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ABSTRACT: Previous work on the structural and thermal properties of various types of kaolinite

have led to different conclusions, rendering comparison of analytical results difficult. The objectives

of the present study were to investigate the thermal behaviour of kaolinite and to carry out a kinetic

analysis of the decomposition of kaolinite at high temperatures. X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR) and thermogravimetry-differential scanning calorimetry

(TG-DSC) were used to study the mechanism of the thermal decomposition. The modified

Coats�Redfern, Friedman, Flynn�Wall�Ozawa and Kissinger decomposition models were used to

determine the decomposition mechanism of the kaolinite sample. The dehydroxylation of kaolinite

occurred at ~600ºC with the formation of metakaolin, which then transformed into either g-alumina

or aluminium-silicon spinel together with amorphous silica. The results of the XRD and FTIR

analyses indicated that the g-alumina, or aluminium-silicon spinel and amorphous silica phases,

transformed into mullite and a-cristobalite, respectively, after decomposition at 900ºC. Good

linearity was observed with the modified Coats�Redfern, Flynn�Wall�Ozawa and Kissinger

models from room temperature to 1400ºC and the range of the activation energy determined was

120�180 kJ/mol.
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Kaolinite, Al2Si2O5(OH)4, is used widely in a

variety of industrial applications such as ceramics

and refractories, as well as in the paper, rubber,

plastics, dyes and paint industries (Murray, 2000;

Franco et al., 2004; Scheckel et al., 2010). Its

structure has a silicate sheet (Si2O5) bonded to a

dioctahedral, aluminium hydroxide (Al2(OH)6,

gibbsite) sheet. The thermal treatment of kaolinite

shows considerable complexity with regard to the

non-stoichiometric composition of the products, the

pre-dehydroxylation process (Shvarzman et al.,

2003), the gradual disappearance of residual

hydroxyl groups (Balek & Murat, 1996) and the

formation of mullite (Chakraborty, 2003). The

process is also influenced by the intrinsic properties

of the kaolinite, such as the degree of disorder

within the kaolinite structure (Heide & Földvari,

2006), by pressure and partial water vapour

pressure (Nahdi et al., 2002; Reynolds & Bish,

2002), by heating rate (Castelein et al., 2001),

mechanical treatments (Amina et al., 2014) and

ultrasound processing (Pérez-Rodrı́guez et al.,

2006) of the sample. Therefore, the possible

changes in the properties of kaolinite during high-

temperature calcination have received considerable

attention.

The thermal reactions of kaolinite can be divided

into four steps, namely a low-temperature reaction

at <400ºC, intermediate-temperature reactions,

mainly between 400�650ºC, high-temperature reac-

tions at >700ºC and oxidation reactions (Brindley &

Nakahira 1957). Wang et al. (2011) focused on the

thermal behaviour of kaolin and the decomposition
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behaviour of kaolin by simultaneous thermogravi-

metry-differential thermal analysis (TG-DTA)

experiments. Cheng et al. (2012) reviewed the

thermal behaviour of kaolinite complexes inter-

calated with the most common reagents and

summarized their thermal behaviour. The phase

transformations were influenced by the degree of

disorder in the kaolinite structure, the formation

environment and the amount and the type of

impurities. The kinetics of the dehydroxylation

have also been studied extensively; due to the

aforementioned factors, however, it has been

difficult to propose a single value of the overall

activation energy. The published values of the

activation energy range from 120 to 250 kJ/mol

(Prodanović et al., 1989; Levy & Hurst, 1993;

Nahdi et al., 2002; Traoré et al., 2006; Ptáček et

al., 2010b, 2011).

The objectives of the present study were to

obtain insights into the thermal behaviour of

kaolinite, to carry out kinetic analysis of its

decomposition at high temperatures and to test the

applicability of the modified Coats�Redfern,
Friedman, Flynn�Wall�Ozawa and Kissinger

decomposition models to kaolinite.

