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Abstract: Concrete usage around the world is second only to water. Ordinary Portland cement (OPC) 
is conventionally used as the primary binder to produce concrete. Any material that contains mostly 
Silicon (Si) and aluminum (Al) in amorphous form is possible source material for the manufacture of 
geopolymer. The calcined source materials, such as fly ash, slag, calcined kaolinite, demonstrated a 
higher final compressive strength. Alkaline activator liquid plays an important role in the 
polymerization process. Higher concentration (in terms of molar) of sodium hydroxide solution results 
in higher compressive strength of geopolymer concrete. As the H2O/Na2O molar ratio increases, the 
compressive strength of the geopolymer concrete decrease. Activator/Fly ash mass mixing ratio of the 
range 0.3-0.45 are recommended in the synthesized of low-calcium (Class F) based geopolymers. 
Waterglass/NaOH molar ratio of 2.5 leads to expressive strength increase of the geopolymers. The best 
curing condition is reported as being 60°C for 24 hours. 
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Background: 

The environmental issues associated with the production of OPC are well known (Hardjito et al., 2005). 
The amount of carbon dioxide released during the manufacture of OPC due to the calcination of limestone and 
combustion of fossil fuel is in the order of one ton for every ton of OPC production. In additional, the extent of 
energy required to produce OPC is only next to steel and aluminum. 

As early as the 1980s Davidovits proposed a controversial theory that some of the Pyramids in Egypt were 
not built by mining limestone blocks and moving them into place but were cast in place and allowed to set, 
creating an artificial zeolitic rock. This theory, which gained acceptance, culminated in a book “The Pyramids 
An Enigma Solved”, written together with Magie Morris and published in 1988. Intensive research, initiated by 
Davidovits and co-workers, to prove this theory has resulted in the rediscovery of a new family of mineral 
polymers, which they called alkali -activated aluminosilicate geopolymer or simply geopolymers. This name 
was chosen because of the similarities with organic condensation polymers in regards to their hydrothermal 
synthesis conditions (Davidovits, 1982; Davidovits & Sawyer, 1985; Davidovits, 1988; Davidovits, 1994a). 

Over the last twenty years, geopolymer also known as mineral polymer or inorganic polymer glasses, have 
received much attention as a promising new form of inorganic polymer material that could substantially 
substitute for conventional or ordinary Portland cement, plastics and many mineral-based products. However, to 
date the exact mechanisms that cavern geopolymerization are still not fully understood (Hardjito et al., 2005). 

Geopolymers are members of the family of inorganic polymers. The chemical composition of the 
geopolymer material is similar to natural zeolitic materials, but the microstructure is amorphous. Zeolites 
composition is based on aluminosilicate framework and three dimensional network inorganic polymers built up 
of (Si, Al) O4 tetrahedra linked by sharing oxygen atoms into rings and cages. The polymerization process 
(geopolymerization) involves a substantially fast chemical reaction under alkaline condition on Si-Al minerals 
that result in a three dimensional polymeric chain and ring structure consisting of Si-O-Al-O bonds (Davidovits, 
1994a).  

Moreover, as the geopolymers synthesizing technology is basing on the alkaline activation of source 
materials contains mostly Silicon (Si) and Aluminum (Al) in amorphous form (Hardjito et al., 2004), the 
similarity of some fly ashes to natural aluminosilicates (due to the presence of SiO2 and Al2O3 in the ash) has 
encouraged the use of geopolymerization as a possible technology solution in the making of special cement 
(Silvestrim et al., 1997, 1999). The successful stabilization and immobilization of some toxic heavy metals in 
geopolymeric material by Jaarsveld et al. (1998), Jaarsveld & Deventer (1999), has also encouraged the use of 
this fairly new technology.   
 
