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ABSTRACT 

A study on alternative to Portland cement was carried out by applying geopolymerization process using 
metakaolin (MK) and rice husk ash (RHA). Metakaolin was produced through the calcinations of kaolin-processed clay at 
700oC. Acid leachedraw rice husk (RH) was incinerated at 700oCto produce rice husk ash (RHA), which acted as the silica 
source in the synthesis of geopolymer. Geopolymers (GP1-GP6) were produced by the alkaline activation (NaOH and 
Na2SiO3) of mixtures of metakaolin (MK) and rice husk ash (RHA) before curing them at 60oC. The parameters involved 
were Na2SiO3/NaOH ratio and metakaolin/silica ratio. The effects of SiO2/Al2O3 ratio and solid/liquid ratio on the 
workability, brittleness, porosity and setting time of geopolymers were studied. The hardened geopolymer materials were 
sintered at temperature ranged from 600 to 1,000oC. Observations showed that the workability decreased when the alkali 
activator was doubled up, brittleness increased by increasing the SiO2/Al2O3 ratio and at high solid/liquid ratio, the 
porosity decreased and eventually producing material that was less brittle. The optimum SiO2/Al2O3 ratio was 3.18. 
Scanning Electron Microscope (SEM) micrographs and X-ray Diffraction (XRD) analysis showed the development of the 
geopolymer materials in the phase evolution in increasing temperature. At the highest temperature of sintering for GP1 (1, 
000oC), nepheline crystals were the main crystals formed with mullite as the minor crystals which started to develop. The 
presence of the crystalline phases can be further related to the mechanical strength of the geopolymer.  
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INTRODUCTION 

Geopolymers are amorphous to semi-crystalline 
three-dimensional aluminosilicate polymers, which were 
first introduced by Davidovits in 1978. Geopolymers can 
be obtained at slightly higher than room temperature 
through the synthesis of aluminosilicates as the raw 
materials via alkaline activation. Sources of these raw 
materials are industrial wastes, calcinated clays, natural 
minerals or several mixtures of the materials (Xu, 2001). 
The process of synthesizing geopolymers by utilizing solid 
waste and by-products is called geopolymerization (Khale 
and Chaudhary, 2007). Metakaolinite is one of the clay 
materials that are rich in Al source. The material can be 
produced by dehydroxylation of kaolin at the temperature 
of 450 to 980oC (MacKenzie et al., 2008).  

Metakaolin is widely used as mineral additives, 
therefore a good synthetic pozzolana. This is due to the 
highly disordered structure of metakaolin compared to 
kaolin that is crystalline in structure (Kakali et al., 2001). 
Rice husk is the waste material abundantly available in the 
agricultural rice producing areas such as Kota Belud, 
Sabah. Pure silica can be produced by acid-leaching 
process of rice husk (Chen and Chang, 1991). A research 
done by Real et al. (1996) shows that rice husk ash is an 
alternative source of silica due to the production of pure 
silica (~99.5%). It has high specific surface area, fine 
particle size and high grade of amorphous form of silica. 

The choice of alkali metal types that is used in 
geopolymerization depends on the types of raw materials 
being used and the application of the produced 
geopolymers (Komnitsas and Zaharaki, 2007). In this 

study, NaOH and Na2SiO3were used as the alkali 
activator. It is studied by Poulesquen et al. (2011) that 
NaOHhas better dissolution of the aluminosilicate source 
(metakaolin) than KOH. It has been observed by Bakharev 
(2005) who concluded that geopolymer activated by a 
mixture of NaOH and Na2SiO3 yields higher strength. 

The objectives of this study were (1) to prepare 
pure silica source from the local rice husks, (2) to prepare 
metakaolin from the kaolin clay, and (3) to synthesize 
geopolymer ceramic based on different ratios of Na2SiO3 
to NaOH and different ratios of clay and silica. In 
addition, this study also focused on analyzing the 
microstructures crystal phase evolution of the geopolymer 
ceramic using X-ray Diffraction and Scanning Electron 
Microscope. 
 