EXPER IMENTAL

Materials and methods

The material used was a kaolin from Maoming,

Guangdong, China containing ~96% kaolinite with

minor quartz. The chemical composition listed in

Table 1 confirms that the material is composed

essentially of kaolinite; therefore, the term kaolinite

will be used instead of kaolin. After drying at 60ºC,

the kaolinite was ground with a planetary ball mill

to pass through a 0.074 mm sieve. All subsequent

experiments were performed using this ground

kaolinite sample.

The original kaolinite samples (4 g) were heated

in a programmable, temperature-controlled muffle

furnace for 2.5 h, at a heating rate of 10ºC/min

from 200�1400ºC. The fired products were ground

into powders using an agate mortar and were

labelled with the heating temperature in ºC.

The 1400ºC sample (2 g) was digested with 85%

orthophosphoric acid (H3PO4) (100 mL) by heating

rapidly to 240ºC for 12 min. The viscous

suspension was cooled to 60ºC, diluted to 800 mL

with distilled water and filtered. The residue was

washed with distilled water to remove the excess

PO4
3� ions and dried at room temperature to give

the sample labelled K0.

Characterization techniques

X-ray diffraction (XRD) patterns were obtained

with a DX-2700 diffractometer (Dandong Haoyuan

Instrument Co. Ltd., China) at 40 kV, 40 mA and a

scanning rate of 9º/min, using Ni-filtered CuKa
radiation (l = 1.5418 Å). Fourier-transform infrared

(FTIR) spectra were recorded using KBr pellets

(0.9 mg sample with 80 mg KBr) on a Nicolet 5700

spectrophotometer (Thermo Nicolet, USA). The

TG-DSC was performed using a Netzch STA449C

thermal analyser (Netzsch, Germany) at a heating

rate of 12ºC/min under a N2 flow (20 cm3/min),

using 10 mg samples and a-Al2O3 as inert pan

material. The chemical composition of the samples

was determined using X-ray fluorescence (XRF), on

an AxiosmAX instrument (PANalytical, The

Netherlands).

Theoretical approaches

The fundamental rate equation used for all

kinetic studies was (Šesták, 1984; Yao et al.,

2008; Liu et al., 2010):

da/dt = kf(a) (1)

where k is the rate constant, which is a function of

reaction temperature and f(a) is the reaction model,

a function dependent on the actual reaction

mechanism. Equation 1 expresses the rate of

conversion, da/dt, at a constant temperature as a

TABLE 1. Chemical composition of the original kaolinite sample by XRF (mass%).

Sample SiO2 MgO Al2O3 Fe2O3 Na2O CaO TiO2 K2O LOI

kaolinite 46.38 0.14 38.40 0.69 0.19 0.01 0.29 0.38 13.26
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function of the reactant concentration loss and rate

constant. In this study, the conversion rate a is

defined as:

a = (W0 � Wt)/(W0 � Wf) (2)

where Wt, W0 and Wf are the weight at time t and

the initial and final weights of the sample,

respectively. The rate constant k is given by the

Arrhenius equation:

k = A exp (�E/RT) (3)

where E is the apparent activation energy (kJ/mol),

R is the gas constant (8.314 J/K mol), A is the pre-

exponential factor (min�1) and T is the absolute

temperature (K). The combination of equations 1

and 3 yields:

da/dt = A exp (�E/RT) f(a) (4)

For a constant heating rate b = dT/dt. Introducing

b into equation 4 yields equation 5:

da/dT = (A/b) exp (�E/RT) f(a) (5)

Equations 4 and 5 are the fundamental expres-

sions used to calculate the kinetic parameters based

on DSC data. Various models have been developed

based on these fundamental equations and the most

common model methods were also used in this

study (Table 2). The Friedman method (Friedman,

1964) is an iso-conversional method, which yields

(�E/R) directly for a given value of a by plotting

ln(da/dt) vs. 1/T. The modified Coats�Redfern
method (Brown et al., 2000) is a multi-heating

rate application of the Coats�Redfern equation.

