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Abstract : The effect of heat treatment on a raw clayey material from Burkina Faso was investigated by means of X-ray 
diffraction (XRD), differential thermal analysis (DTA), infrared  spectroscopy (IR) and scanning electronic microscopy 
(SEM).  The sample is a kaolinitic material containing illite and quartz as impurities; comparing to Kga-1 and Kga-2 
references, During the heating process, at 560°C, the kaolinite dehydroxylation produced metakaolinite. At a slow 
heating rate, the metakaolinite was transformed at about 1000°C into a spinel phase, which disappeared with the mullite 
formation at about 1100°C. At a high heating rate, the mullite phase was directly obtained from metakaolinite. 
Concerning mullite crystallisation, the obtained Avrami’s morphology parameters n~2 and m~~1 suggest that the bulk 
nucleation was dominant with a “one dimensional” crystal growth.  

 
 Keywords: Thermal treatment; Heating rate; Crystallization Kinetics; Crystallinity ; Kaolinitic Raw Material          
 
 
 
 

Effet du traitement thermique sur la minéralogie et la microstructure d’un 
matériau kaolinitique 

 
 

 Résumé : L'effet du traitement thermique sur une matière première argileuse du Burkina Faso a été étudié au moyen de 
diffraction des rayons X (DRX), l’analyse thermique différentielle (ATD), la spectroscopie infrarouge (IR) et la 
microscopie électronique à balayage (MEB). L'échantillon est un matériau kaolinitique contenant de l’illite et du quartz 
comme impuretés. Pendant le processus de cuisson, à 560 ° C, la déshydroxylation de la kaolinite produit de la 
métakaolinite. Avec les faibles vitesses de chauffe, la métakaolinite est transformée à 1000 ° C en une phase spinelle, 
qui disparait à 1100 ° C pour donner la mullite. Avec une vitesse de chauffe élevée, la phase mullite est obtenue 
directement à partir de la métakaolinite. Les paramètres morphologiques d’Avrami obtenue pour la cristallisation de la 
mullite sont n ~ 2 et m ~ 1. Ces valeurs suggèrent que la nucléation en vrac est dominante avec une croissance 
"unidimensionnel" des cristaux.  
 
Mots clés : traitement thermique, vitesse de chauffe, cinétique de crisstallisation, cristallinité, matériau kaolinitique 
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1. Introduction  
     Kaolinite is a major raw clayey material for 
the fabrication of conventional ceramics [1] and 
is therefore one of the most important raw 
materials for ceramic industries [2]. Although 
kaolinite has been used for many years, to 
explore the complexities involved in its phase 
transformation and microstructural evolution at 
elevated temperature was still a challenging 
task [3]. The principal product phase after 
sintering at high temperature is mullite. 
     Mullite is known for its important properties 
such as: good chemical inertness, low thermal 
conductivity, high creep resistance, high 
refractoriness and low thermal expansion 
coefficient [4-8]. It was widely used in a great 
number of applications like refractory ceramics, 
microelectronic packaging, and microwave 
dielectrics. The performance of materials based 
on mullite, is governed by their chemical 
composition and sintered microstructure. The 
mullite microstructure evolution is influenced 
not only by its chemical composition but also 
by the nature of the starting raw materials [9]. 
The kaolinite applications in industrial wares 
depend then on its physical and chemical 
properties. 
     This work was devoted to the chemical and 
physical characterization of a clayey (kaolinite) 
raw material from Burkina Faso. The 
crystallinity and the effect of heat treatment on 
mineralogical (phase evolution) and physical 
properties have been studied. The kinetic 
parameters for mullite formation have been 
explored using a non-isothermal method.  

 
2. Raw material and experimental methods 
2.1. Raw material 
      The used raw material called Lou, was from 
Loulouka (Fig.1), located at 125 km from 
Ouagadougou (13°22' North and 1°36 West). 
The sample was a white clayey material and it 
is widely used in the pottery manufacturing by 
local populations. Two main types of 
geological formation are found in the vicinity 
of Loulouka open quarry. There are 
metavolcanites and metasediments formations, 
grouped within what are commonly called 
green rocks belts, with granitoïdes of Tonalite, 
Trondhjemite and Granodiorite (TTGs) types. 

All these geological formations are 
Paleoproterozoic (~ 2Ga) [10]. 