EXPERIMENTAL PROCEDURE 
 
Metakaolinization 

Metakaolin were prepared from processed kaolin 
clay from Sibelco Malaysia Sdn Bhd. The chemical 
composition of the starting material provided by the 
manufacturer is given in Table-1. The kaolin clay was 
subjected to heat treatment at 700OC in order to prepare 
the reactive metakaolin. 
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Table-1. Compositions of materials and their mass 
fractions (%) in kaolin processed clay. 

 

Composition Mass fraction (%) 

Silicon Dioxide (SiO2) 49.60 

Aluminium Oxide (Al2O3) 34.20 

Titanium Dioxide (TiO2) 0.52 

Iron Oxide (Fe2O3) 1.01 

Calcium Oxide (CaO) 0.01 

Magnesium Oxide (MgO) 0.55 

Potassium Oxide (K2O) 1.80 

Sodium Oxide (Na2O) 0.07 

Loss on Ignition 12.10 

 
 
 
 

Rice husk preparation 
The prepared rice husk ash was washed with 

distilled water and dried completely at 110oC for 24 h. It 
was then subjected to acid leaching. 2M HCl at its boiling 
point was carried out under constant stirring for 1 hour. 
The leached rice husk was subjected to incineration at 
700oC.The incinerated rice husk ash was then 
characterized using XRD and FTIR. 
 
Geopolymerization 

Geopolymer samples were prepared by mixing of 
the alkali activator containing NaOH and Na2SiO3 solution 
manually with stoichiometric amounts of metakaolin, 
Al2Si2O5(OH)4. The mixing of metakaolin with alkali 
activator was conducted using overhead mixer with 
constant stirring for 5 min. Then, the rice husk ash, which 
acted as the silica source, was added in stoichiometric 
amount compared to the amounts of metakaolin clay used. 
The mix proportions of the geopolymer pastes are given in 
Table-2. The slurry reactive mixture of geopolymer 
produced was then placed in the cylindrical mould.  

 
Table-2. Chemical Formula and Composition of various geopolymer (GP) samples. 

 

GP Chemical formula 
Na2SiO3 : 

NaOH 
(by mol) 

Na2SiO3 : 
NaOH 

(wt) 

Solid : 
Liquid 
(mol) 

Solid : 
Liquid 

(wt) 

MK : 
RHA 
(mol) 

SiO2 : 
Al2O3 
(wt) 

1 Na2O.Al2O3.2.85SiO2 1:1 3.05 0.6 1.07 1 : 0.5 2.85 

2 Na2O.1.25Al2O3.3.20SiO2 1:1 3.05 0.7 1.30 
1.25 : 

0.5 
2.57 

3 Na2O.Al2O3.3.245SiO2 1:1 3.05 0.8 1.19 1 : 1 3.24 

4 1.33Na2O.Al2O3.3.18SiO2 2:1 6.10 0.6 1.25 1 : 0.5 3.18 

5 1.07Na2O.Al2O3.2.84SiO2 2:1 6.10 0.7 1.52 
1.25 : 

0.5 
2.84 

6 1.33Na2O.Al2O3.3.58SiO2 2:1 6.10 0.8 1.40 1 : 1 3.58 

 
Curing of the geopolymer paste was then carried 

out at the temperature of 80oC for 24 hours. The cured 
geopolymer was then undergone sintering to develop 
mechanical properties, as well as to study the phase 
evolution of the product of geopolymer ceramic. Sintering 
process of the geopolymer was carried out by 1 hour of 
soaking at 500, 600, 700 and 800, 900 and 1, 000oC 
respectively. The sintered samples were finally 
characterized using XRD and SEM. 

XRD patterns were obtained with an X’Pert Pro 
PW3040 XRD machine using Co-Kα radiation to 
determine the mineralogical composition of the raw 
materials and geopolymer components. The samples for 
SEM were fractured and carbon-coated. The SEM images 
were obtained using an EVO 10MA microscope to 
observe the microstructure evolution of the geopolymer 
ceramic products.  
 