Plotting the left side of the equation for each

heating rate vs. 1/T at that heating rate provides a

group of straight lines of slope �E/R. The full

solution has to be done iteratively by first assuming

a value of E and then recalculating the left side of

the equation until convergence occurs. However, a

quick solution is also available by moving

(1�2RT/E) into the intercept and assuming that it

is a constant. The iso-conversional Flynn–Wall–

Ozawa method (Ozawa, 1965; Flynn & Wall, 1966)

is an integral method, which yields �E/R from the

slope of the line determined by plotting logb
against 1/T at a given conversion rate. In the

Kissinger method (1956), ln(b/Tm
2 ) is plotted against

1/Tm for a series of experiments at different heating

rates, with the peak temperature, Tm, obtained from

the DSC curve.

RESULTS AND DISCUSS ION

XRD results

The XRD pattern of the original kaolin (Fig. 1a)

confirms the predominance of kaolinite (JCPDS 80-

0886) in the sample. Heating from 200�500ºC, did
not affect the positions of the kaolinite peaks

significantly. The decrease in the intensity and

broadening of the diffraction lines after calcination,

especially the (001) reflection at 12.4º2y, is

attributed to a decrease in crystal order (Yang et

al., 2006). This change in ‘‘crystallinity’’ has been

used to quantify the progressive structural damage

(Aglietti & Lopez, 1992). The ‘‘crystallinity’’ index
is defined as: C = B0I/(I0B)6100%, where C is the

‘crystallinity’ (degree of crystal order), B0 is the

background intensity of the original sample, I is the

peak intensity of the thermally treated material, I0 is

the peak intensity of the original material and B is

the background intensity of the thermally treated

material. The degree of crystal order compared to

the (001) diffraction maximum of the original

kaolinite and the samples heated at 200ºC, 300ºC,

400ºC and 500ºC were 100, 84.7, 76.0, 57.8 and

56.0%, respectively. Moreover, with increasing

heating temperature from 200�500ºC, the d

spacings of the diffraction maxima decreased

(Table 3). For example, the d001 decreased from

0.716 to 0.709 nm, the d1̄10 from 0.436 to 0.433 nm

TABLE 2. Kinetic models used to evaluate the activation energy, E.

Methods Expression Plots

Friedman ln(da/dt) = ln(Af(a)) � E/RT ln(da/dt) vs. 1/T
Coats�Redfern (modified) ln[b/T2(1 � 2RT/E)] = ln[ � AR/Eln(1 � a)] � E/RT ln[b/T2] vs. 1/T
Flynn�Wall�Ozawa logb = log[AE/Rg(a)]* � 0.4567E/RT � 2.315 logb vs. 1/T
Kissinger ln(b/Tm2) = �E/RTm + ln(AR/E) ln(b/Tm

2 ) vs. 1/T

* where g(a) is the integral form of f(a).
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FIG. 1. XRD patterns of (a) the original kaolinite heated at different temperatures and (b) of the H3PO4-treated

sample as prepared (K0) and after heating at 1400ºC.
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and the d002 from 0.357 to 0.356 nm. Dehydration

of the kaolinite occurred at 200�500ºC.
When calcined at 600ºC, the diffraction maxima

ascribed to the kaolinite disappeared due to a

transformation of kaolinite into metakaolinite

(Wang et al., 2011). The XRD pattern of the

sample heated at 1000ºC showed a broad reflection

centred at 21.1º2y (d = 0.421 nm), which was

attributed to amorphous metakaolinite. The reflec-

tions corresponding to d spacings of 0.240, 0.200

and 0.139 nm (37.5, 45.5 and 67.1º2y, respectively),
were assigned to g-Al2O3 (JCPDS 10-0425) or