Fly Ash: 

Fly ash according to the American Concrete Institute (ACI) Committee 116R, is defined as ‘the finely 
divided that results from the combustion of ground or powdered coal and that is transported by flue gasses from 
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the combustion zone to the particle removal system’ (ACI Committee 232, 2004). Fly ash is removed from the 
combustion gases by the dust collection system, either mechanically or by using electrostatic precipitators, 
before they are discharged to the atmosphere. Fly ash particles are typically spherical, finer than Portland 
cement and lime, ranging in diameter from less than 1 μm to no more than 150 μm (Hardjito & Rangan, 2005).  

The types and relative amounts of incombustible matter in the coal determined the chemical composition of 
fly ash. The chemical composition is mainly composed of the oxides of silicon (SiO2), aluminum (Al2O3), iron 
(Fe2O3), and calcium (CaO), whereas magnesium, potassium, sodium, titanium, and sulphur are also present in a 
lesser amount. The major influence on the fly ash chemical composition comes from the type of coal. The 
combustion of sub-bituminous coal contains more calcium and less iron than fly ash from bituminous coal. The 
physical and chemical characteristics depend on the combustion methods, coal source and particle shape. The 
chemical compositions of various fly ashes show a wide range, indicating that there is a wide variation in coal 
used in power plants all over the world (Malhotra & Ramezanianpour, 1994). 

Fly ash that results from burning sub-bituminous coals is referred as ASTM Class C fly ash or high-calcium 
fly ash, as it typically contains more than 10 percent CaO. On the other hand, fly ash from the bituminous and 
anthracite coals is referred as ASTM Class F fly ash or low-calcium fly ash (Davidovits, 2008). The color of fly 
ash can be tan to dark grey, depending upon the chemical and mineral constituents (Malhotra and 
Ramezanianpour, 1994; ACAA, 2003). The typical fly ash produced from Malaysia power stations is light to 
mid-grey in color, similar to the color of cement powder.  

Aside from the chemical composition, the other characteristics of fly ash that generally considered are loss 
on ignition (LOI), fineness of fly ash mostly depend on the operating conditions of coal crushers and grinding 
process of the coal itself. Finer gradation generally results in a more reactive ash and contains less carbon. 

Worldwide, the estimated annual production of coal ash in 1998 was more than 390 million tons. The main 
contributors for this amount were China and India. Only about 14% of this fly ash was utilized, while the rest 
was disposed in landfills (Malhotra, 1999). By the year 2010, the amount of the fly ash produced worldwide is 
estimated to be about 780 million tons annually (Malhotra, 2002). The utilization of fly ash, especially in 
concrete production, has significant environmental benefits, via, improved concrete durability, reduced use of 
energy, diminished greenhouse gas production, reduced amount of fly ash that must be disposed in landfills, and 
saving of the other natural resources and materials ( ACAA, 2003). 

 
Introduction of Geopolymers: 

In 1978, Davidovits proposed that an alkaline liquid could be used to react with the silicon (Si) and the 
aluminum (Al) in a source material of geological origin or in by-product materials such as fly ash and rice husk 
ash to produce binders. Davidovits coined the term “Geopolymer” in 1979 (Davidovits, 1979) to describe a new 
family of material binder whose matrix is based on a poly(sialate) Si-O-Al-O framework structure with 
alternating SiO4 and AlO4 tetrahedra joined together in three directions by sharing all the oxygen atoms. The 
replacements of Al3+ (four-fold coordination) for Si4+ causes a negative charge, which needs alkalis or alkali-
earth to balance, like  (Na+,K+,Ca2+ or Mg2+). The empirical formula (Davidovits, 1988) is:  

 
Mn{-(SiO2)z–AlO2}n,wH2O.                                      (2.1) 

 
Where M = the alkaline element or cation such as potassium, sodium or calcium; the symbol (–) indicates 

the presence of a bond; n is the degree of polycondensation or polymerization; z is 1, 2, 3, or higher, up to 32. 
Geopolymer is also known in other names, such as low temperature aluminosilicate glass (Rahier et al., 

1996a), alkali-activated material (Malek & Roy, 1997; Palomo et al., 1999b; Roy, 1999; Jahanian and Rostami, 
2001; Xie and Xi, 2001) and Geocement (Krivenko, 1997). 