 

RESULTS AND DISCUSSIONS 
Metakaolin was successfully prepared based on 

thermal treatment at 700oC with 1 hour of soaking period. 
The thermal treatment of the clay removes water content 
from the mineral kaolinite (Al2O3.2SiO2.2H2O) through 
dehydroxylation, to produce the amorphous metakaolin 
(Al2O3.2SiO2). The dehydroxylation process can be 
summarized as in the equation below: 
 
Al2O3.2SiO2.2H2O →Al2O3.2SiO2 + 2H2O     (1) 
 

At the temperature of 700ºC, the dehydroxylation 
process was at the maximum efficiency based upon the 
hydroxyl ions (OH-), which are strongly bonded to the 
aluminosilicate framework structure, were eliminated 
from the crystal structure (dehydroxylation), thus the 
overall structure loses its crystalline structure and become 
amorphous metakaolin (Ilic et al., 2010). XRD and FTIR 
analyses also support this findings. 
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Figure-1 shows the IR spectra of kaolin. The 
kaolin showed the characteristic peaks at 3693.5 cm-1 and 
3619.63 cm-1 corresponding to the OH- stretching 
vibrations. Bands at 1114.54 cm-1, 1030.89 cm-1 and 
1004.36 cm-1 were assigned to Si-O bonds in the SiO4 
molecules (Granizo et al., 2007) while bands at 912.55 
cm-1and 937.04 cm-1 that showed the Al-OH vibrations 
and bands at 790.14 cm-1, 749.33 cm-1 and 686.09 cm-

1indicated Si-O stretching (Galan et al., 1996).  
IR spectra of the prepared metakaolin showed the 

absence of detectable Al-OH bands at 912.55 cm-1 and the 
doublet at 3693.5 cm-1 and 3619.63 cm-1, which 

correspond to the OH- stretching vibrations and can be 
related with the changes from the octahedral coordination 
of Al3+ in kaolinite to tetrahedral coordination in 
metakaolinite (Cristobal et al., 2010). The band of kaolin 
at 1114.54 cm-1 shifted to a lower frequency, thus 
combined with the bands of Si-O to form a broad band at 
1041.09 cm-1. There was a new significant bond that can 
be observed at approximately 584.04 cm-1 to 586.12 cm-

1in metakaolin. These correspond to the Si-O-Al bands, 
which shifted to higher frequency after the calcination 
process (Ilic et al., 2010). 

 

 
 

Figure-1. IR spectra of kaolin and metakaolin. 
 

XRD diffractogram of pure kaolin clay showed 
major mineral constituents in the clay were kaolinite 
minerals (Al2Si2O5(OH)4) with the presence of quartz, 
SiO2 (Figure-2). After the thermal treatment of kaolin clay, 
the kaolinite peaks disappeared with presence of quartz 
(2 ~26.19) remained unchanged. The broad reflection 
between 10-35º with relatively similar intensities was 

assigned to metakaolinite which indicates it has 
amorphous structure (Komnitsas et al., 2007). 

In addition, there were also two significant strong 
peaks at 2 ~38.47 and 44.72 where referred as 
aluminium, detected from the aluminium-based XRD 
sample holder.  
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Figure-2. X-ray diffractogram kaolin clay and metakaolin. 
 

Rice Husk Ash (RHA) produced at 700oC 
showed intense broad characteristic peak for FTIR spectra 
at ~ 102.24 cm-1, with less intense broad peak at 804.62 

cm-1 indicating the presence of silica (Figure-3). Fumed 
silica was taken as the reference in the comparison of the 
rice husk ash. 

 

 
 

Figure-3. IR spectra of leached RH and RHA produced at different incineration temperatures. 
 
X-ray diffractogram (Figure-4) showed intense broad peak at the range of 2= 20-30 indicating the amorphous nature of 
silica. 
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Figure-4. X-ray diffractogram of RHA at different combustion temperatures. 
 
Geopolymerization 

The geopolymerization of the mixtures of 
metakaolin (MK) and rice husk ash (RHA) with the alkali 
activators (NaOH and Na2SiO3) occurred simultaneously, 
once all materials were mixed. As NaOH resulted in the 
dissolution of aluminosilicates sources (MK and RHA), 
while Na2SiO3 acted as the binder. This study will only 
discuss on the workability, curing/setting time, brittleness 
and porosity of the geopolymers through the observations 
on the geopolymer paste produced. 
 
