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Abstract. Geopolymer material is an advanced material that is now being looked for its use as a 
refractory material, additive for building material, as well as other applications. Geopolymer is produced 
by polymerizing the precursor used in the process. One of the common precursors being used as 
geopolymer is metakaolin. The metakaolin was produced by thermal treatment (calcination) of kaolin 
minerals, which will convert its mineral structure from crystaline into amorphous and make it more 
reactive. This paper presents the fabrication and characterization of metakaolin using kaolin from Bangka 
island. The main structure of kaolin used in this study are kaolinite and muscovite according to XRD 
results obtained. Metakaolin was produced by thermal treatment using three different calcination 
temperatures ranged from 600 to 700oC and calcined for 4 hours. Prior to calcination, some specimens will 
be mechanically milled using planetary ball mill for 15 minutes with the milling speed of 20.00 rad/s and 
will also be calcined with the same parameter. As a comparison, commercial metakaolin MetaStar also be 
used to compare it to all metakaolin produced. All metakaolin produced are characterized by XRD and 
SEM, and STA test will be performed to kaolin to examine its thermal behavior. The STA test performed 
to both milled and non-milled sample shows that dehydroxylation and reconstruction process occurs at 
temperature range of 460-520oC and 520-640oC for kaolin sample, and at temperature of 426-537oC and 
537-618oC for milled kaolin sample. XRD pattern obtained shows that almost all metakaolin produced 
have the relatively similar pattern to each other as well as to MetaStar, with the main peak of quartz (SiO2) 
at 2= 26.60o to 26.65o. The SEM results shows the characteristic layered-laminate plate-like structure of 
kaolin. Compared to another SEM results obtained, it can be concluded that there are no changes to the 
visible structure of metakaolin produced with the same kaolin used after calcination. 

1 Introduction 
 

In the present day, there is an interest of utilizing kaolin 
in construction industry, mainly as a supplementary 
cementitious materials (SCM). SCMs are materials used 
to replace some part of the clinker in a cement or cement 
in a concrete mixture. The SCMs from kaolin is 
produced by thermal treatment to make it more reactive, 
i.e, calcination within a definite temperature range. The 
results of this calcination are known as metakaolin. 

In Indonesia, there is an abundant deposit of kaolin in 
Bangka Island, which mainly used for paper filler in 
paper industry, or as a mixture in paint industry. To 
increase the value of the mineral, it can be used as the 
SCMs explained before by calcined the kaolin to obtain 
product known as metakaolin. 

Kaolinite is the main structure of kaolin mineral. 
Kaolinite consist of aluminosilicate hidrate compound 
Al2Si2O5(OH)4 which consist of Si-O crystal tetrahedral 
layer (SiO4) connected with alumina crystal octahedral 
layer (Al (O, OH)6)[1]. During calcination, the main 
reaction which occured is the breaking off the kaolinite 

structure. The heating reaction breaks off -OH chain 
from the mineral, and collapsing the kaolinite structure, 
resulting in an amorphous aluminosilicate structure 
(Al2O3.2SiO2) known as metakaolinite. Theoritically, 
there are three stages of thermal transformation of 
kaolinite to metakaolinite[2-5]: 
 When the heating process begin, kaolinite structure 

will break down and separate the alumina layer and 
silicate layer and break down the long order 
structure. This process occured until the heating 
temperature reach 400oC, caused by the 
dehydroxilation of hydroxil structure in the layer 
which cause the water crystal to evaporate and leave 
the main structure.  

 Kaolinite structure in kaolin mineral will break by 
the releasing of water crystal compound which 
happened in relatively low temperature (100-200oC) 
and continuously occurred until the temperature 
reach 400oC. This stage happened with the first stage 
simultaneously. In dehydroxylation process, -OH 
group will be separated to form H+ and O2- ion. The 
proton will link to another -OH group to form water 
molecules which will be evaporated during the 
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process. The O2- ion will stay in the crystal lattice of 
metakaolinite which will be formed after the next 
reconstruction stage occurred. 

