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Abstract: A study was conducted on fly ash mixed with sodium hydroxide (NaOH) solution and 
sodium silicate (waterglass) as alkaline activators for producing a geopolymer. This research studied 
the effect of the oxide molar ratios of Si02/Al2O3, water content of the alkaline activator and the 
waterglass per cent for each alkaline-activator/fly-ash ratio. Fly ash-based geopolymer samples with 
different alkaline activator (sodium silicate and sodium hydroxide) weight ratios were prepared at a 
constant curing temperature of 70°C, a curing time of 24 hour and total additional water content of 
approximately 17% sample weight. The compressive strength test results for the samples produced 
with a 15 M sodium hydroxide solution and 7 days aging indicated increased compressive strength 
with increased sodium silicate content, but there was no significant change in workability in the mixing 
and moulding steps during sample preparation.  Increasing the waterglass content in the activator 
significantly increased the geopolymerisation reaction rate, and increasing the water content provided 
more dissolution of the SiO2 and Al2O3 species.  
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INTRODUCTION 

 
 Climate change due to global warming has become a major concern. Global warming is caused by the 
emission of greenhouse gases, such as carbon dioxide (CO2), to the atmosphere by human activities. Among the 
multiple greenhouse gases, CO2 contributes to approximately 65% of global warming (2002). The cement 
industry is held responsible for some amount of CO2 emission; the production of one ton of Portland cement is 
responsible for the emission of approximately one ton of CO2 into the atmosphere (1994). As the demand for 
concrete as construction material increases, the demand for Portland cement will also increase. It is estimated 
that the production of cement will increase from approximately 1.5 billion tons in 1995 to 2.2 billion tons in 
2010 (1999); therefore, several efforts are in progress to reduce the use of Portland cement in concrete to 
address global warming issues and reported disintegration problems reported for Portland cement structures 
(2008). 
 Recently, another form of cementitious material, using silicon and aluminium activated in a highly alkali 
solution, has been developed (1999).  Davidovits (1994) and (1988) proposed that an alkaline liquid could be 
used to react with the silicon (Si) and the aluminium (Al) in a source material of geological origin or in by-
product materials. Because the chemical reaction that takes place in this case is a polymerisation process, the 
term “gopolymer” was coined to represent the thesis binders. 
 Geopolymers are members of the family of inorganic polymers. The chemical composition of a geopolymer 
material is similar to natural zeolitic materials, but the microstructure is amorphous (2008). The polymerisation 
process involves a substantially fast chemical reaction under alkaline conditions on Si-Al minerals, resulting in 
three-dimensional polymeric chains and ring structures consisting of Si-O-Al-O bonds (1994).  
 Generally, there are two main constituents in geopolymers: the source materials and the alkaline liquids. 
The similarity of some fly ashes to natural aluminosilicate materials (due to the presence of Si and Al in the ash) 
has encouraged the use of geopolymerisation as a possible technological solution in the making of special 
cement (1988). Most fly ash available globally is low-calcium fly ash ASTM Class F, which is formed as a by-
product of burning anthracite or bituminous coal. Although coal-burning power plants are considered to be 
environmentally friendly, the extent of power generated by these plants is on the rise. 
 Due to the huge reserves of good quality coal available worldwide and the low cost of the power produced 
by from these sources, huge quantities of fly ash will be available for many years (1998). 
 The most commonly used alkaline liquid activator is a mixture of sodium or potassium hydroxide (NaOH, 
KOH) with sodium waterglass (nSiO2Na2O) or potassium waterglass (nSiO2K2O) (1999), (2000), (1999) and 
(2003). The mechanical strength increases as the concentration of the activator increases (1998). The 
concentration of the NaOH solution can vary from 8 to 16 M (2008). Using an NaOH solution with a 
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concentration out of this range leads to less mechanical strength (1999). An alkaline activator of both the NaOH 
solution and the waterglass provides better strength than an activator of only NaOH (1999) and (2003). The 
waterglass favours the polymerisation process, leading to a reaction product with more Si and more mechanical 
strength (2005). The mixing ratio of waterglass/ NaOH seems to play a crucial role in the strength development 
of the geopolymer. For the high-calcium fly ash, Class C, the optimum ratio of waterglass/ NaOH to produce a 
high strength geopolymer is in the range of 0.67 - 1.00 (2006). The goal of this contribution is to investigate the 
effect of this ratio on the final strength of low-calcium fly ash, Class F, -based geopolymers at a constant curing 
temperature of 70°C, a curing time of 24 hr, a NaOH solution at 15 M and a total additional water content of 
approximately 17% of the sample weight. 
 