Effect of Na2SiO3 / NaOH ratios 

The workability of the geopolymer products 
decreased when the ratio of Na2SiO3: NaOH was doubled 
up to 2:1. Less workable mixture was produced due to the 
difficulty in the compaction and molding process where 
excess silicate content hindered water evaporation and the 
formation of geopolymeric structure. The reduction in 
workability was based on the inhibition of the 
geopolymerization reaction due to the precipitation of Al-
Si phase, which avoided contact between the reacting 
materials and the activation solution.GP4 and GP5 were 
still able to undergo polymerization after mixing and 
hardened after 1 day of curing. However, GP6 with most 
silicate content and the least polymeric gel, took longer 
curing time for it to become hardened.  
 
Effect of SiO2 / Al2O3 ratios 

For the 1:1 ratio of the activator content, GP1 and 
GP2 took less time to harden before curing, compared to 
GP3. For the 2:1 ratio, GP6 took longer hardening time 
compared to GP4 and GP5. The Si/Al ratio of the 
geopolymer products, which ranging from 2.57-3.58 

affected the hardening and curing time of the geopolymer 
paste.  

In this study, the brittleness of the geopolymers 
increased with increasing SiO2/Al2O3 ratio. Ravindra and 
Somnath (2009) also stated that the increased of SiO2 
content (decreasing Al2O3) will increase the brittleness 
due to the higher degree of reactions that took place in the 
mixture. For GP3 and GP6, it can be suggested that the 
silica content was beyond the threshold level, which leads 
to reduction in reactivity, increase in brittleness and 
prolonged curing time. From this study, the optimum 
SiO2/Al2O3 ratio is for GP4 with ratio of 3.18. 
 
Effect of Solid / Liquid ratios 

The solid/liquid ratios from GP1 to GP6 are in 
the increasing range. GP1 and GP4 consist of the lowest 
solid/liquid ratio, thus, they composed of more activator 
content. This leads to higher viscosity and porosity of the 
mixtures. The viscosity of the mixture affects the porosity 
and brittleness of the mixture, as suggested by Kong et al. 
(2007).  

Based on the three ratios, Na2SiO3/NaOH, 
SiO2/Al2O3 and solid/liquid, it can be concluded that in 
general, the brittleness, porosity and curing/setting time of 
the geopolymer product increases from GP1 to GP6. On 
the other hand, the workability and loading of the 
geopolymeric mixtures decreases from GP to GP6. 
 
Structural analysis of geopolymer 

Figure-5 presents the XRD patterns of 
geopolymer produced (GP1 - GP6) at different 
compositions and various mixture proportions of starting 
materials after being cured at 60ºC. After the alkali 
activation of metakaolin with the mixtures of NaOH and 
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NaSiO3, it can be observed at 2 ~ 20-35 that there was a 
broad peak in the XRD diffractograms of the synthesized 
geopolymeric materials (GP1-GP6). This hump represents 
typical amorphous characteristic of geopolymers (Zuhua 
et al., 2009). These humps differed from the ones during 
metakaolinization, where the angle value of the humps 
shifted higher (2~ 15-25) after geopolymerization. 
Liewet al. (2012) also found the same shifting and 

suggested that there were occurrence of structural 
arrangement during geopolymerization. The quartz peak at 
2 ~16.78 and muscovite at 19.91 and 34.72 were still 
present in the diffractogram, indicating that both minerals 
were not affected by geopolymer reactions. Besides quartz 
and muscovite, the aluminium peaks at 2 ~38.47 and 
44.72 were present too. 

 

 
 

Figure-5. XRD diffractogram of raw GP1-GP6 (before sintered). 
 
Phase evolution and microstructure  

Each of GP1 to GP6 samples was subjected to 
thermal treatment at temperatures of 600ºCto 1,000ºC to 
study the formation of nepheline crystals from Na-based 
geopolymer. The colour of the geopolymer before 
sintering was slightly red. It can be observed that the 
resulting fired materials were whitish after the thermal 
treatment at 600ºC to 800ºC. At these temperatures, water 
was removed from the cured geopolymer materials. Above 
800ºC, there were colour changes for the geopolymers, 
where the colour became slightly reddish. Oxidation of the 
components in the geopolymer might cause the significant 
changes in colour. The development of microstructure and 
geopolymer phases after sintering was observed using X-
ray Diffractometry (XRD) for the raw and sintered 
samples at 600ºC, 800ºC and 1000ºC. Based on the XRD 
analysis, only the best and well-developed GP was further 
analyzed using Scanning Electron Microscope (SEM). 
 
