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ABSTRACT  
The development of environmentally friendly geopolymers is of interest to researchers due to its value added potential. In this study, 
multiple geopolymers were prepared by utilizing rice husk ash (RHA), palm oil fuel ash (POFA), metakaolin (MK), and ground granulated 
blast furnace slag (GGBS), and the effect of the concentration of sodium hydroxide and aging time on their respective compressive strengths 
have been investigated. The correlation between compressive strength, water absorption, and porosity of the prepared geopolymers were 
been studied as well. It was elucidated that the compressive strength and the concentration of NaOH of the samples from 8 to 12 are directly 
proportional, although this trend is the exact opposite when the concentration was 12 - 16. Longer curing times resulted in geopolymers with 
higher compressive strength.  Overall, geopolymer paste containing 25% of RHA, 10 %POFA, 25 % of MK, and 40% of GGBS was 
determined to be the optimal combination, resulting in a total binder with water absorption and compressive strength of 29.5% and 6.6 MPa, 
respectively. 
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INTRODUCTION 
 

Geopolymers are inorganic polymers that are produced when an aluminosilicate, such as fly ash, is 
activated by alkali silicate and alkali hydroxide [1]. Utilizing mineral chemistry to develop mineral binders and 
polymers led to the development of amorphous to semi-crystalline three dimensional silico-aluminate structures 
called ‘geopolymers’ [2]. The material composition of geopolymer is mainly by-products and industrial wastes, 
making it more environmentally friendly compared to other porous ceramics. Most byproducts and wastes 
negatively affect the environment due to the fact that they are highly resistant to natural degradation [3]. 
Geopolymer exhibit several intriguing properties, such as easy processability and environmentally friendly 
nature, lower CO2 emission and densities, excellent mechanical strength, and high melting points (1200-1600 
°C). [4-7]. Geopolymeric gel binders display structural similarities to zeolitic materials, and may be similar to a 
zeolitic precursor [8]. Polymerization begins when Si-Al minerals are in an alkaline state. It undergoes a quick 
chemical reaction, culminating in a three-dimensional polymeric chain and ring structure consisting of Si-O-Al-
O bonds [9]. The source materials in the synthesis of geopolymers are dependent upon several factors, such as 
availability, cost, types of application, and specific demands of end users. 
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Some of the more common alumino-silicate source materials used by researchers for geopolymerization 
include slags, calcined clays, and coal fly ashes [10]. Clays is a mixture of minerals, comprising of 
(Al 2O3.2SiO2.2H2O), and oxides such as (K2O, MgO, Al2O3, SiO2 …) [11]. Davidovits was the first to study the 
structure of metakaolin-based geopolymers in the 1980s [12], and it has now become a preferred source material 
by many researchers. Metakaolin, as calcined clay, has been widely used in geopolymer synthesis, although its 
plate-like particle’s morphology tends to have high water demand in the context of geopolymer concrete 
applications [10]. Noorul et al. [13] utilized waste from sugar industries, bagasse bottom ash, and china clay as 
raw materials to synthesize geopolymers. 

In this study, three locally available pozzolanic solid wastes, namely palm oil fuel ash (POFA), rice husk 
ash (RHA), and ground blast furnace slag (GBFS) were used as base materials to prepare geopolymers. All of 
these pozzolanic waste materials are reported to contain a high percentage of silicon dioxide or alumino-silica in 
amorphous form. Palm oil fuel ash (POFA) was obtained from burnt palm kernel shell and bunches used in 
generating electricity in oil mill plants. More than two million people in Asia consume rice as their main source 
of carbohydrate [14].  The waste generated from rice processing mills is increasing, an example of which is rice 
husk ash (RHA). POFA and RHA are produced in large quantities as pozzolanic wastes, mainly from 
developing countries, such as Malaysia [15].  

The compressive strengths of an inorganic polymer is dependent upon the source of the aluminosilicate and 
reaction conditions (the type and concentration of the alkali used, curing time, and temperature). The 
compressive strength could be tuned by controlling the strength of the gel phase, the ratio of the gel phase-to-
undissolved Al-Si particles, the nature of the amorphous phase, the degree of crystallinity, and surface reactions 
between the gel phase and undissolved particles [16, 17]. The OH- in the activators  play a catalytic role for 
reactivity,  while the metal cation help form a structural element and balance the negative framework of 
tetrahedral aluminum [18] to accelerate the precipitation and crystallization of the siliceous and aluminous 
species. Most geopolymers are prepared using a combination of sodium hydroxide or potassium hydroxide, with 
sodium silicate or potassium silicate as its alkaline liquid [19]. García-Lodeiro et al. found that geopolymers 
activated with sodium hydroxide develops greater crystallinity, which could result in robustness against 
challenging environments such as sulfates and acids [20]. 