  
Fig.1 : Location of the site on the map of Burkina Faso 

 
2.2. Experimental methods 
      For the evolution of the phases during 
firing, the sample was heated from ambient at 
different temperatures (460, 560, 1000 and 
1100°C) and held for 2 hours with 10°C/min as 
heating rate. The heating was performed in a 
Nabertherm C250 furnace. The sintered 
samples were analyzed by X-ray diffraction, 
infrared spectrometry and differential and 
thermogravimetric analyses.  
      To study the effect of heating rate on some 
physical properties, the sample was sintered 
from ambient temperature to 1150°C with a 
stay of 1hour. The chosen heating rates were 2 
and 20°C/min. The above samples were 
analyzed by infrared spectrometry and SEM 
examinations. 
      The crystallinity of the raw sample was 
determined by comparing its X-ray diffraction 
peaks to those of Kga-1(high crystallinity) and 
Kga-2 (poor crystallinity). The Hinckley index 
and the half height width of the peak (001) of 
the kaolinite were also calculated. 
      For the chemical composition 
determination, the crushed sample (<80µm) 
was attacked by a mixture of sulphuric, nitric 
and hydrochloric acids according to 
Njopwouo’s protocol [11] and analyzed by 
atomic absorption spectrometry, using a Perkin 
Elmer A Analyst 100, colorimetry using a UV-
visible Safas Double Energy System 
spectrometer and gravimetry. 
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      The X-ray diffraction (XRD) analyses were 
carried out with a diffractometer Brüker D 5000 
using CuKα radiation and operating at 40KV 
and 50mA. The diffractograms were treated 
with Diffracplus D Quant software. 
      The infrared spectra were recorded in the 
range of 400- 4000cm-1 using a Perkin Elmer 
FT-IR Spectrometer. Each sample (5mg) was 
mixed with 500mg of KBr and pressed into disc 
under vacuum using 5 tons and 10 tons as 
pressure and during 5min.  
      The DTA was investigated using DTA 
Linseis instrument operating at different 
heating rates: 5, 10, 15 and 20°C/min from 
ambient temperature to 1300°C. The ground 
raw material (< 100µm) was packed in a 
platinum crucible. Calcined alumina(1000°C) 
was taken as a reference. The DTA/TGA 
curves of the pre-sintered samples (460, 560, 
1000 and 1100°C) were investigated at 
5°C/min.  
      The microstructure examinations were 
performed by using the ZEISS SUPRA 55 
scanning electron microscope. 
 
3. Results and discussion 
3.1. Raw material characterization 
3.1.1. Chemical and mineralogical compositions 
      The chemical composition of the studied 
kaolinitic raw material comparing to those of 
two references was gathered in Table I.  

 
Table I : Chemical composition of Lou, Kga-1 and Kga-

2 (% by weight) 

 
The prominent oxides are the same in the three 
samples and do not present a significant 
difference in their amount, except that Lou is 
richer in SiO2. Moreover, Lou contained a 
smaller quantity of Fe2O3 than the references. 
This explained its very white colour. K2O 

quantity in the studied sample is higher than 
this of the references. The mineralogical 
composition of the sample (Table II ) shows 
that this one contained mineral impurities such 
as quartz and illite, comparing to the references. 

 
Table II : Mineralogical composition of Lou, Kga-1 and 

Kga-2 (% by weight) 

 
 
3.1.2. Crystallinity 
      The X-ray diffraction patterns (Fig.2) of the 
studied sample, Kga-1 (high cristallinity) and 
Kga-2 (poor crystallinity) references were 
compared. X-ray diffraction peaks relevant to 
kaolinite of the three samples are similar in 
their position in 2theta. However, peaks 
attributed to the kaolinite of Lou are more 
defined than those of Kga-2 but peaks relevant 
to Kga-1 are well better defined comparing to 
those of concerned sample. These results show 
that the kaolinite of Lou is better crystallized 
than Kga-2. This result was correlated with the 
half height width of the [001] peak (Fig.3) for 
Lou and the two references Kga-1 and Kga-2. 
Kaolinite from Lou has a higher crystallinity 
than Kga-2 reference. The calculated Hinckley 
index (HI) of the Lou of Kaolinite (0.88), 
confirms that it is better crystallized than Kga-2 
(HI<0.7) and this crystallinity is not far from 
this of Kga-1 (1.03) [12].  
 