 
 

X-ray Diffraction (XRD) 
The XRD analysis was done on all of the GPs for 

the raw and sintered samples at 600ºC, 800ºC and 1000ºC. 
Figure 6shows the X-ray diffractogram of the GP1 
geopolymer. As the temperature raised from 600ºC to 
800ºC, there was no significant change in the 
diffractogram of the sintered geopolymer materials. The 
peaks of muscovite and quartz remained in the 
diffractogram. The intensity of the amorphous hump 
decreased as the temperatures raised. This supported the 
ideas that at higher temperatures, the amorphous material 
undergoes development to crystalline structure, and in this 
study, nepheline crystals were formed. From the GP1 
diffractogram, it was found that crystalline nepheline 
started to form at the temperature above 800ºC and was 
fully crystallized at 1,000ºC.  

The strongest peaks of nepheline crystals can be 
observed in GP1 at 1000ºC. The nepheline peaks were less 
intense and fewer in GP2 to GP6. From the diffractogram 
in Figure-7, the nepheline crystals were not fully formed 
in GP5 and GP6. This might be due to the increasing of 
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the SiO2/Al2O3 ratio. From the diffractograms, it was 
shown that the onset temperature of nepheline 
crystallization decreased with increasing SiO2/Al2O3 ratio. 
Besides that, the extent of crystallization also decreased, 
as shown by fired GP 4, 5 and 6. From these findings, it 
can be concluded that the temperature of sintering for 

GP4, GP5 and GP6 was not sufficient in the evolution of 
nepheline crystals and temperature higher than 1, 000ºC is 
needed in order to obtain the nepheline crystals. Besides 
that, the excess of silicates in these mixtures hindered the 
crystal growth and retained its amorphous nature. 

 

 
 

Figure-6. X-ray Diffractogram of GP1 at different temperature of sintering. 
 

Besides nepheline crystals, in GP1 to GP3, a few 
mullite peaks were observed. The mullite peak in GP3 was 
less intense and overlapped with the nepheline peak at 2~ 
25.13. The mullite peaks in GP1 was more intense than 
GP2 and GP3. However, the mullite crystals were not 
fully developed as the intensity of the peaks was not as 
strong as the nepheline peaks. Gridi-Bennadji et al. (2009) 
also discovered similar outcomes. The formation of 
mullite can be associated with the disappearance of 
muscovite at temperature above 800ºC. Mullite crystals 

are formed by the transformation of muscovite in the 
geopolymer at high temperature. Figure-7 shows the X-ray 
analysis of all the GPs at 1, 000ºC. Quartz peak remained 
in all GPs up to 1,000ºC. It can be clearly observed that 
there were differences in the formation of crystals due to 
the differences in the composition of the starting 
geopolymer. Based on Figure-7, GP1 was chosen to be 
analyzed using SEM to observed the microstructure of the 
evolution of nepheline crystals. 
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Figure-7. X-ray Diffractogram of GP1 to GP6 at different temperature of sintering. 
 
Scanning Electron Microscope (SEM) 

In this study, the SEM analysis was conducted to 
study the phase evolution and microstructure of the 
synthesized Na-based geopolymer to produce nepheline 
crystal. Figure 8 displays SEM images of (a) the polished 
and etched raw GP1 sample, and after sintered at (b) 
600ºC, (c) 800ºC, and (d) 1000ºC.  

Based on Figure-8, it can be seen that for the raw 
unsintered GP1, there was no development of crystal 
structure. At 600ºC, some changes can be observed in the 
SEM micrograph, as indicated in Fig.8 (b). This indicated 
the starting of the changes in the geopolymer material to 
the form nepheline. As the temperature rose up to 800ºC, 

it could be clearly observed that the crystals started to 
develop. At 1,000oC, the nepheline crystals were formed 
as discussed through XRD analysis. However, the 
nepheline crystals cannot be clearly identified in the 
microstructure. This might be due to the analysis on the 
surface was not suitable as there porosity was clearly 
observed in Figure-8(d). The large pores in the 
microstructure of the Na-geopolymer may be attributed to 
a high degree of gel polymerization as discussed in the 
effect of the SiO2 / Al2O3.On the other hand, mullite 
crystals that were identified through XRD analysis were 
unable to be observed in the SEM micrographs. 
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Figure-8. SEM micrographs of (a) raw unsintered GP1, (b) GP1 at 600ºC, (c) GP1 at 800ºC and (d) GP1 at 1, 000ºC. 
 