Alkaline activation of metakaolin using sodium silicate solution and NaOH has been reported to result in 
superior compressive strength compared to samples activated by NaOH only [17]. The geopolymers exhibited 
different compressive strengths, from 1 MPa for the very weak products made by solid-state synthesis [21], to 
26 MPa for sol-gel synthesized geopolymers [22], and 110 MPa for a product synthesized from fly ash and 
activated with sodium silicate and NaOH solution [23]. 
 
2. Experimental: 
2.1 Materials: 

Rice husk was collected from a local rice mill during the milling season in Malaysia. Rice husk ash (RHA) 
was prepared using a laboratory electric furnace (CMTS, MODEL No (B54) at 900 °C for 2 hours at a heating 
rate of 9 ºC/min. Metakaloin was procured from Burgess, USA. Optipozz Highly Reactive Metakaolin (HRM) is 
utilized in its commercial grade. POFA was collected from Seri Ulu Langat Palm Oil Mill Sdn. Bhd. (Malaysia), 
while the slag was collected from a local industrial facility called Slag Cement Sdn. Bhd (Malaysia). Sodium 
silicate solution, or water glass (WG) (Na2SiO3) (10.6%Na2O, 26.5% SiO2 and 62.9%H2O), and 8, 12, 16 M 
NaOH solutions (commercial grade) were utilized as alkali activators. Table 1 shows the chemical compositions 
of raw materials as determined by X-ray fluorescence (XRF) analysis (Bruker/S8 Tiger). 

 
Table 1: Chemical composition of RHA, MK, POFA, Slag, and WG, as determined by XRF (mass %). 

Chemical Composition % RHA MK POFA Slag WG 
SiO2 91.04 50.29 48 29.24 26.5 
Al2O3 0.33 45.75 2.30 11.71 - 
Fe2O3 1.89 0.38 2.70 0.34 - 
CaO 0.54 - 4.95 42.43 - 
MgO 0.58 - 4.64 5.06 - 
K2O 2.4 0.17 10.99 0.27 - 
SO3 0.53 0.08 2.47 4.67 - 
Others 2.69 2.13 5.74 0.8 62.9(water) 
Loss on ignition (LOI) 2.86 1.27 8.73 0.6 - 

 
2.2. sample preparation: 

All dry raw materials, such as RHA, POFA, MK, and GGBS were weighed and mixed to obtain 
homogenous mixtures. Then, an alkali activator (sodium silicate solution (Na2SiO3) and sodium hydroxide) that 
was prepared 24 hours' prior was added. The ratio of the sodium silicate-to-sodium hydroxide solutions was 
kept at 2.5 by weight for all mixtures, since it has been confirmed to be the best ratio for making RH based 
geopolymers with enhanced properties [24, 25]. Moreover, the ratio of sodium silicate (Na2SiO3) to sodium 
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hydroxide (NaOH), as a mixed activator, influence the compressive strength [26]. Sodium hydroxide was diluted 
by water to concentrations of 8, 12, and 16 M. The solution was left under ambient conditions until it reaches 
room temperature in order to avoid accelerating the geopolymeric reaction from the extra heat. For all of the 
specimens, the mass ratio of alkali activator-to-solid mixture was 0.5, which are in agreement with [26, 27]. The 
pastes were stirred for 5–10 min to create a homogenous mixture, then poured into prismatic molds (20×20×20 
cm). The specimens were wrapped in plastic and cured at room temperature for 6 hrs. Later, they were placed in 
an oven at 80 °C for 2 hrs. After 24 hours, they were removed from the mold to be characterized. Table 2 shows 
the composition of the prepared samples. 

 
Table 2: Mixture proportions of the prepared geopolymeric specimens. 

Number 
Components % 
Rice Husk Ash Metakaolin Palm Oil Ash Slag 

A 45 20 10 25 
B 35 20 10 35 
C 25 35 10 30 
D 25 20 10 45 
E 20 35 10 35 
F 25 25 10 40 

 
 
2.3. Characterization: 

The physical properties of the geopolymer paste, such as density, water absorption, and porosity were 
determined based on ASTM C 642–06. The compressive strength of the samples was tested based on the ASTM 
C 109 (2009) testing standards. The de-molded samples were aged for 3, 14, and 28 days, respectively, and were 
subjected to a compressive strength test. 