 After a while, the broken kaolinite layer structure 
will experience reconstruction process. At 
temperature about 600oC, alumina and silica layer 
structure reconstruction will undergo to form 
metakaolinite (Al2Si2O7) with crystal structure and 
orientation are similar to kaolinite. 
The dehydroxilation reaction from the explanation 

above can be expressed as follows[6]: 

Al2Si2O5(OH)4 Al2Si2O7 + 2H2O  (1) 

If the calcination is done at higher temperature (925-
950oC), the formed metakaolin structure will become 
aluminium-silicon spinel structure (Si3Al4O12), expressed 
as follows: 

2 Al2Si2O7 Si3Al4O12 + SiO2       (2) 

Calcination done in even higher temperature 
(~1050oC) will cause the spinel structure changed to 
mullite structure (3Al2O3.2SiO2) and further heating (at 
1200oC) will change amorphous SiO2 structure to 
become cristobalite SiO2, expressed as follows: 

3 Si3Al4O12 2 Si2Al6O13 + 5 SiO2(amorf) (3) 

SiO2(amorf) SiO2(cristobalite) 

The properties of metakaolin resulted from 
calcination process depends on the time of calcination 
and the temperature used to calcine the kaolin.  The ideal 
temperature used according to some previous research is 
at 550-800oC[7]. However, the calcination time used in 
several research is different depends on the source of 
kaolin used in the study[7]. The different sources result 
in different structure and mineral contained in the kaolin, 
hence become the reason of selecting the best calcination 
variable to produce high quality metakaolin. 

Mechanical treatment by milling is one method used 
to increase the reactivity of metakaolin produced in the 
calcination process. There are already significant number 
of research done in the past which studying the effect of 
the treatment to the properties of metakaolin produced. 
The mechanical treatment was found to reduce particle 
size and increase the specific surface area of the particle. 
When milled, the structure will experience the gradual 
structural disordering, which result in the amorphization 
of kaolinite. The amorphous structure will result in the 
more pozzolanic metakaolin, which already been studied 
[8][9]. 

Pozzolanic is properties which describes the ability 
of material to perform a reaction to calcium (lime) with 
the existence of water in the reaction environment to 
form a cementitious properties substance[10]. To 
measure or know the properties in a material, there is 
two methods exist to measure it; direct and indirect 
method. Direct method based on the using of instrument 
to characterize the material properties with or without 
need to know the pozzolanic reaction happen to 
metakaolin. Whereas the indirect method based on the 

modification of mechanical properties from the cement 
with the addition of metakaolin.  

The goal of this study is to determine the optimal 
calcination for obtaining metakaolin with the most-
similar properties with many commercial metakaolin 
produced. In this study, MetaStar, a commercial 
metakaolin, was used as a comparison. Moreover, the 
mechanical treatment given in the process is studied to 
study its effect to the properties of metakaolin produced. 
This study used direct method determination, where in 
this case the pozzolanic of metakaolin produced was 
determined without the involvement of pozzolanic 
reaction. 

2 Materials and method 
 

2.1. Properties of Kaolin clay 
 

Kaolin samples are obtained from Bangka Island.The 
major material constituent is kaolinite Al2Si2O5(OH)4 
88.20% and muscovite KAl2(SI,Al)4O10(OH)2 12.80% 
based on XRD characterization result. The XRD 
characterization was done with profile fitting procedure 
in 20-45o 2 range. The commercial metakaolin with 
product name MetaStar used in this study were obtained 
from Imerys Group. This commercial metakaolin is 
used as a comparison to the metakaolin produced using 
Bangka Island kaolin. 

 
2.2.  Milling Procedure 

 
Kaolin clay was mechanically treated using ball mill. A 
cylindrical steel filled with steel balls used as a milling 
media. The angular velocity of the milling machine was 
about 20 rad/min. In 15 minutes, about 50-60gr kaolin in 
each cylinder was milled in each milling run. 

 
2.3. Calcination Procedure 

 
Calcination is done using a muffle furnace with 
maximum temperature of 1200oC. 200gr of kaolin and/or 
150 gr of treated kaolin was calcined in 4 hours using 
borosilicate heat resistant glass as a calcination media. 
Both of the kaolins are calcined at temperature of 600, 
650, and 700oC. The sample will be named as follows: 

 
Table 1. Samples codename of each variable 

Temperature Non-milled Milled 

600oC MK600 MK600-MT 

650oC MK650 MK650-MT 

700oC MK700 MK700-MT 

 

2.4. Characterization 
 

2.4.1.  Particle size distribution (PSD) 
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600oC MK600 MK600-MT 

650oC MK650 MK650-MT 
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2.4. Characterization 
 

2.4.1.  Particle size distribution (PSD) 

 

Particle size distribution is used to know the size 
distribution of the kaolin particle either milled or non-
milled. The particle size distribution was measured by 
Particle Size Analyzer (PT Indocement, Tbk.). The 
results of the characterization are shown in Fig. 2. 