Experimental Method: 
Raw Materials: 
 The raw materials used to prepare Class F fly ash-based geopolymers were the base material fly ash and 
alkaline activator mixture of sodium silicate (waterglass) and 15 M sodium sodium hydroxide (NaOH). This 
molarity of NaOH has been used in previous research and shows a high compressive strength (2008), (2006) and 
(2009).  
 
Sodium Hydroxide Solution (NaOH): 
 Sodium hydroxide pellets from Sigma-Aldrich Pty Ltd, Germany, 97 – 99% purity, were used to prepare 
the sodium hydroxide solution (2008), (2005) and (2009). 
 
 Sodium Silicate Liquid (Waterglass): 
 A technical grade sodium silicate liquid (waterglass) was obtained from Sigma Chemicals Ltd., Malaysia. 
The chemical compositions of the waterglass solution were 9.4% Na2O, 30.1% SiO2 and 60.5% H2O, with a 
weight ratio (SiO2/Na2O== 3.20-3.30), a specific gravity at 20°C ==  1.4 gm/cc and a viscosity at 20°C == 400 cP.  
 
Fly Ash: 
 In the present research work, fly ash used wads produced from the Sultan Abdul Aziz power station in 
Kapar, Selangor, Malaysia equivalent to ASTM Class F. It was used as base material to make the geopolymers. 
The fly ash composition is displayed in Table 1. A composition analysis indicated that the CaO content was less 
than 10%, confirming that the fly ash is Class F (2008).  
 
Table 1: XRF analysis data of fly ash composition 

Chemical Fly ash 

SiO2 52.11 % 

Al2O3 23.59 % 

Fe2O3 7.39  % 

TiO2 0.88  % 

CaO 2.61  % 

MgO 0.78  % 

Na2O 0.42  % 

K2O 0.80 % 

P2O5 1.31 % 

SO3 0.49 % 

MnO 0.03 % 

 
Mix Proportions and Mixing Process: 
 The geopolymers were synthesised by activating the fly ash with an alkaline liquid activator solution at 
three alkaline-activator/fly-ash ratios, i.e., 0.3, 0.35 and 0.4 (2008), (2005), with a specific and constant ratio of 
waterglass/NaOH solutions. The alkaline activator, consisting of the mixture of the sodium waterglass and 
NaOH solution, was prepared and mixed at a constant waterglass/NaOH solution ratio of 1.00 (2008). The 
NaOH solution was prepared by dissolving sodium hydroxide pellets in deionised water; the concentration of 
the NaOH was kept constant at 15 M. It is preferable to mix the waterglass and the NaOH solution together at 
least one day before adding the liquid to the solid constituent (2002). Geopolymer samples were synthesised by 
adding the alkaline activator gradually at the different mentioned alkaline-activator/fly-ash ratios. Additional 
water of a constant 17% of the sample weight was added to achieve a suitable workability. The ratio of alkaline-
activator/fly-ash of 0.25 was ignored because that ratio required the addition of water of more than 17% of the 
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sample weight. The effect of varying the waterglass/NaOH solution ratio on the geopolymer composition is 
indicated in Table 2. Changing the ratio does not significantly affect the workability of the fresh geopolymer, 
which seems to be the same for all mixtures.   
 
Table 2:  Effect of waterglass/NaOH solution ratio on the chemical composition, per cent waterglass content and the water content in the  
               alkaline solution of the geopolymers. 