 
Constituents Of Geopolymer: 
Source Materials: 

Any material that contains mostly Silicon (Si) and aluminum (Al) in amorphous form is possible source 
material for the manufacture of geopolymer (Hardjito & Rangan, 2005). Several minerals and industrial by- 
product materials have been investigated in the past.  Metakaolinite or calcined kaolin (Davidovits, 1999; 
Barbosa et al., 2000; Teixeira-Pinto et al., 2002), low-calcium ASTM Class F fly ash (Palomo et al., 1999a; 
Swanepoel & Strydom, 2002), natural Al-Si minerals (Xu & Deventer, 2000), combination of calcined mineral 
and non-calcined material (Xu & Deventer, 2002), combination of fly ash and metakaolinite (Swanepoel & 
Strydom, 2002; Jaarsveld et al., 2002; Zuhua et al., 2009) , and combination of granulated blast furnace slag and 
metakaolinite (Cheng & Chiu, 2003) have been studied as source materials. 

Metakaolinite is preferred by the niche geopolymer product developers due to its high rate of dissolution in 
the reactant solution, easier control on the Si/Al ratio and the white color (Gourley, 2003). Low-calcium (ASTM 
Class F) fly ash is preferred as a source material than high-calcium (ASTM Class C) fly ash. The presence of 
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calcium in high amount may interfere with the polymerization process and alter the microstructure (Gourley, 
2003). 

Davidovits (1999) calcined kaolinite clay for 6 hours at 750°C. He termed this metakaolinite as KANDOXI 
(KAolinite, Nacrite, Dickite OXIde), and used it to make geopolymers. For the purpose of making geopolymer 
cement and concrete, he suggested that the molar ratio of Si-Al of the material should be about 2.0. 

On the nature of the source material, it was stated that the calcined source materials, such as fly ash, slag, 
calcined kaolinite, demonstrated a higher final compressive strength when compared to those made using non- 
calcined materials, for instance kaolinite clay, mine tailings, and naturally occurring materials (Barbosa et al., 
2000).  However, Xu & Deventer (2002) found that using a combination of calcined (e.g. fly ash) and non-
calcined material (e.g. kaolinite or kaolin clay and albite) resulted in significant improvement in compressive 
strength and reduction in reaction time.  

Natural Al-Si minerals have shown the potential to be the source materials for geopolymerization, although 
quantitative prediction on the suitability of the specific mineral as the source material is still not available, due 
to the complexity of the reaction mechanisms involved (Xu & Deventer, 2000). Among the by-product 
materials, only fly ash and slag have been proved to be potential source materials for making geopolymers. Fly 
ash is considered to be advantageous due to high reactivity that comes from its finer particle size than slag. 
Moreover, low-calcium fly ash is more desirable than slag for geopolymer feedstock material. 

The suitability of various types of fly ash to be geopolymer source material has been studied by Fernandez- 
Jimenez & Palomo (2003). These researchers claimed that to produce optimal binding properties, the low-
calcium fly ash should have the percentage of unburned material (LOI) less than 5%, Fe2O3 content should not 
exceed 10%, and 80-90% of particles should be smaller than 45μm. On the contrary, Jaarsveld et al., (2003) 
found that the fly ash with higher amount of CaO produced higher compressive strength, due to the formation of 
calcium-aluminate-hydrate and other calcium compounds, especially in the early ages. The other characteristics 
that influenced the suitability of the fly ash to be source material for geopolymers are the particle size, 
amorphous content, as well as morphology and the origin of fly ash. 