CONCLUSIONS 

The starting materials were processed kaolin, rice 
husk ash with mixture of Na2SiO3 and NaOH as the alkali 
activators. The best temperature to produce metakaolin 
from kaolin clay was 700oC, where crystalline kaolin 
decomposed to amorphous metakaolin. Silica source, SiO2 
(RHA) was produced through incineration of HCl leached 
RH at the best temperature of 700oC. Na2SiO3/NaOH, 
SiO2/Al2O3 and solid/liquid ratio have great effects on the 
workability, brittleness, porosity and setting time of the 
geopolymer product. Through the observations, the 
brittleness, porosity and curing/setting time of the 
geopolymer product increased from GP1 to GP6. On the 
other hand, the workability and loading of the 
geopolymeric mixtures decreased from GP to GP6.It was 
proven that optimum SiO2/Al2O3 was 3.18. Sintering of 
the geopolymer products will produce a potential 
geopolymer ceramic materials. SEM micrographs had 
proven that there was material development in the phase 
evolution in increasing temperature. XRD analysis had 
proven that at the highest sintering temperature (1, 000oC) 

of GP1, nepheline crystals dominated the fired Na-based 
geopolymer with mullite and quartz as minor impurities. 

Although the objectives of this study were 
successfully achieved, there are still limitations in this 
study. In future, further test on the dehydroxylation of 
kaolinite to metakaolin, as well as the incineration of rice 
husk can be analyzed using DTA to obtain a more 
accurate temperature to produce the starting materials for 
geopolymerization. Lack of certain parameters is limiting 
the justification in the concentration of alkali activator in 
the dissolution of starting materials. The mechanical 
strength and porosity measurement to study the effect of 
varying the ratios on the mechanical strength of the 
cement materials were unable to be conducted. In 
addition, further studyshould be performed on the phase 
evolution and microstructure of the geopolymer ceramic to 
study the crystal structure development by performing 
sintering steps at higher temperature and also by varying 
the compositions of the geopolymers.  
 

(b)(a) 

(d)(c) 



                               VOL. 4, NO. 2, JUNE 2015                                                                                                                       ISSN 2305-493X 

ARPN Journal of Earth Sciences 
©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
                                                                                                                                                          32 

REFERENCES 
 
Allen A. J. and R. A., Livingston. 1998. Relationship 
between Differences in Silica Fumes Additives and Fine 
Scale Microsctructural Evolution in Cement Based 
Materials. Advanced Ceramic Based Material. 8: 118-131. 
 
Aquino W., Lange D. A. and J., Olek 2001. The influence 
of metakaolin and silica fumes on the chemistry of alkali-
silica reaction products. Cement and Concrete 
Composites. 23: 485-493. 
 
Barbosa V. F. F. and K. J. D., MacKenzie. 2003. 
Synthesis and thermal behaviour of potassium sialate. 
Journal of the Mater Letter. 57: 1447-1482. 
 
Barbosa V. F. F., MacKenzie K. J. D. and C. Thaumaturgo 
2000. Synthesis and characterization of materials based on 
inorganic polymers of alumina and silica: sodium 
polysialate polymers. International Journal of Inorganic 
Materials. 2(4): 309-317. 
 
Bell J. L., Driemeyer P. E. and W. M., Kriven. 2009. 
Formation of Ceramics from Metakaolin-Based 
Geopolymer. Part II: K-Based Geopolymer. Journal of the 
American Ceramic Society. 92(3): 607-615. 
 
Brew D. R. M. and K. J. D., MacKenzie. 2007. 
Geopolymer synthesis using silica fume and sodium 
aluminate. Journal of Mater Science. 42: 3990-3993. 
 