 
RESULTS AND DISCUSSION 

 
3.1. Effect of NaOH concentration:  

The researchers reported that the concentration of the alkali activator considerably influence the mechanical 
strength of kaolin-based geopolymers [25, 28]. To analyze the influence of sodium hydroxide on the 
compressive strength of the geopolymer, three samples, namely C, E, and F, were randomly selected and 
prepared using multiple concentrations of NaOH (8, 12, and 16 M). Figure 1 indicates the effects of the 
concentration of NaOH on the compressive strength of the samples. The compressive strength of the 
geopolymers paste shows increment when the alkaline solution’s concentration increased from 8 to 12 M, which 
could be attributed to the higher dissolution of the initial solid materials at higher concentrations of sodium 
hydroxide, accelerating the geopolymerization reactions and increasing its compressive strength [29]. Although 
Zuhua et al. [30] reported that the use of high molarities NaOH (such as 12 M) could accelerate dissolution and 
hydrolysis, it would also obstruct polycondensation. However, the compressive strength decreased when the 
concentration of NaOH increased from 12 to 16 M.  This could be attributed to the presence of excess hydroxide 
ions, which prompted the precipitation of aluminosilicate gel at very early stages, subsequently preventing the 
geopolymerization reaction that resulted in lower compressive strengths [31]. This agrees with Alonso and 
Palomo [32], who showed that when the activator’s concentration increased beyond 12 M, it will lead to lower 
rates of polymer formation and a decrease of its mechanical strength.   

 
Fig. 1: The effect of NaOH concentration on compressive strength of C, E and F specimens. 
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3.2. The effect of aging time: 
To investigate the effect of aging time on the compressive strength of the prepared geopolyers, some of the 

samples using 12 M NaOH have been subjected to 3, 14, and 28 days of aging prior to characterization (Table 
3). Researchers found that curing time has a positive effect on the performance of geopolymers (such as 
compressive strength), since it could improve the overall geopolymerization process [33] [34]. From the results, 
the prepared geopolymers showed increasing compressive strengths after 3, 14, and 28 day’s ages of curing, as 
per Table 3. 
 
Table 3: Compressive strength of specimens prepared using NaOH 12 M in different aging time. 

Number Compressive 
Strength MPa 
3 ages 14 ages 28 ages 

A 1.85 1.8 2.9 
B 3.1 3.2 3.3 
C 2.6 2.9 3.4 
D 3.4 3.6 3.9 
E 2.5 3.5 5.48 
F 4.2 4.9 6.6 

 
Table 4 shows the apparent porosity and water absorption of the prepared samples using 12 M NaOH at 

different soaking times.  The water absorption for all of the samples showed significant increase from 1 to 24 
hours of soaking time. Sample A recorded the highest water absorption (40.7%) and apparent porosity (36.7%), 
while its compressive strength was the lowest (2.9 MPa). Contrarily, sample F exhibited the highest 
compressive strength (6.6 MPa) after 28 days’ of aging while showing the lowest water absorption and porosity. 
The results demonstrated that specimens with higher porosity and water absorptions have lower compressive 
strengths, and vice versa. The relationship between compressive strength and water absorption and porosity for 
the prepared samples are shown in Figure 2. 

. 
Table 4: Physical properties of specimens in optimum NaOH 12 M. 

Number 
%Water absorption Compressive 

Strength MPa 
% Porosity 
Calculated by ASTM) 1hr 3hrs 6hrs 24hrs 

A 24.99 34.1 37.5 40.7 2.9 36.7 
B 10.9 29.0 35.2 36.9 3.3 32.3 
C 21.42 29.32 30.52 34.4 3.4 30.4 
D 18.80 27.02 29.5 32.9 3.9 29.8 
E 19.62 24.8 26.4 30.8 5.48 27.4 
F 11.36 17.26 20.0 29.5 6.6 26.9 

Water absorption and Porosity (%)
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Fig. 2: Relationship between compressive strength with water absorption and porosity. 
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3.3. The Microstructure and morphology of materials: 
The morphological features of the geopolymer paste materials were analyzed using a Scanning Electron 

Microscope (SEM).  The difference in morphology of sample F before and after casting is quite evident. As seen 
in the SEM images, geopolymer gain more uniform granular shapes after being casted. According to Zhang et al 
[35, 36] the presence of dissolved silicate helps the formation of high strength and compact geopolymers, which 
could also be used to explain the features observed in Figure 3 (b). 

 

 

Fig. 3: SEM micrograph of (a) sample F before casting; (b) sample F after casting. 
 

Conclusion: 
This research investigated the influence of the concentration of sodium hydroxide on the compressive 

strength of RH-based geopolymers. The geopolymers prepared using 12 M NaOH solution showed optimal 
results. The effect of geopolymers’ aging time on their resulting compressive strength has been studied as well. 
The samples exhibited better compressive strength with increasing aging time. The geopolymer paste containing 
25% of RHA, 10 %POFA, 25 % of MK and 40% of GGBS exhibited the highest compressive strength (6.6 
MPa). The results proved that the compressive strength of the specimens decreases with increasing water 
absorption and porosity. This study has contributed to sustainable development by utilizing by-product and 
waste materials to prepare lightweight mortar. In order to develop a more enhanced version of geopolymer, 
analyses of the influence of chemical activators such as sodium hydroxide (NaOH) and sodium silicate solution 
(Na2SiO3) on geopolymer’s compressive strength should be elucidated further. 
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