 
Alkaline Activator Liquid: 

The most common alkaline activator liquid used in geopolymerization is a combination of sodium 
hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate or potassium silicate (Davidovits, 1999; 
Palomo, et al. 1999b; Xu & Deventer, 2002; Bakharev, 2005; Duxson et al., 2006; Chareerat et al., 2007; 
Chindaprasirt et al., 2009). The use of single alkaline activator has been reported (Palomo et al., 1999b; 
Teixeira-Pinto et al., 2002). 

Palomo et al. (1999b) concluded the type of alkaline activator liquid plays an important role in the 
polymerization process. Reactions occur at a high rate when the alkaline activator liquid contains soluble 
silicate, either sodium or potassium silicate, compared to the use of only alkaline hydroxide. That statement is 
also shared by Criado et al. (2005). Furthermore, Xu & Deventer (2000) confirmed that the addition of sodium 
silicate solution to the sodium hydroxide enhanced the reaction between the source material and the solution. 
Although, after a study of the geopolymerization of sixteen natural Al-Si minerals, they found that the NaOH 
solution caused a higher extent of dissolution of minerals than the KOH solution. 

 
Mixture Proportions: 

Most of the reported works on geopolymer material to date were related to the properties of geopolymer 
paste or mortar, measured by using small size specimens (Katz, 1998; Palomo et al., 1999a; Pinto, 2004; 
Hongling et al., 2005 Chindaprasirt et al., 2009). In addition, the complete details of the mixtures composition 
of the geopolymer paste were not reported. 

Katz (1998) studied the alkali-activated slags reporting an increasing in the geopolymerization degree (high 
mechanical compressive strength) when the concentration of the activators increases. Other authors have 
reported the same behavior using alkali-activated metakaolinite (Pinto, 2004; Hongling et al., 2005). However, 
for the fly ash-based geopolymers, Palomo et al. (1999a) reported that the activator (NaOH or KOH) with 
concentration of 12M leads to better results than 18M concentration. Chindaprasirt et al. (2009), studied the 
alkali- activation of fly ash and bottom ash by alkaline activator consisted of waterglass+ NaOH solution , these 
authors reported that using NaOH of 10M leads to better result than using solution with 5M. This statement is 
also shared by Zuhua et al. (2009). While, Hardjito & Rangan (2005) reported that the concentration of the 
NaOH can vary in the range between 8M to16M. 

 Jaarsveld et al. (1997), and Jaarsveld & Deventer (1999) claims that the H2O/SiO2 molar ratio is very 
important in the study of geopolymers based on the fly ash. However, this statement is not confirmed by others, 
Hardjito et al. (2002). Hardjito & Rangan (2005), studied the fly ash-based geopolymer concrete, they reported 
that the compressive strength and the workability of the geopolymer concrete influenced by the proportions and 
the properties of the constituent materials that make the geopolymer paste. Their results had shown that: 
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- Higher concentration (in terms of molar) of sodium hydroxide solution results in higher compressive 
strength of geopolymer concrete. 

- As the H2O/Na2O molar ratio increases, the compressive strength of the geopolymer concrete decrease 
as indicated in Figure (2.2). 

Barbosa et al. (2000) reported that using mixture with high water content H2O/Na2O=25, developed very 
low compressive strength, and thus underlying the important of the water content in the mixture. 

 

 
Fig. 2.2: Effect of H2O/Na2O molar ratio on compressive strength (Hardjito & Rangan, 2005). 