 
 

Fig. 2: X-ray diffraction of Lou, Kga-1and Kga-2 

Phases Lou Kga-1 Kga-2 
Kaolinite 66 96 97 

Illite 10 0 0 
Quartz 13 < < 
Rutile 0.12 1.4 2.3 

Gibbsite 0 2.5 0 

Oxydes  Lou (%) Kga-1(%) Kga-2(%) 
SiO2 48.11 44.20 43.9 
Al 2O3 29.96 39.7 38.5 

Fe2O3 0.07 0.21 1.13 
TiO 2 0.12 1.39 2.08 
CaO 0.06 - - 
MgO 0.10 0.03 0.03 
Na2O 0.24 0.01 - 
K 2O 1.21 0.05 0.06 

Loss on 
ignition 

10.4 14.38 14.36 
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Fig. 3: Peak 001 of Lou, Kga-1 and Kga-2 

 
3.2. Kaolinite phase transformations  
3.2.1 X-ray diffraction (XRD) 
         X-ray-diffraction results (Fig.4) at 460°C 
show the presence of kaolinite, whereas after 
firing at 560°C, all the peaks of kaolinite 
disappeared. The dehydroxylation of kaolinite 
produced metakaolinite, an amorphous 
compound. The illite phase persisted at 560°C 
due to the presence of K+ in the interstitial site. 
At 1000°C, Al-Si spinel phase and quartz were 
the essentially present minerals. Mullite 
appeared at 1100°C and residual quartz was 
present. The transformations of the studied raw 
kaolinitic material are in accordance with those 
reported by Brindley and Nakahira [13-15]. The 
different transformations into mullite are  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

explained by the following reactions: 
 (1)  kaolinite ( Al2O3.2SiO2.2H2O)   → °− C560400  
metakaolinite (Al2O3.2SiO2)+ 2H2O 

 (2)  metakaolinite (2(Al2O3.2SiO2))  → °− C1000950 Al-Si 
spinel (Si3Al 4O12)+ SiO2 (amorphous) 

 (3) Al-Si spinel (3Si3Al 4O12)  → °≥ C1100    mullite 
(2(3Al2O3.2SiO2 ) + 5 SiO2 (amorphous)   
 
3.2.2. Thermal Analysis (DTA and TGA) 
           The DTA/TGA curves for the pre-
sintered products are presented in Fig.5. At 
460°C, peaks of clay minerals dehydroxylation 
were always present. The TGA curve shows a 
loss of 4.70 wt.% due to this dehydroxylation. 
Beyond 460°C, an important amount of 
kaolinite and illite was subjected to the 
dehydroxylation process. Pre-sintered sample at 
560°C according to DTA study did not present 
thermal effect attributed to kaolinite 
dehydroxylation. However the TGA curve 
shows 1.23wt.% as loss of mass. This could be 
due to the loss in mass of the residual hydroxyls 
of formed metakaolinite and the 
dehydroxylation of illite. Structural 
reorganisation phenomenon was observed for 
the two pre-sintered sample at 460 and 560°C. 
At 1000 and 1100°C, mullite and residual 
quartz were well evidenced. This mullitization 
was precocious. 
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Fig.4: X-ray diffraction patterns of the sintered samples : a-untreated; b-460°C; c-560°C; d-1000°C;      
e-1100°C; m-mullite; q-quartz; k-kaolinite; s-Al-Si spinel; I-illite 
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Fig.5: DTA/TGA curves of sintered samples 
 

3.2.3. Infrared spectroscopy (I R) 
      The modifications of OH stretching 
vibration band versus heat treatment are plotted 
in Fig.6-a. 
      At 500°C, the band at 3653cm-1 
disappeared and the band at 3696cm-1 changed 
into a shoulder. These bands are attributed to 
the hydroxyl stretching modes of the inner 
surface hydroxyls of kaolinite [16, 17]. The band 
at 3620cm-1, representing the inner hydroxyls, 
persisted at 500°C. The relative changes of the 
inner surface hydroxyls show that the effect of 
heat treatment started by the loss of inner 
surface hydroxyls.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The band at 3696cm-1 disappeared completely 
whereas the intensity of this at 3620cm-1 
decreased after the treatment of the sample at 
560°C. Kaolinite dehydroxylation was the 
result of Al(O,OH)6 octahedral sheet by the 
outer hydroxyls. This phenomenon did not 
affect SiO4 tetrahedral sheet. Protons 
delocalized of certain external OH followed by 
migration the other external OH to form water 
according to the equations [18]:                     
                         OH- → H+ + O2-                                         
               H+ + OH- →   H2O                                      
Band intensity at 3620cm-1 decreased gradually 
and disappeared at 1000°C. The presence of 
3620cm-1 band at the different temperatures is 
ascribable to metakaolinite residual hydroxyls 
as indicated by DTA/TGA of the pre-sintered 
samples. Residual hydroxyls are isolated and 
their loss was very difficult because of 
hydrogen linkage formation.  Band at 3475cm-1 

