitting materi-
als. Further, other than ceramics applications, kaolin is
also utilized as an industrial filler agent for paper, rubber,
plastics, cosmetics, paints, etc. [1, 2]. In addition, kao-
lin can be utilized for management of waste, preparation
of geopolymers, membranes, geopolymer-based composi-
tes [3-5], intercalates and zeolites. Metakaolin is produ-
ced by calcination of kaolin rock. It has found utilizations
in food processing industry, ceramics and shale oil pro-
cessing [2|. All these applications are based the thermal
transformation of kaolinite and main mineral phase of
kaolin rock.

Thus, the course of mullite development from kaolin
has been proven by a number of methods and techniques,
such as thermogravimetric analysis (TGA), differential
thermal analysis (DTA), differential scanning calorime-
try (DSC) and dilatometry. In published literature [6-10]
the mechanism and kinetics of thermal decomposition
of kaolinite and of general clay mineral are considered
with a wide interest. A broad-spectrum of methods, in-
cluding molecular spectroscopy, electron microscopy and

*corresponding author; e-mail: sahnounefoudil@yahoo.com

thermal analysis techniques have been used to investi-
gate this process [7—10]. The aim of the present paper
is to study two corresponding processes during thermal
decomposition of kaolin, such as dehydroxylation of kao-
linite and the mechanism of dehydroxylation. Finally the
important kinetic parameters (overall activation energy
and pre-exponential factor) will be determined on the
basis of DTA experiments.

2. Materials and experimental procedure

Raw kaolin (from Tamazarte, Jijel, Algeria) was used
in this investigation. Its chemical composition, determi-
ned by X-ray fluorescence (XRF) is shown in Table I. The
raw kaolin was milled in planetary ball mill with alumina
grinding media for 4 h and after that, milled by attrition
for 2 h using ZrO; balls (diameter of 1.25 mm) at a speed
of 700 revmin~!. The slurry was dried at 120 °C for 24 h,
powdered then sieved through a 63 pm mesh.

The thermal analysis (DTA-TG) was carried out on
a Setaram LABevo TG-DSC 1600°C equipment, opera-
ting under argon atmosphere. The samples were heated
from room temperature up to 1400°C at heating rates
of 10 to 40°Cmin~!. The DTA scans were conducted
in flowing air, using alumina crucibles. The phases and
their transformations were characterised using diffracto-
meter system XPERT-PRO, with scan step of 0.0167°
(Cu K, radiation and a Ni filter), operated at 40 kV
and 40 mA.The kinetics and the mechanism of kaolinite
transformation have been studied by two dissimilar met-
hods, such as non-isothermal or isothermal. According
to the information obtained about the thermal activities
of Kaolin, each technique gives excellent results.
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TABLE I
Chemical composition of the raw kaolin [wt.%].
A1203 SiOQ NaQO P205 SOg KQO MgO CaO F6203
33.00 |61.73| 0.14 | 0.03 |0.03|2.96 | 0.44 | 0.44 | 0.80

3. Results and discussion

Figure 1 shows DTA/TG and DTG curves of kaolin
powder heated from room temperature to 1400°C at a
heating rate of 40°Cmin~'. Two step-like weight losses
are observed on the TG curve. The first step of weight
loss (Am = 2%) is due to the evaporation of adsorbed
water and the formation of kaolinite from kaolin. This
transformation corresponds to the endothermic peak at
139.1°C, as seen on the DTA curve, otherwise at 123.6 °C
(first peak) on the DTG curve. The second step of weight
loss (Am = 10%) is due to the dehydroxylation of kaoli-
nite and the formation of metakaolinite. It corresponds
to the endothermic peak at 591.1°C, seen on the DTA
curve, and corresponds to the second peak on the DTG
curve at 585.9°C. Two other exothermic peaks are ob-
served on the DTA curve. The first one at 999.1°C cor-
responds to the formation of Al-Si spinel phase and the
second peak at 1201.6°C corresponds to the formation
of primary mullite and to transformation of amorphous
SiO; state into a crystalline phase, cristobalite.
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Fig. 1. DTA/TG, DTG curves of Tamazaret kaolin po-

wder heated at 40 °C min™!.

Figure 2 shows XRD patterns of raw kaolin powder
(Tamazarte) treated at different temperatures for 1 h.
From room temperature only reflections of aluminum si-
licate hydroxide (AlsSiaO5(OH)4 kaolinite) and of sili-
con oxide (SiOy quartz) were present. At 700 °C there is
a complete transformation of kaolinite to meta-kaolinite
and no transformation in silicon oxide. At 1200°C the
transformation of spinel phase to primary mullite is fi-
nished and cristobalite starts to form through the trans-
formation of the quartz. All transformations of kaolin
in DTA/DTG results are confirmed by the XRD phase
analysis, as shown in Fig. 2.
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Fig. 2. X-ray diffraction of raw kaolin treated at diffe-

rent temperatures.

Figure 3 shows the variation of the crystallized fraction
of metakaolinite (dehydroxylated kaolinite) which was
calculated from DTA data [11] and the rate of crystal-
lized fraction, as functions of time, for different heating
rates (10, 15, 20, 25, 30, 35 and 40 °C/min). The increase
of heating rate changes the rate of the variation of the
crystallized fraction from 0.003 to 0.011 s~! and the time
of the crystallization decreases from 650 to 175 s.
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Fig. 3. Crystallized fraction and rate of increase of cry-
stallized fraction for different heating rates.