 
The mass mixing ratio of Activator/Fly ash: 

Palomo et al. (1999a) studied the geopolymerization of low-calcium ASTM (Class F) fly ash (molar 
Si/Al=1.81) using four different solutions with the Activator/ Fly ash ratio by mass of 0.25 to 0.3. The molar 
SiO2/K2O or SiO2/Na2O of the solutions was in the range of 0.36 to 1.23. The specimens were 101060 mm 
in size. The best compressive strength obtained was more than 60 MPa for mixtures that used alkaline activator 
consisted of waterglass+ NaOH solution. Xu & Deventer (2000) reported that the proportion of alkaline 
activator to the alumino-silicate powder by mass should be approximately 0.33 to allow the geopolymerization 
reactions to occur. Alkaline activator solution formed a thick gel instantaneously upon mixing with the source 
material. The specimen size in their study was 20X20X20 mm, and the maximum compressive strength 
achieved was 19 MPa. Bakharev (2005) used Activator/ Fly ash of 0.3 to prepare low-calcium (Class F) fly ash 
–based geopolymers, in his study the fly ash  was  activated using either sodium silicate (waterglass) or with 
solution of NaOH to providing up to 10% Na2O in mixture. He used cylindrical molds of θ25 50 mm.  
Moreover, Hardjito & Rangan (2005), utilized ratio of Activator/Fly ash of 0.35 in the preparation of low-
calcium (Class F) fly ash-based geopolymer concrete with two different NaOH concentrations of 8M and 14M. 

In general, Rangan (2008) reported that Activator/Fly ash mass mixing ratio of the range 0.3-0.45 are 
recommended in the synthesized of low-calcium (Class F) based geopolymers, based on the results obtained 
from numerous mixtures made in laboratory over period of four years. While, Chindaprasirt et al. (2009), 
studied geopolymer mixtures based on High-calcium (Class C) fly ash and bottom ash by using Activators/Fly 
ash ratio of 0.66. A mixture of waterglass and NaOH solution used as alkaline activators, with different NaOH 
solution concentrations of (5 M, 10M, and 15M). The specimens size of 25mm diameter25 mm height 
cylinder. The Class C fly ash -based geopolymers were having the molar ratios indicated in Table 2.1: 

 
Table 2.1: Composition of geopolymers prepared from fly ash and bottom ash (Chindaprasirt et al., 2009). 

Sample NaOH 
Molar ratio 
Na2O/SiO2 SiO2/Al2O3 H2O/NaOH Na2O/Al2O3 

Fly ash based 5 0.15 4.14 19.95 0.64 
Fly ash based 10 0.21   4.14 13.33                0.89 
Fly ash based 15 0.26 4.14 10.40 1.08 
Bottom ash based 5 0.15 4.05 19.95 0.62 
Bottom ash based       10 0.12 4.05 13.33 0.87 
Bottom ash based   15 0.26 4.05 10.40 1.05 

 
The mass mixing ratio of waterglass/NaOH: 

For the geopolymers synthesized by activation the source material using alkaline activator of (waterglass 
and NaOH), only limited researches notice the range of waterglass/NaOH mass mixing ratios. For the fly ash-
based geopolymers, Pinto (2004) reported that the waterglass/NaOH molar ratio influences the compressive 
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strength, as the use of molar ratio of 2.5 leads to expressive strength increase of the geopolymers. Hardjito & 
Rangan (2005), used waterglass/NaOH mass mixing ratio of 0.4 and 2.5 in the preparation of low-calcium 
(Class F) fly ash-based geopolymer concrete. They reported an increasing in the compressive strength with the 
increasing waterglass/NaOH ratio for different concentration of NaOH solution as indicated in Table 2.2. 
 
Table 2.2: Effect of waterglass/NaOH solution and NaOH concentration of (Class F) fly ash-based geopolymers. (Hardjito & Rangan,  
                2005). 

 
Mixture 

 
Concentration of NaOH 
liquid (in Molars) 

 
Waterglass/NaOH solution (by 
mass) 

Compressive strength at 7th day 
(MPa) 
 
Cured for 24 hours at 60°C 

 
1 

 
8M 

 
0.4 

 
17 

 
2 

 
8M 

 
2.5 

 
57 

 
3 

 
14M 

 
0.4 

 
48 

 
4 

 
14M 

 
2.5 

 
67 

 
Furthermore, the synthesized of high-calcium (Class C) fly ash-based geopolymers, Chindaprasirt et al., 

(2007) reported the effect of waterglass/NaOH solution in details using waterglass/NaOH solution mass mixing 
ratios range of 0.67, 1.00, 1.5, and 3.0. The optimum compressive strength reported was in the range of (0.67-
1.00), with variation in the NaOH solution concentration of 10M to 20M. While Chindaprasirt et al., (2009) 
used waterglass/NaOH mass mixing ratio of 1.5 in preparation of geopolymers based on high-calcium fly ash 
and bottom ash. 