2.4.2.  Simutaneous Thermal Analysis [STA] 

Thermal behavior of both kaolin was investigated from 
the room temperature up to 950oC using a DSC-TGA 
instrument (CMPFA FTUI), with a heating rate of 
20oC/min. 

2.4.3.  X-Ray Diffraction (XRD) 

The XRD data were collected using X-Ray Diffraction 
Machine (Balai Penelitian Pascapanen) in the 2 range 
20-45o (step-length: 0.02, time per step: 76.8).  

2.4.4.  Scanning Electron Microscopy (SEM) 

SEM characterization is used to examined the 
morphology of each metakaolin produced by calcination 
in each calcination parameter, using INSPECT F50 SEM 
machine (CMPFA FTUI). 

3 Results and discussion 

3.1. Simultaneous Thermal Analysis and 
Particle Size Distribution 

 
The raw kaolin and the milled kaolin used in this study 
were analyzed by Thermogravimetric Analysis (TGA) 
and Dfferential Scaning Calorimetry (DSC) 
simultaneously to examine the thermal reaction during 
the calcination process from 50oC up to 950oC at the rate 
of 20oC/min. The results are showed in Fig. 1 and Fig. 2. 

Fig. 1. STA graphic of Kaolin 

At the low temperature between 50oC and 100oC, the 
endothermic reaction occurs as in this condition the 
kaolin was absorbing heat and releasing the water 
absorbed onto the surface. At temperature of 100oC to 
460oC, kaolin started to lose its mass with a relatively 
low rate, which was caused by the dehydration process 

whichleads to dehydroxilation and reconstruction 
process at higher temperature. Dehydroxilation of 
kaolinite structure occurs at temperature between 460oC 
and 520oC when the materials experiencing endothermic 
reaction by absorbing heat to release -OH from the main 
structure and form water molecule which will be 
evaporated through the process. At the same condition, 
the TGA graph shows a significant loss of mass which 
illustrates the previous process occured. The 
reconstruction process occurs when exothermic reaction 
takes place at temperature range of 520oC to 640oC. At 
this condition the heat released because of the newly 
reconstructed structure, and at the same time the mass 
loss still occuring as can be seen from the graph. At a 
higher temperature, the metakaolin formed as the 
reconstructed structure as explained earlier. The STA 
test to kaolin have been done in several previous 
research and shows the relatively similar results as above 
[11]. 

In this study, mechanical treated kaolin was also 
calcined. Fig. 2 below is the result of characterization of 
milled kaolin sample. 

Fig 2. Particle size distribution graphic of kaolin, milled kaolin 
and MetaStar 

From the result above, it clearly seen that the graphic 
showed have significant difference from the previous 
result (fig. 1). The temperature which describes the three 
stages of metakaolin forming was also changed as can be 
seen above. The reaction tends to be endothermic, as the 
DSC graphic showed is continuously going down until 
the temperature of 537oC. The endothermic reaction 
occurs because the absorbed heat from the environment 
by the milled kaolin sample is used to release water and 
light impurities. The dehydroxilation of the structure 
occurs at temperature between 426oC and 537oC, as in 
the DSC graphic the line seems to keep going down 
which indicates endothermic reaction occurs, and also in 
TGA graphic which showed the significant mass loss 
which indicates the release of -OH groups from the 
kaolin structure. The reconstruction process occurs when 
exothermic reaction takes place at temperature between 
537oC to 618oC. At this condition the exothermic 
reaction occurs which can be seen from the showed 
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graphic that starts to going up at the temperature 537oC. 
The exothermic reaction is occurred because ot the heat 
released from the newly reconstructed structure which 
known as the metakaolin. 