 

C. Moulding, Curing and Compressive Strength Testing: 
 After 15 min of mechanical mixing, the fresh homogeneous geopolymers were poured into (50 x 50 x 50) 
mm standard steel moulds. The samples were compacted with two-layer placing, as described in ASTM C109.  
The samples also cured at room temperature for 24 hr (2008)4, (2008)15, (2010)26 prior to curing in an electrical, 
low-temperature furnace (L T Furnace, L6-1200) for 24 hr at 70°C.  Water evaporation was prevented by 
sealing the top of the moulds with a thin, plastic layer during the storage and curing stages. After the samples 
were cured, the moulds were removed from the furnace and left to cool to room temperature before demoulding, 
then aged for 7 days at room temperature. The samples were sealed from ambient air during the aging period. 
The samples were tested after 7 days, in accordance with ASTM C109, using a mechanical testing machine 
(Instron, 5569 USA). Compressive strength values were taken as an average of the testing of 3 samples for each 
ratio. 
 

RESULTS AND DISCUSSION 
 
 Figure 1 shows the influence of the waterglass/NaOH solution ratio on the compressive strength of the fly 
ash-based geopolymer. The geopolymerisation rate increases with an increase in the ratio, providing the 
geopolymer samples with a rapid increase in strength as the ratio was increased from 0.6 - 0.8, finally reaching a 
maximum strength value at 1.00,  as shown in Figure 1. This increase in the compressive strength depends on 
the nature of the complex chemical geopolymerisation process. One possible explanation for this increase may 
be connected to an increase in the waterglass/NaOH solution mass ratio, which generates more SiO2 species, 
leading to an increase in the ratio of SiO2/Al2O3 and an increase in the geopolymer strength. With increasing 
SiO2/Al2O3 ratio, more Si-O-Si bonds are formed, which are stronger in comparison with Si-O-Al bonds 
(1980)17. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Effect of the waterglass/ NaOH solution mass mixing ratio on the compressive strength of the fly ash- 
             based geopolymer. 
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0.60 4.03 9 0.13 9.7 5.40 

0.80 4.08 10 0.12 11 5.39 
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 Figure 2 shows that increasing in the waterglass/NaOH solution mixing ratio leads to an increase in the 
ratio of SiO2/Al2O3. All samples with a SiO2/Al2O3 ratio less than 4.08 show low mechanical strength at 2.353 
MPa because there is insufficient SiO2 to increase the geopolymerisation rate. However, an increase in the 
waterglass/NaOH solution ratio from 1.00 to 1.20 leads to a decrease in the compressive strength from 8.325 to 
5.16 MPa, as shown in Figure 1. The high SiO2/Al2O3 ratio of 4.16 provides excess SiO2 species that hinder the 
geopolymerisation of subsequent processes, decreasing the strength, as indicated in Figure 2. The waterglass 
content has a major effect on the compressive strength. By increasing the waterglass content in the alkaline 
activator liquid from 9.7 to 11% of the sample weight, the mechanical strength increases, and by increasing the 
waterglass content to 13% of the sample weight, the strength reaches 8.325 MPa, as indicated in Figure 3. This 
trend is in agreement with the results that have been obtained for fly ash-based concrete (2002)19.  
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 Fig. 2: Effect of molar SiO2/Al2O3 ratio on the compressive strength of fly ash-based geopolymers. 
 
 This explanation is supported by the behaviour of the ratio of Na2O/SiO2 shown in Table 2. Much previous 
research has indicated the effect of this ratio on the mechanical strength of a geopolymer (1999), (2000), (1999), 
(2003) and (2004). It has been found that the mechanical strength of the geopolymers increase with a decreasing 
Na2O/SiO2 ratio (2004). Table 2 clearly shows that mechanical strength increases with a decreasing Na2O/ SiO2 
ratio until a value of 0.1 is reached; at this point, the samples begin to lose the gained strength. These results are 
in agreement with results obtained for the fly ash-based geopolymer (2002). 
 Another explanation for the influence of the waterglass/NaOH solution ratio on the compressive strength is 
the effect of the water content in the alkaline activator liquid. Water content is considered to be the most 
important factor in the geopolymerisation process (2002). Generally, a geopolymerisation process can be 
approximately partitioned into two periods: (I) dissolution–hydrolysis and (II) hydrolysis-polycondensation. 
These two steps likely occur simultaneously once the solid material is mixed with liquid activator (2005). Period 
(I), including the dissolution of the SiO2 and Al2O3 species and the hydrolysis are indicated in Equations (1)-(3) 
(2008): 
                                           