 
Curing Conditions: 

Curing condition includes the curing temperature and heating period. Hardjito et al., (2002) studied the 
effect of curing temperature in range of (30 °C, 60 °C and 91°C) on the compressive strength as indicated in 
Figure 2.3. It can be concluded that the benefit of evaluated temperature curing is significant. The best curing 
condition is reported as being 60°C for 24 hours. 

In fact, a number of researchers have studied the influence of curing conditions on fly ash-based 
geopolymer, but there is no clear statement as to which temperature and heating period are the best. Table 2.4, 
presents the adoption values suggested of different authors.  It is clear that the curing conditions varied from one 
case to another but the evaluated temperature curing is a general trend. Such curing regimes limit the application 
of geopolymer in the precast industry. 

 

 
Fig. 2.3: Influence of curing temperature (30°C, 60°C & 90°C) on strength development (Hardjito et al., 2002). 
 
Table 2.4: Curing regimes on fly ash-based geopolymer development. 

No Range Adoption Reference 
1 30, 60, 91°C for 24 hr 60°C 24hr (Hardjito et al. 2002) 
2 30, 75°C for 24 hr 75°C 24hr (Sindhunata et al. 2004) 
3 75, 95°C for 6 or 24hr 95°C 24hr (Bakharev 2005) 
4 45, 65, 85°C for 24hr 85°C 24hr (Fernandez-Jimenez and Palomo 2002) 

 
Additionally, Sindhunata et al. (2004) claimed that the variation in relative humidity (75% or 30%) during 

curing has little effect on the physical properties of geopolymer, the wet sample is normally covered or sealed 
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before being cured in an oven at evaluated temperature. the main reason is to reduce the rate of water 
evaporation. 

Though the evaluated temperature curing was widely used previously, for example the curing regimes of 
60°C for 24 hours by Wastiels et al. (1993) and Hardjito et al. (2002), and 95°C for 24 hours by 
Bakharev(2005). The negative effect of continuous high temperature curing on strength development cannot be 
overlooked. Jaarsveld et al. (2002) reported that the prolonged curing at a high temperature (70°C for 24 hours) 
could break down the gel structure in the geopolymer matrix, resulting in the lower strength al longer curing 
hours. Heating of geopolymer for curing is actually an advantage in the precast industry for quicker hardening 
results in more rapid turnover of molds decreasing costs. However, a requirement for heating would be a 
disadvantage in the really-mix industry. Yet there is a challenge in synthesizing fly ash-based geopolymers at 
ambient temperatures because others have found that geopolymers did not set at 23°C (Bakharev, 2005). 

 
Conclusion: 

From the past research, it can be concluded that the concentration of NaOH,  H2O/Na2O ratio, activator/fly 
ash ratio, waterglass/NaOH ratio, and curing temperature affect the strength of the fly ash geopolymer concrete. 
Higher concentration (in terms of molar) of sodium hydroxide solution results in higher compressive strength of 
geopolymer concrete. As the H2O/Na2O molar ratio increases, the compressive strength of the geopolymer 
concrete decrease. Activator/Fly ash mass mixing ratio of the range 0.3-0.45 are recommended in the 
synthesized of low-calcium (Class F) based geopolymers. Waterglass/NaOH molar ratio of 2.5 leads to 
expressive strength increase of the geopolymers. The best curing condition is reported as being 60°C for 24 
hours. 
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