appeared during the heat treatment and 
persisted until 1000°C and disappeared after. 
This band is assigned to the hydroxyl stretching 
vibrations of interlayer and adsorbed water. It 
corresponds to the water-water vibrations using 
the hydrogen linkages.  
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Fig. 6: Infrared of sintered sample a- high frequency   b- low frequency 
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At low frequencies, the spectra (Fig.6-b) show 
that, at 560°C, bands around 938, 913 and 
539cm-1 disappeared. The two first bands are 
assigned to Al-OH vibrations [17, 19] and the 
latter band to Si-O-Al in plane bend [19]. The 
lattice vibration at 798 and 695 cm-1 was 
altered and indicate the distortion of octahedral 
layers. The distortion of tetrahedral layers is 
indicated by the alteration of Si-O stretching at 
1000 and 471cm-1. Metakaolinite formation 
was confirmed at 600°C by the reappearance of 
the band at 539cm-1 (Si-O-Al), which  
disappeared. After heat treatment at 1000°C, 
bands around 1010 and 480 cm-1 were very 
definitive, indicating the formation of a new 
phase. This phase is assigned to spinel phase as 
indicated by the X-ray diffraction results and 
was obtained by combining SiO4 groups with 
AlO6 groups. 
 
3.3. Effect of heating rate 
3.3.1. Mullite formation  
      Fig.7 shows the DTA peaks according to 
heating rate for mullite crystallization of the 
studied sample. The temperatures and peak 
areas increased with heating rate increasing. 
This phenomenon is due to kaolinite and illite 
thermal reactions (dehydroxylation followed by 
crystallization). The different temperatures for 
the exothermal phenomenon according to 
heating rate are summarized in TableIII .  
 

Table III: Temperature for mullite formation 

 
The fraction x was determined from the DTA 

peaks: 
t

i

A

A
x =  with, Ai the area at each time of 

reaction and At the total area under the peak in 
the DTA. These areas were determined by 
numerical integration. The increase of heating 
rate was benefic for mullite formation (Fig.8). 
In fact, with a higher heating rate, the mullite 
phase was directly formed from the 

metakaolinite. With a slower heating rate, 
mullite was obtained from metakaolinite via the 
spinel phase. The same results are reported by 
PASK and al [20]. It shows the very important 
role of heating rate on the microstructure 
development of the kaolinitic material during 
the firing step.  

Fig. 7: DTA peak for exothermal phenomenon 

Fig.8 shows the variation of the crystallized fraction (x) 
of mullite with time according to heating rate. 

 
3.3.2. The microstructure 

SEM micrographs of the samples 
obtained after heat treatment are presented in 
Fig.9. With 2°C/min as heating rate, the 
micrograph (Fig.9-a) shows small cuboidal 
crystals of Al-Si spinel phase with some plates 
in feeble quantity corresponding to the mullite 
phase.  Other plates bigger in size show the 
growth of the mullite issued from the Al-Si 
phase. It is concluded that, at 1150°C, with 
2°C/min as heating rate, it appeared  nucleation 
and  growth of mullite and progressive 
disappearance of the Al-Si spinel phase. Finer 
crystallites of mullite plates in great quantity  

Heating rate 
(°C/min) 

 Mullite  crystallization           
               temperature 
       Starting             Peak 

5 969 981 

10 977 991 

15 980 996 

20 980 999 
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Fig. 9: SEM micrographs of sintered sample 
a- heat at 1150°C with 2°C/min; b-heat at 1150°C with 20°C/min 

 
are observed in the micrograph of 20°C/min 
(Fig.9-b). With this heating rate, the mullite 
was already formed and its growth was 
completed. The SEM micrographs are in 
agreement with infrared and X-ray diffraction 
results. 
 
3.4. Kinetics parameters of mullite formation 

DTA technique was widely used to 
describe the different thermal phenomena and 
to obtain the crystallization kinetic of mullite 
formation from kaolin [21]. The non-isothermal 
method [22] was used in this work. The data 
obtained with the DTA curves at different 
heating rate (TableIV ) were plotted by using 
the Kissinger equation [23-25]. The Kissinger 
equation is given as: 

k
R

E

RT

E

B

T
lnlnln

2

−






+=







 ,                               (4) 

where B is the heating rate, T the exothermic 
peak temperature in DTA, E the activation 
energy barrier for crystallization, k the 
frequency factor and R the gas constant. 
According to Kissinger equation, a plot 

(Fig.10) of 








B

T 2

ln  versus 
T

1
 is expected to be 

linear and the slope to be 
R

E .  