aluminium-silicon spinel (Brindley, 1976). An

additional weak peak observed at 26.2º2y in the

1200ºC sample, was due to mullite (JCPDS 83-

1881), the intensity of which increased with

increasing temperature. Another new weak peak at

21.7º2y in the 1300ºC and 1400ºC samples, was

assigned to a-cristobalite (JCPDS 39-1425) formed

after calcination at 1300ºC. Due to the similarity of

their XRD patterns, well ordered opal-C and opal-

CT may be misidentified as a-cristobalite (Önal et

al., 2007a). Phosphoric acid digestion may assist

detection of the a-cristobalite phase, thus the K0

sample yielded an XRD pattern with the character-

istic d101 peak of a-cristobalite, 0.408 nm. After

H3PO4-digestion, the position, intensity and half-

width at maximum peak height (FWHM) of the

(101) reflection did not change (Fig. 1b), suggesting

the presence of a-cristobalite (Sarikaya et al., 2000;

Önal & Sarikaya, 2007b).

FTIR analysis

Heating at different calcination temperatures

altered the FTIR spectra of the kaolinite samples

(Fig. 2). The original kaolinite displayed character-

istic bands at 428 (Si�O), 539 (Al�O�Si) and

698 cm�1 (Al�O) (Madejová, 2003; Hu & Yang,

2010). The band at 914 cm�1 is attributed to the

bending vibration of the inner Al�OH groups of the

octahedral layer. As the temperature increased from

200�500ºC, the intensity of the Al�O�Si deforma-

tion vibration at 539 cm�1 decreased, indicating that

dehydroxylation was accompanied by destruction of

Al�O�Si linkages of the kaolinite. Compared to the

500ºC sample, the IR spectrum of the 600ºC sample

displayed two weaker bands at 467 and 3619 cm�1,

which originated from the Si�O�Si stretching

vibration and the inner Al�OH stretching vibration,

respectively (Dellisanti et al., 2009; Rı́os et al.,

2009). The decreasing intensity of these two bands

can be attributed to dehydroxylation of the kaolinite

TABLE 3. Evolution of the d spacings of the kaolinite heated at different temperatures.

Samples d001 (nm) d1̄10 (nm) d002 (nm)

Original kaolinite 0.716 0.436 0.357
200ºC 0.715 0.436 0.357
300ºC 0.714 0.435 0.356
400ºC 0.711 0.434 0.356
500ºC 0.709 0.433 0.356

FIG. 2. FTIR spectra of the kaolinite samples heated at

different temperatures
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at 600ºC. Furthermore, the two new bands at 813 and

1071 cm�1, are assigned to the typical Si�O�Al and
Si�O�Si stretching vibrations of metakaolin. The

vibration band at 914 cm�1 disappeared because of

the removal of hydroxyl groups (Kakali et al., 2001).

The intensity of the Si�O�Si asymmetric stretching

vibration at 1071 cm�1 increased over the range

600�900ºC and the location shifted from

1071�1092 cm�1 due to the progressive disordering

of the kaolinite with increasing temperature. The

band at 560 cm�1, which appeared in the spectrum

of the 900ºC sample was assigned to Al�O
stretching associated with octahedrally coordinated

AlVI in g-Al2O3 (Voll et al., 2001). Therefore, this

band reflected the formation of nano-crystalline

g-Al2O3. A well resolved peak at 571 cm�1,

observed in the spectra of samples heated at 1300

and 1400ºC, is typical of AlVI�O stretching in

mullite (Voll et al., 2002). A Si�O�Si bending band

at 471 cm�1, broadened with increasing temperature

from 500�800ºC and shifted gradually from 471 to

462 cm�1, reflecting the progressive disordering of

metakaolin and the increase of the mean bond angle

in the Si�O�Si network. In the sample heated at

1200ºC, the intensity of the Si�O�Si stretching band

at 469 cm�1 increased due to formation of

amorphous silica (Zhuravlev, 1993). The transforma-

tion of amorphous silica to a-cristobalite occurred

between 1200 and 1300ºC as was suggested by the

appearance of the band at 794 cm�1, attributed to a-
cristobalite (Mollah et al., 1999).