The effect of mechanical treatment to thermal 
behavior had been studied before [9,12]. As we can see 
roughly from the graphic, the thermal behavior graphic 
result tends to be shifted to the left, because of the early 
dehydroxilation and reconstruction process occurred in 
the milled kaolin sample compared to the raw kaolin 
sample. In the detailed temperature, the dehydroxylation 
and reconstruction process from the raw kaolin sample 
occurred at temperature 460-520oC and 520-640oC for 
kaolin sample, and at temperature 426-537oC and 537-
618oC for milled sample. It can be occurred because of 
the mechanical treatment will increase the specific 
surface area and surface activation of kaolin particle 
which will lead to early dehydroxylation and 
reconstruction [13].  

The particle size was also determined using Particle 
Size Distribution and presented in Fig.3. 

Fig.3. Particle size distribution graphic of kaolin, milled kaolin 
and MetaStar 

The size distribution was determined by counting on 
how many particles are exceed to some size variable 
given in the calculation. In this case, the more left the 
line located, the finer the particle size will be. It can be 
explained as the finer particle will reach the 100 
percentage earlier than the coarser one. In fig. 3, it can 
be seen that the MetaStar line is located in the far left 
than both the milled and not milled kaolin, which 
indicates that MetaStar have the finest particle size 
compared to other. The kaolin and milled kaolin size 
distribution were not significantly different as both line 
closed to each other with the milled kaolin located in the 
left. It indicates that the milling treatment done in this 
research cannot reduce the particle size further. 

3.2. XRD Pattern 

In order to see the changes which may occur during 
calcination, the XRD patterns of kaolin and metakaolin 
obtained were compared. The results are presented in fig. 
4. 

Fig. 4. Comparison of XRD pattern graphic of: a) Kaolin vs 
MK-MT, b) Kaolin vs MK, c) MetaStar vs all metakaolin (K= 
Kaolinite, M= Muscovite, Q= Quartz, Ch= Chromphyllite) 

Fig.4a shows the diffraction pattern of kaolin 
compared to five metakaolin produced without 
mechanical treatment at each temperature. It can be seen 
that during calcination at temperature of 600, 650, and 
700oC, the main peak from kaolin (kaolinite: 2= 
24.92o) dissapear. On the other hand, the muscovite peak 
at 2= 26.80ostill exist, but changes and become the 
main peak of each metakaolin and turns to be quartz 
(SiO2 at 2= 26.60oto 26.65o)during the calcination of 

a 

b 

c 
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each temperature. The other non-primary kaolinite peak 
at 2= 35.92 o, 38.51 o have the same experience which 
dissapear when the kaolin calcined and turns to be quartz 
with low intensity. Characterization of metakaolin has 
been studied previously by several researcher and results 
in a similar diffraction pattern and tendency 

In fig. 4b, the same results are shown as the 
previous graphic. Metakaolin produced at temperature of 
600 to 700oC have the similar diffraction pattern to each 
other, with quartz as a main peak at2= 26.60
range. 

Compared to commercial metakaolin MetaStar, it 
seems that all metakaolin produced almost have the
pattern to each other (with the exception of MK800
MT). At fig. 4c, it can be seen that the main peak of 
MetaStar (quartz, 2= 26.65o) is located almost in the 
same angle as the other metakaolin. It can be seen that 
all quartz peak stacked in the same diffraction angle. 
Although, there was a slight difference in the non
primary peak, at 2= 34.75o the MetaStar diffraction 
pattern have chromphyllite peak. At the other hand, the 
rest of metakaolin have quartz peak at the same 
diffraction angle.  

Because of the temperature used 
exceed the forming temperature (640
graph above (fig. 1), it does not mean that MK600 and 
MK600-MT produced did not classified as metakaolin. 
By seeing the diffraction pattern in fig. 3c, that is 
confirmed that both of metakaolin produced at 
temperature of 600oC are indeed metakaolin. 
thermal behavior results obtained from STA test are not 
time-dependent, as in this study the calcination process 
occurs in 4 hours, which is the reason why metakaolin 
already formed even at 600oC temperature.