                                  OH- 

-Si – O- Si + H2O  2-Si –OH                                                                                           (1) 
        
                                     OH- 

-Al – O – Al - + H2O  2- Al – OH                                                                                      (2) 
                                                                 
                                    OH-  
-Si- O – Al - + H2O - Si – OH + -Al – OH                                                                       (3) 
 
                                                         OH          OH 
                                            OH-     � �  
- Si – OH + -Al – OH                           HO - Si – O – Al – OH + H2O.                                                           (4) 
 �           � 
                                                   OH         OH     
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                                                 NaOH         � � 
n (OH)3- Si- O – Al(OH)3  Na+  ….(Si – O – Al – O)n +3n H2O                     (5) 
 
          �            � 
                                                                                                                                                                    
                     OH      OH 
                   �             �                           NaOH                           �              �      
n(OH)3- Si – O – Al – O Si - (OH)3  Na+    ...( - O –Si – O – Al – O – Si – )n +  
              �       �                                                              �               �  
                          OH                                                                                   OH 
3nH2O.                                                                                                                                  (6)                              
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Fig. 3: Effect of the per cent waterglass content of the alkaline activator on the compressive strength of fly ash– 
            based geopolymers. 
 
 Water is indispensable during geopolymerisation, especially for the destruction of solid particles and the 
hydrolysis of dissolved ions (Al and Si). Water is the reactant in this period, and if the OH� concentration is 
high enough, adding more water will accelerate the dissolution and hydrolysis. Also, the water acts as a product 
in period II, Equations (4)-(6). If the water content is too high, the geopolymerisation process will be hindered 
kinetically (2008). Thus, water content seems to be a critical factor; less or more of the suitable limit will affect 
the geopolymerisation rate, resulting in low mechanical strength. Figure 4 shows the effect of increasing the 
molar ratio of H2O/Na2O on the geopolymer strength. This ratio is increased by raising the water content in the 
alkaline activator. By increasing the mass mixing ratio of the waterglass/NaOH solution ratio, the strength also 
increases up to a ratio of 11 for a waterglass/NaOH solution ratio of 1.00. Further increase leads to low strength, 
as in H2O/Na2O = 12 for a waterglass/NaOH solution ratio of 1.2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4:  Effect of the H2O/Na2O molar ratio on the compressive strength of fly ash–based geopolymers. 
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Conclusion: 
 A fly ash-based geopolymer was synthesised by activating Class F fly ash with an alkaline activator 
(waterglass and NaOH solution) at a constant liquid/solid mixing ratio. The effect of the alkaline activator in 
terms of the mass mixing ratio of the waterglass/NaOH solution on geopolymerisation was investigated. 
Increasing the waterglass content in the activator significantly increased the geopolymerisation reaction rate. 
The waterglass provided an extra Si species and more base water, both of which play crucial roles in 
geopolymerisation reactions. More Si aids in the production of Si-O-Si bonds, and having more of these bonds, 
until a certain limit is reached, significantly increases the compressive strength of the geopolymers. If the 
content of Si exceeds the suitable limit, the geopolymerisation rate is negatively affected, leading to 
geopolymers of low strength. The water content showed a similar trend; increasing the water content provided 
increased dissolution of the SiO2 and Al2O3 species, which leads to an increase in the geopolymerisation rate 
and an increase in geopolymer strength. It has been found that the water content in the alkaline activator is also 
limited. Crossing the suitable limit decreases the geopolymerisation rate and leads to low-strength geopolymers. 
It can be concluded from this research work that both the total Si content and water content play important roles 
in geopolymerisation reactions.    
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