A mathematical method based on non-isothermal
techniques was proposed by Ligero and co-workers [11].
If the same value of crystallized fraction x in every ex-
periment at different heating rates is selected, the result
will be a linear curve, as shown in Fig. 4. The activa-
tion energy Ea can be calculated from the slope of the
function In(dz/dt) = f(1/T) [12, 13]. The values of
Ea for different crystallized fractions were calculated by
the average of the slopes of the lines, which are listed in
Table II. The coefficient of determination R? is greater
than 0.99 for different x values. The average of activation
energy of dehydroxylated kaolinite is 145.5 kJ mol~!.
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Fig. 5. Plots of Y versus 1/T), of dehydroxylation of

The Avrami parameter, n, was determined by the
selection of many pairs of z; and x, that satisfied
the condition In[kof(z1)] = In[kof(z2)] and by using
Eq. 1 [11].

- In[ln (1 —22) /In (1 — 1)) (1)
In[(1—22)In(1—23)/(1—21)In (1 —xz1)]
The average values of Avrami parameter n for each he-
ating rate are listed in Table III. Its values are equal to
1.47. The frequency factor, kg, for the different heating
rates can also be calculated by the following Eq. 2, the
average of kg is equal to 1.173 x 107 s~1.

In (ko f (z)) =1In (ko) + In(n)

+nTl[ln(fln(lfx))} Fin(l—2). @)
From the ratio of times for two fixed degrees of trans-
formation, the morphology of the crystal growth can be
obtained [13, 14|. A suitable representative index is the
ratio of times for 75% and 25% transformation. In such
way we find 2.20 < tg.75/to25 < 4.82 for one dimen-
sional growth (needles), 1.69 < tg.75/tp.25 < 2.20 for
two-dimensional growth (plates) and 1.48 < tg.75/t0.25 <
1.69 for 3D growth (polyhedron).The average values of
to.75/t0.25 for each heating rate are listed in Table III.
For all heating rates the average value is equal to 1.68.
This suggests a three dimensional growth of metakaoli-
nite crystals [13].

kaolinite at different heating rates.

TABLE IV

The values of Ea and R? of dehydroxylated kaolinite by
using Ozawa and Kissinger methods.

Method Ozawa Kissinger
Activation energy Fa [kJ/mol|| 165 159
R? 0.9976 0.9971

Figure 5 represents the plots of Y versus 1/7), accor-
ding to Kissinger-Akahira-Sunose and Ozawa-Flynn-Wall
methods. The values of the activation energies of de-
hydroxylated kaolinite, calculated from the slope of the
function Y; = f(1/T),) are listed in Table IV. The average
of activation energy is 162 kJmol™!. It is in good
agreement with that of 145.5 kJmol™! estimated using
isothermal DTA treatment. Table V represents the va-
lues of the Avrami parameter n, which indicate the cry-
stallisation mode for different heating rates, determined
using Eq. 3.
2
_ 2.5TpR. 3)
AT,E 4

The average Avrami parameter is equal to 1.60. This va-
lue is close to 1.5, which suggests, that the crystallization
process of meta-kaolinite should be controlled by diffu-
sion growth [14]. The dimensionality of crystal growth
m, calculated from the slope of the function In(v"/T7) =

n



Thermal Decomposition Kinetics of Algerian Tamazarte Kaolin. . . 385

f(1/T,), according to Matusita (Eq. 4) is found to be
equal to 1.60 for the dehydroxylated kaolinite.

v™ mEx
In|—| = — . 4
. {Tg] Cs RT, )

Both of the growth morphology parameters n and m are
close to 1.5, these results also indicate that the bulk nu-
cleation is the dominant mechanism in metakaolinite cry-
stallisation and the crystal growth is controlled by diffu-
sion from a constant number of nuclei.

TABLE V

Values of the Avrami parameter n for different heating rates, obtained from DTA experiments.

heating rates [°C/min] | 10 15 20 25 30 35 40
AT 53.774 | 54.126 | 56.547 | 57.312 | 59.9881 | 61.288 | 61.470
T, peak 543.989 | 556.928 | 565.273 | 572.793 | 580.101 | 586.199 | 591.346
n 1.611 1.652 1.613 1.620 1.5752 1.563 1.578

4. Conclusions

The kinetics and mechanism of dehydroxylation of Al-
gerian Tamazarte kaolinite was investigated using DTA
techniques. From the obtained results authors have con-
cluded the following:

e The activation energy, measured by DTA from isot-
hermal and non-isothermal treatments was around
145.5 and 162 kJ/mol, respectively.

e The Avrami parameters n of growth morphology
were found to be around 1.60 and 1.47 using non-
isothermal and isothermal treatments, respectively.

e The numerical factor m, which depends on the di-
mensionality of crystal growth, is found to be 1.60,
using Matusita equation.

e The frequency factor calculated by the isothermal
treatment is equal to 1.173 x 107 s~ 1.

e The bulk nucleation was dominant in kaolinite
transformation, followed by three-dimensional gro-
wth of metakaolinite with polyhedron-like morpho-
logy (controlled by diffusion from a constant num-
ber of nuclei).
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