 
3.3. Scanning Electron Microscope
 
SEM characterization was done to observe and analyze 
the morphology of kaolin, metakaolin, and MetaStar
particle and compare them to each other. There are 5 
samples which will be characterized: kaolin, milled 
kaolin, MetaStar, MK700 and MK700-
700oC-calcined metakaolin were chosen as a 
representative among the 6 metakaolin produced in this 
study. 

primary kaolinite peak 
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in a similar diffraction pattern and tendency [12,14]. 
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Scanning Electron Microscope 

SEM characterization was done to observe and analyze 
the morphology of kaolin, metakaolin, and MetaStar 
particle and compare them to each other. There are 5 
samples which will be characterized: kaolin, milled 

-MT. Both of the 
calcined metakaolin were chosen as a 

representative among the 6 metakaolin produced in this 

Fig.5. SEM morphology of: a) kaolin 10000x, b) kaolin 
50000x, c) milled kaolin 10000x, d) milled kaolin 50000x 
magnification 

The morphology of all materials characterized is 
presented in fig.5 and fig.6. The particle of raw kaolin 
(fig.5a) tends to be globular shaped and have a plate
hexagonal layered structure which is the main 
characteristic of kaolin structure (fig. 5b). As the raw 
kaolin milled, the round-edged particles of raw kaolin 
changes to a rigged-edge particle and experienc
slightly decrease in particle size (fig. 5c and 5d). The 
plate-layered structure still exists in the milled kaolin, 
which can be concluded that the mechanical treatment 
alone cannot break the primary structure.

The MK700 and MK700
however, have almost the same morphology as each 
starting kaolin used. MK700 which used raw kaolin as a 
starting kaolin have the same globular
which still have the laminated
which can be seen in fig.6d
mechanically treated metakaolin particle has a rough
edged shape seen at 50000x magnification, different 
from the MK700 (fig. 6f). This occurred because of the 
mechanical treatment given which breaks the globular
shaped/round-edged particle a
morphology. 

 
SEM morphology of: a) kaolin 10000x, b) kaolin 

50000x, c) milled kaolin 10000x, d) milled kaolin 50000x 

The morphology of all materials characterized is 
fig.6. The particle of raw kaolin 

tends to be globular shaped and have a plate-like 
hexagonal layered structure which is the main 
characteristic of kaolin structure (fig. 5b). As the raw 

edged particles of raw kaolin 
edge particle and experience the 

slightly decrease in particle size (fig. 5c and 5d). The 
layered structure still exists in the milled kaolin, 

which can be concluded that the mechanical treatment 
alone cannot break the primary structure. 

The MK700 and MK700-MT particle morphology 
however, have almost the same morphology as each 
starting kaolin used. MK700 which used raw kaolin as a 
starting kaolin have the same globular-shaped particle 
which still have the laminated-layered plate structure 

d. On the other hand, the 
mechanically treated metakaolin particle has a rough-
edged shape seen at 50000x magnification, different 

f). This occurred because of the 
mechanical treatment given which breaks the globular-

edged particle and results to this 
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Fig.6. SEM morphology of: a) MetaStar 10000x, b) MetaStar 
50000x, c) MK700 10000x, d) MK700 50000x, e) MK700
10000x, f) MK700-MT 50000x magnification

The commercial metakaolin MetaStar were also 
characterized using SEM to observe its particle 
morphology as presented in fig.6a and 
another results, the particle tends to be denser in the 
same observed area. The particles still have the same 
laminate-layered plate as the main structure, but 
somewhat have different shape to other samples 
especially to MK700 (fig. 6c and 6d) and MK700
(fig. 6e and 6f). This can be occured
different raw materials of kaolin used to produce each 
MetaStar and produced metakaolin. The different source 
of kaolin will lead to different particle morphology, as 
can be seen from previous research [2,15]

 
4 Conclusions 

 
In this study, the calcination which was subjected to 
kaolin was done. The calcination process at a various 
temperature produce metakaolin which could be 
compared to commercial metakaolin MetaStar in terms 
of diffraction pattern (XRD results).  All of metakaolin 
produced have the similar pattern with main peak located 
at the same diffraction angle (SiO2 
26.65o). The mechanical treatment given in the process 
seems to be not affected the diffraction pattern. From the 
SEM results, the layered-laminate plate
kaolin can be seen. The structure did not change after 
milled and calcined, which indicate
treatment cannot break down the laminate structure even 
further and calcination cannot change the visible 
structure to another form. In the SEM observation of 

 
SEM morphology of: a) MetaStar 10000x, b) MetaStar 

50000x, c) MK700 10000x, d) MK700 50000x, e) MK700-MT 
MT 50000x magnification 

The commercial metakaolin MetaStar were also 
o observe its particle 

and 6b. Compared to 
another results, the particle tends to be denser in the 
same observed area. The particles still have the same 

layered plate as the main structure, but 
rent shape to other samples 

d) and MK700-MT 
f). This can be occured because of the 

of kaolin used to produce each 
The different source 

of kaolin will lead to different particle morphology, as 
15]. 