The obtained activation energy was 987 kJ.mol-

1 for mullite crystallization. This value is in the 
range of the published values (500-1150kJmol-

1) but is higher than that of the kaolinite 
materials obtained by Gualtieri and al [26] for 
Kga-1 (523kJmol-1) and Kga-2(360kJmol-1). It 
is however lower than this reported by Traore 

and al [27] for Kga1-b (1123kJmol-1). The 
activation energy of the kaolinite 
transformation could depend on the 
crystallinity, the chemical and mineralogical 
composition of the raw material. 

 
 

Fig.10: Kissinger plot for exothermal phenomenon 
 

The value of the Avrami constant (n) 
and crystal growth (m) can be determined by 
using the Ozawa equation [28]: 
                                          

( )[ ] ( ) tcons
RT

mE
Bnx tan

052,1
ln1lnln +







−−=−−                (6) 

where x is the mullite fraction formed.  
According to Fig.8, the variation of the fraction 
x was linear between 0.2<x<0.9. This range of 
x was then chosen in the different calculations 
for decreasing the errors. The plot (Fig.11) of 
ln[-ln(1-x)] versus ln(B) at a fixed temperature 
is expected to be linear. The slope of this line 
gives the n-value. It was found that n ~ 2 
(Table IV). This result indicates that mullite 
crystallization started with a “two dimensional” 
nucleation.

b a 
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             Fig. 11: Plot of Ln[-Ln(1-x)] versus Ln(B)                                        Fig.13: Plot of Ln[-Ln(1-x)] versus 1/T 
 

Similarly, the plot of ln[-ln(1-x)] versus 
T

1  at 

various heating rate gives also a straight line 
(Fig.12). The slope (

R

mE052.1 ) of this plot 

permitted to calculate the value of mE. The 
value of m can then be obtained by dividing the 
value mE by the activation energy. The 
different results were summarized in Table V. 
The m-value obtained is close to m~1. 
 

Table IV :  Avrami exponent n-value at different 
temperatures 

 
Table V: Crystal growth parameters at different heating 

rate 

 
      For Johnson-Mehl-Avrami-Kolmogorov 
(JMAK) criterion [21], n=2 and m=1 describe 
that the bulk nucleation was dominant with a 
“one dimensional” crystal growth and an 
increasing number of nuclei. These results are 
different to those reported by Gualtieri and al 
[26] for the kaolin-mullite reaction (n=m=2). 
This disagreement is due to the Kissinger 
method for the activation energy determination,  
which generated this deficiency. Kissinger 
method uses specific mathematical treatment, 
with some assumptions for the calculation. 

Kissinger supposed that the maximum 
crystallization rate is the DTA peak and that the 
first –order reaction is predominant. These 
assumptions don’t take into account the reality. 
In reality, the kinetic method for exothermal 
peak is strongly related to amount of kaolinite 
and associated minerals, atmosphere during 
heating, thermal history of the kaolinite [27]. The 
m-value depends on the E value, which also 
depends on the Kissinger method. 
 
4. Conclusion 
      The thermal behaviour and the 
crystallization kinetics of mullite from natural 
kaolinite were investigated by using XRD, IR, 
DTA/TG and SEM. The concluding remarks 
are summarized as followed: 
1. The crystallinity of the kaolinite of a clayey 
material of Burkina Faso is higher than this of 
Kga-2 reference and is not far from that of Kga-
1.  
2. The kaolinite dehydroxylation started at  
460°C by the loss of external hydroxyl (3696 
and 3653cm-1). The inner hydroxyl (3620cm-1) 
started to disappear near to 560°C. However 
this IR band persisted until 1000°C due to the 
residual hydroxyls of metakaolinite. The spinel 
phase formed at 1000°C disappeared at 1100°C 
to produce mullite as indicated the X-ray 
diffraction results. 
3. The mullite crystallization activation energy  
obtained by Kissinger’s non-isothermal method 
is 987KJ.mol-1.  Its formation was promoted by 
a high heating rate. At 1150°C with 20°C/min 
as heating rate, SEM image shows the plate like 
morphology for mullite. At a slower heating 
rate (2°C/min), cuboidal particles and a few 
plates were the essential forms in the sintered 
product. 

Temperature (°C) Avrami exponent n 

996 2.4 
1013 2.1 
1021 1.8 

Average 2.1 

Heating rate (°/min) mE m  
5 1125 1.1 
10     1312 1.3 
15 1373 1.4 
20 1405 1.4 

Average 1303 1.3 
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4. Using Kissinger and Avrami equations, the  
values of morphology parameter (n~2) and 
crystal growth dimension (m ~1) suggest a 
“one-dimensional” growth with an   increasing 
number of nuclei; however this is not in 
agreement with the SEM micrographs. 
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