Brinker C. J. and G. W. Scherer. 1990. Applications in 
sol-gel science, the physics and chemistry of sol-gel 
processing. Academic Press Inc, San Diego, CA. pp. 839-
880. 
 
Brinker C. J. and G. W., Scherer. 1985. Sol →Gel 
→Glass. 1. Gelation and Gel Structure. Journal of Non-
crystallized Solid. 70: 341-344. 
 
Chakraveity A., Mishra P. and H. D. Banerjee. 1988. 
Investigation of combustion of raw and acid-leached rice 
husk for production of pure amorphous white silica. 
Journal of Material Science. 23: 21-24. 
 
Davidovits J. 1991. Geopolymers - Inorganic polymeric 
new materials. Journal of Thermal Analysis. 37(8): 1633-
1656. 
 
Davidovits J. 1999. Chemistry of Geopolymeric Systems, 
Terminology. Second International Conference 
Geopolymere 99’.St. Quentin, France. pp. 9-40. 
 
Davidovits J. 2008. Chemistry and Application of 
Geopolymer. InstitutGeopolymer. USA. pp. 69-72. 
 

Davidovits J. 2011. Geopolymer Chemistry and 
Applications. Institut Géopolymère, Saint-Queintin, 
France. 3rd Edition. p. 32. 
 
Dunster A. 2009. Information Paper: Silica Fumes in 
Concrete. IHS BRE Press, Carston, Watford. Vol. 5. 
 
Duxson P., Lukey G. C. and J. S. J., Van Deventer. 2006. 
Thermal evolution of metakaolingeopolymer: Part 1 - 
Physical evolution. Journal of Non Crystallized Solids. 
352(52-54): 5541-5555. 
 
Duxson P., Fernandez-Jimenez A., Provis J. L., Lukey G. 
C., Palomo A. and J. S. J. Van Deventer. 2007. 
Geopolymer technology: the current state of art. Journal of 
Mater Science. 42: 2917-2933. 
 
Duxson P. and J. L., Provis. 2008. Designing Precursors 
for Geopolymer Cements. Journal of the American 
Ceramic Society. 91(12): 3864-3869. 
 
Farmer V. C. 2000. Transverse and longitudinal crystal 
mode associated with OH stretching vibrations in single 
crystals of kaolinite and dicktie. Spectrochimica Acta-Part 
A: Molecular and Biomolecular Spectroscopy. 56: 927-
930. 
 
Frost R. L. and A. M., Vassallo. 1996. The 
dehydoxylation of kaolinite clay minerals using infrared 
emission spectroscopy. Journal of Clays and Minerals. 44: 
635-651. 
 
Hardjito D. and B. V., Rangan. 2005. Development and 
Properties of Low Calcium Fly Ash Based Geopolymer 
Concrete. Journal of Material Science. 42: 729-749. 
 
Ibrahim D. M., El-Helmy S. A. and F. M., Abdel-Kerim. 
1980. Study of Rice Husk Ash Silica by Infrared 
Spectroscopy. Journal of Thermochimica Acta. 37: 307-
315. 
 
Ilic B. R., Mitrovic A. A and L. R., Milicic. 2010. 
Thermal Treatment of Kaolin Clay to Obtain Metakaolin. 
Journal of Applied Clay Science. 64(4): 351-356. 
 
Kakali G., Perraki T. and E., Badogiannis. 2001. Thermal 
treatment of kaolin: the effect of mineralogy on the 
pozzolanic activity. Journal of Applied Clay Science. 20: 
73-80. 
 
Kamath S. R. and A., Proctor. 1998. Silica gel from rice 
hull ash: preparation and characterization. Journal of 
Cereal Chemistry. 75: 484-487. 
 
Khale D. and R., Chaudhary. 2007. Mechanism of 
geopolymerization and factors influencing its 



                               VOL. 4, NO. 2, JUNE 2015                                                                                                                       ISSN 2305-493X 

ARPN Journal of Earth Sciences 
©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
                                                                                                                                                          33 

development: A review. Journal of Mater Science. 42: 
729-749. 
 
Klabprasit T., Jaturapitakkul C. and S., Songpiriyakij. 
2009. Influence of Si/Al Ratio on Rice Husk-Bark Ash-
Based Geopolymer Properties. International Conference 
on the Role of University in Hands-On Education, 23-29 
August 2009. Rajamangala University of Technology 
Lanna, Chiang-Mai, Thailand. 
 