DSC analysis

The TG-DSC curves of the original kaolinite

(Fig. 3) showed a broad endothermic peak at

FIG. 3. (a) TG and (b) DSC curves of the kaolinite sample at different heating rates
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500�600ºC due to the dehydroxylation of the

kaolinite (equation 6). The corresponding dehy-

droxylation peak temperatures (Tm) were 515, 541,

561 and 570ºC, at heating rates of 10, 20, 30 and

40 K/min, respectively. The exothermic peaks

above 1000ºC were ascribed to the formation of

mullite and amorphous silica (Badogiannis et al.,

2005). a-cristobalite was formed from the amor-

phous silica phase at 1300ºC. The following

reactions took place at high temperatures (Balek

et al., 1996; Chakraborty, 2003):

Al2Si2O5(OH)4 ?
Al2Si2O7 (metakaolin) + 2 H2O (g) (6)

Al2Si2O7 (metakaolin) ?
SiAl2O5 (spinel) + SiO2 (amorphous) (7a)

or

Al2Si2O7 (metakaolin) ?
Al2O3 (g-alumina) + 2 SiO2 (amorphous) (7b)

3 SiAl2O5 (spinel) ?
Al6S2iO13 (mullite) + SiO2 (amorphous) (8a)

or

3 Al2O3 (g-alumina) + 2 SiO2 (amorphous) ?
Al6S2iO13 (mullite) (8b)

SiO2 (amorphous) ? SiO2 (a-cristobalite) (9)

The approximate temperatures at which the

reactions outlined in equations 6�9 occurred,

were 600, 900, 1100 and 1300ºC, respectively,

and were in accord with Jasmund & Lagaly, (1993),

who reported decomposition of kaolinite and

formation of metakaolin at 450ºC. The transforma-

tion of the metakaolinite to spinel occurs at

900�1200ºC.

Kinetics of the decomposition reaction of

kaolinite

Kinetic studies use either differential or integral

approaches (Tang et al., 2003). In the present

investigation the integral approaches, the Coats–

Redfern, Friedman and Flynn�Wall�Ozawa

methods, were applied to investigate the decom-

position kinetics of kaolinite. The decomposition of

kaolinite is a typical example of a solid-state

reaction that follows first-order kinetics (Brindley

et al., 1957). In order to confirm the mechanism,

the relationship between the kaolinite transforma-

tion rate (a) and the reaction temperature (T) was

used (Table 4).

The iso-conversional plots based on the modified

Coats�Redfern, Friedman and Flynn�Wall�Ozawa
methods showed an overall trend in activation

energy (Fig. 4) for the kaolinite. Approximately

linear relationships were observed for conversion

rates, a, of 0.1�0.6, corresponding to temperatures

of 487�591ºC. The lines fitted were nearly parallel,

which indicated that the activation energies varied

almost linearly with conversion rates and conse-

quently implied the possibility of a single reaction

mechanism (or the unification of multiple-reaction

mechanisms) (Yao et al., 2008; Liu et al., 2010).

However, a different reaction mechanism may be

occurring at conversion rates outside the range

0.1 < a > 0.6, due to the obviously non-parallel

lines. The change in the reaction mechanism at low

and high conversion rates might be due to the

particle size distribution (Johnson & Kessler, 1969)

or to a change in the mechanism occurring at high

conversion factors (Criado et al., 1984). The curves

derived from the modified Coats�Redfern and the

Flynn�Wall�Ozawa methods showed more clearly

parallel trends than those from the Friedman

TABLE 4. The relationship between the kaolinite samples’ transformation rate (a) and reaction temperature (T) at

different heating rates.