In this study, the calcination which was subjected to 
process at a various 

temperature produce metakaolin which could be 
compared to commercial metakaolin MetaStar in terms 
of diffraction pattern (XRD results).  All of metakaolin 
produced have the similar pattern with main peak located 

 at 2= 26.60oto 
). The mechanical treatment given in the process 

seems to be not affected the diffraction pattern. From the 
laminate plate-like structure of 

kaolin can be seen. The structure did not change after 
milled and calcined, which indicates that milling 
treatment cannot break down the laminate structure even 
further and calcination cannot change the visible 
structure to another form. In the SEM observation of 

MetaStar it can be seen that it has the similar laminate 
structure compared to kaolin and metakaolin produced 
with a distinct particle shape. The different particle 
shape can indicate the kaolin used to produced MetaStar 
is different to the kaolin used in this study.
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Fig.6. SEM morphology of: a) MetaStar 10000x, b) MetaStar 
50000x, c) MK700 10000x, d) MK700 50000x, e) MK700
10000x, f) MK700-MT 50000x magnification

The commercial metakaolin MetaStar were also 
characterized using SEM to observe its particle 
morphology as presented in fig.6a and 
another results, the particle tends to be denser in the 
same observed area. The particles still have the same 
laminate-layered plate as the main structure, but 
somewhat have different shape to other samples 
especially to MK700 (fig. 6c and 6d) and MK700
(fig. 6e and 6f). This can be occured
different raw materials of kaolin used to produce each 
MetaStar and produced metakaolin. The different source 
of kaolin will lead to different particle morphology, as 
can be seen from previous research [2,15]

 
4 Conclusions 

 
In this study, the calcination which was subjected to 
kaolin was done. The calcination process at a various 
temperature produce metakaolin which could be 
compared to commercial metakaolin MetaStar in terms 
of diffraction pattern (XRD results).  All of metakaolin 
produced have the similar pattern with main peak located 
at the same diffraction angle (SiO2 
26.65o). The mechanical treatment given in the process 
seems to be not affected the diffraction pattern. From the 
SEM results, the layered-laminate plate
kaolin can be seen. The structure did not change after 
milled and calcined, which indicate
treatment cannot break down the laminate structure even 
further and calcination cannot change the visible 
structure to another form. In the SEM observation of 

 
SEM morphology of: a) MetaStar 10000x, b) MetaStar 

50000x, c) MK700 10000x, d) MK700 50000x, e) MK700-MT 
MT 50000x magnification 

The commercial metakaolin MetaStar were also 
o observe its particle 

and 6b. Compared to 
another results, the particle tends to be denser in the 
same observed area. The particles still have the same 

layered plate as the main structure, but 
rent shape to other samples 

d) and MK700-MT 
f). This can be occured because of the 

of kaolin used to produce each 
The different source 

of kaolin will lead to different particle morphology, as 
15]. 

In this study, the calcination which was subjected to 
process at a various 

temperature produce metakaolin which could be 
compared to commercial metakaolin MetaStar in terms 
of diffraction pattern (XRD results).  All of metakaolin 
produced have the similar pattern with main peak located 

 at 2= 26.60oto 
). The mechanical treatment given in the process 

seems to be not affected the diffraction pattern. From the 
laminate plate-like structure of 

kaolin can be seen. The structure did not change after 
milled and calcined, which indicates that milling 
treatment cannot break down the laminate structure even 
further and calcination cannot change the visible 
structure to another form. In the SEM observation of 

MetaStar it can be seen that it has the similar laminate 
structure compared to kaolin and metakaolin produced 
with a distinct particle shape. The different particle 
shape can indicate the kaolin used to produced MetaStar 
is different to the kaolin used in this study.
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