Kong D. L. Y., Sanjayan, J. G.and K., Sagoe-Crentsil. 
2007. Comparative performance of geopolymers made 
with metakaolin and fly ash after exposure to elevated 
temperatures. Cement and Concrete Research. 37: 1583-
1589. 
 
Kong D. L. Y. and J. G., Sanjayan. 2008. Factors affecting 
the performance of metakaolingeopolymers exposed to 
elevated temperatures. Journal of Mater Science. 43: 824-
831. 
 
Largent R. 1978. Estimation de l’ activitepouzzolanique. 
Bull. Liasons Lab. Pont Chausees. 93: 61-65. 
 
Liew Y. M., Kamarudin H., Mustafa Al Bakri A. M., 
Luqman M., KhairulNizar I. and C. Y., Heah. 
2011.Investigating The Possibility of Kaolin and The 
Potential of Metakaolin to Produce Green Cement for 
Construction Purposes - A Review. Australian Journal of 
Basic and Applied Sciences. 5(9): 441-449. 
 
Muniz-Villarreal M. S., Manzano-Ramirez A., Sampieri-
Bulbarela S., Ramon Gasca-Tirado J., Reye-Araiza J. L., 
Rubio-Avalos J. C., Perez-Bueno J. J., Apatiga L. M., 
Zaldivar-Cadena A. and V., Amigo-Borras. 2011. The 
effect of temperature on the geopolymerization process of 
a metakaolin-based geopolymer. Journal of Materials 
Letters. 65: 995-998. 
 
Nagaraja D. H. and R. A., Venkateswara. 2006. Organic 
Modification of TEOS Based Silica Aerogels using 
Hexadecyltromethoxysilane as a Hydrophobic Reagents. 
Journal of Applied Surface Science. 253: 1566-1572. 
 
Palomo A., Grutzeck M. W. and M. T., Blanco. 1999. 
Alkali activated fly ashes - A cement for the future. 
Cement and Concrete Research. 29(8): 1323-1329. 
 
Provis J., L.Duxson P., Grant L., Mallicoat S., Kriven W. 
and J., Deventer. 2005. Understanding the relationship 
between geopolymer composition, microstructure and 
mechanical properties. Colloids Surface Analysis. 269: 
47-58. 
 

Real A., Alcala M. D. and J. M., Cnado. 1996. Preparation 
of Silica from Rice Husk. Journal of Amorphous Ceramic 
Sot. 79: 2010-2016. 
 
Rowles M. and B., O’Conner. 2003. Chemical 
optimization of the compressive strength of 
aluminosilicategeopolymer synthesized by Sodium 
Silicate Activation of Metakaolinite. Journal of Material 
Chemistry.13: 1161-1165. 
 
Swanpoel J. C. and C. A., Strydom. 2002. Utilization of 
fly ashes in a geopolymeric material. Journal of Applied 
Geochemistry. 17(8): 1143-1148. 
 
Temuujin J., Riessen A. V. and K. J. D., Mackenzie. 2010. 
Preparation and Characterization of Fly Ash Based 
Geopolymer Mortars. Construction and Building 
Materials. 24: 1906-1910. 
 
Wattanasiriwech S., Wattanasiriwech D. and J., Svasti. 
2010. Production of amorphous silica nanoparticles from 
rice straw with microbial hydrolysis pre-treatment. Journal 
of Non-Crystalline Solids. 356: 1228-1232. 
 
Xu H. and J. S. J., Van Deventer. 2002. Microstructural 
characterization of geopolymer synthesized from 
kaolinite/stilbite mixtures using XRD, MAS-NMR, 
SEM/EDX, TEM/EDX, and HREM. Cement and Concrete 
Research. 32: 1705-1716. 
 
Zhang Y. S., Sun W. and L.,Zongjin. 2010. Composition 
Design and Microstructural Characterization of Calcined 
Kaolin-Based Geopolymer Cement. Applied Clay Science. 
47: 271-275. 
 
Zivica V. 2004. High effective silica fumes alkali 
activator. Journal of Mater Science. 27(2): 179-182. 