T/K
b
(K min�1)

a =
0%

a =
10%

a =
20%

a =
30%

a =
40%

a =
50%

a =
60%

a =
70%

a =
80%

a =
90%

a =
100%

10 725 748 760 771 779 786 794 802 811 825 853
20 747 768 782 792 800 808 816 824 834 849 881
30 766 785 798 808 817 825 834 843 854 869 900
40 773 788 805 816 825 833 843 853 864 881 918
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FIG. 4. Plot of the activation energies (E) of the kaolinite sample for different conversion rates by (a) the

modified Coats�Redfern, (b) the Friedman and (c) the Flynn�Wall�Ozawa methods
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method (Fig. 4). The average E of all conversion

rates calculated with the modified Coats�Redfern
method, 134.0 kJ/mol and with the Flynn–Wall–

Ozawa method was 139.6 kJ/mol. The E values

obtained, based on these two methods, were in the

range 120�150 kJ/mol, both lower than the results

from the Friedman method (Fig. 5).

The linear plot of ln[b/Tm
2 ] vs. 1/Tm, based on the

Kissinger method, is shown in Fig. 6. The Kissinger

method is not a model-free method, but can be used

for determining the value of E and the overall trend

of E vs. T when specific conversion rate factors are

used (Yao et al., 2008) and the value of E is stable

over the conversion range. From the DSC curves of

the kaolinite samples at different heating rates, the

best linearity of ln[b/Tm
2 ] vs. 1/Tm might be chosen

and the activation energy might be calculated. The

E value was calculated as 122.8 kJ/mol, which is in

agreement with the other models.

The modified Coats�Redfern and Flynn–Wall–

Ozawa methods showed better parallel trends than

the Friedman method (Fig. 4) and both gave

constant values of E (Fig. 5). To confirm a possible

mechanism, the different kinetic analysis methods

should be complementary rather than competitive

(Brown et al., 2000). Therefore, an appropriate

apparent activation energy range should be obtained

by combining all observations (Figs 4 and 6) and,

consequently, a general activation energy range of

120�180 kJ/mol is suggested for the kaolinite

decomposition reaction. This general range might

offer a somewhat narrower range of activation

energy for understanding kaolinite decomposition

with respect to values reported previously, e.g.

20�250 kJ/mol (Ptáček et al., 2010a). The

activation energy of a reaction might provide the

critical information of the minimum energy

necessary for starting a particular reaction and the

energy range for decomposition obtained in this

study may assist in understanding the thermal

stability of the kaolinite.

CONCLUS IONS

TG-DSC was used to investigate the thermal

decomposition of kaolinite at different heating

rates under a nitrogen atmosphere and data from

XRD and FTIR analyses were used to confirm the

decomposition. Kaolinite was transformed to

metakaolin on heating to 600ºC and the peak

temperature of the dehydroxylation was at

~500ºC. The metakaolin transformed into

g-alumina, or aluminium-silicon spinel and amor-

phous silica after decomposition at 900ºC. The

reaction kinetics model of kaolinite decomposition

in a solid-state reaction was investigated based on

the modified Coats�Redfern, Friedman, Flynn–

Wall–Ozawa and Kissinger models. The first-order

mechanism of the decomposition of the kaolinite

was confirmed and the activation energy was

estimated to be 120�180 kJ/mol.
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J. (2011) The kinetic analysis of the thermal

decomposition of kaolinite by DTG technique.

Powder Technology, 208, 20�25.
Reynolds R.C. & Bish D.L. (2002) The effects of

grinding on the structure of a low-defect kaolinite.

American Mineralogist, 87, 1626�1630
Rı́os C.A., Williams C.D. & Fullen M.A. (2009)

Nucleation and growth history of zeolite LTA

synthesized from kaolinite by two different methods.

Applied Clay Science, 42, 446�454.
Sarikaya Y., Önal M., Baran B. & Alemdaroğlu T.
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