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Abstract 

At present, the most commonly used building material is ordinary Portland cement (OPC). 
However, OPC has a negative environmental effect during synthesis, with the release of 
significant amount of CO2 greenhouse gas. The cement industry is responsible for 5-8% of total 
global anthropogenic CO2 emissions. Geopolymerization is a technology capable of turning 
industrial wastes into strong and chemically durable cement-like binders, with significant 
Greenhouse emission savings. The synthesis of geopolymers can start from a variety of 
aluminosilicate sources such as fly ash or metakaolin. In geopolymer technology, alkali silicate 
solutions are frequently used to dissolve the solid aluminosilicate precursor to produce the 
binder. Sodium aluminate solutions have also been used. These corrosive and often viscous 
solutions are not user friendly, and would be difficult to use for bulk production. Developing 
geopolymers as a 1-part mixture (“just add water”) similar to OPC increases their commercial 
viability. Here, the geopolymer system consisting of geothermal silica and solid sodium aluminate 
(providing the solid silica, alkali and alumina sources), activated by addition of water, is studied. 
The effects of water content, high early silica and high early alumina in the formation of one part 
mix geopolymers are also investigated. XRD shows that the formulation with less water has an 
unexpected greater extent of crystallinity. It is also observed that a high early Al concentration 
inhibits geopolymerization, while a high early Si concentration enhances the reaction 

1. INTRODUCTION 

    The geopolymer structure is mainly an aluminosilicate gel network, where the silica gel 
structure is partially substituted with tetrahedral Al3+ sites charge-balanced by alkali cations. The 
first stage of geopolymerization is the release of aluminate and silicate species from a solid 
source, which is usually achieved by alkali attack on an aluminosilicate material. First, the 
surface of the solid contacts the activating solution, and hydrolysis reactions begin to occur, later 
accompanied with the formation of oligomers and finally polycondensation of the oligomers to 
form a three-dimensional aluminosilicate network.[1] Soluble silicates are frequently used in 
geopolymer production for helping dissolution of the aluminosilicate starting material and 
governing the mechanical properties of the binder such as its compressive strength [2, 3]. In the 
present work, a solid silicate material and sodium aluminate are used as potential silica and 



alumina replacements in the production of aluminosilicate cementitious binders. 
    The solid silicate material used in the current work is geothermal silica. The production of 
geothermal power results in large quantities of residual silica, frequently removed as scale build 
up in pipes [4]. At the Cerro Prieto geothermal plant in Baja California, Mexico, approximately 5 
tonnes of silica per month is removed from process pipes and discarded to an evaporation lake 
[5]. This waste residue is a source of solid amorphous silica, which can potentially be used as a 
replacement for soluble silicate solution in geopolymerization. 

2. EXPERIMENTAL PROCEDURE 

    Raw silica waste from the Cerro Prieto plant was washed with distilled water to remove salts 
and dried before use. The purified geothermal silica is 96% SiO2 and contains small amounts of 
various salts. The silica particles should have a high enough surface area for reaction, but not so 
high as to compromise workability of the geopolymer paste. Geothermal silica has a very small 
fundamental particle size; however the particles are aggregated. [6] 
    Geothermal silica was mixed with solid sodium aluminate to attain Si/ Al molar ratios of 1.5:1, 
2:1 and 2.5:1, then water was added to these solid mixtures to attain samples with effective 
H2O/Na2O molar ratios of 7:1 and 12:1. The samples are named by these two ratios. The number 
outside parentheses refers to the Si/Al molar ratio and the number in the parentheses is the 
H2O/Na2O molar ratio. For instance, sample 1.5(12) is the geopolymer sample with Si/Al ratio of 
1.5 and H2O/Na2O molar ratio of 12. 
    ATR-FTIR spectra were collected using a Varian FTS 7000 FT-IR spectrometer, with a Specac 
MKII Golden Gate single reflectance diamond ATR attachment with KRS-5 lenses and heater top 
plate. Absorbance spectra were collected from 4000-400 cm-1 at a resolution of 2 cm-1 and a 
scanning speed of 5 kHz with 32 scans. Scanning electron microscopy was also performed, using 
a Philips XL30 Field Emission Gun Scanning Electron Microscope (FEG-SEM). Fractured 
specimens were mounted on stubs and gold coated before analysis. 
    All geopolymer pastes were cured at 40ºC in an oven. X-ray diffraction (XRD) (Phillips PW-
1800) was conducted using CuKα X-rays, 30mA and 40 kV with 0.02º 2θ steps, 2s step-1. 
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy was also used.  
 

3. RESULTS AND DISCUSSION 

 
    The results presented in Figure 1 show the XRD diffractograms obtained for cured pastes after 
two weeks. The main crystalline phases identified in high water sample are quartz (SiO2, minor 
contaminant in amorphous geothermal silica) and faujasite (approximately 
Na2Al2Si3.3O10.6·7H2O), and in the sample with lower water content new peaks can be observed 
which are attributed to Zeolite A (approximately Na2Al2Si1.85O7.7·5.1H2O). The hump from 20 to 
40° 2θ in both samples demonstrates that a significant amount of the synthesized materials is X-
ray amorphous, consistent with the majority of the geopolymers literature. The sharpness of the 
peaks in the lower-water sample may also be an indication of larger crystals. 
    It is of interest to note that the sample with less water added contained a greater extent of 
crystallite formation – this is contrary to many reports of reduced crystallinity with water addition 
to ‘traditional’ geopolymer systems, and suggests that there are additional effects occurring in the 
‘one-part mix’ system that are not observed during silicate or hydroxide activation of 
aluminosilicate materials. 
 



 
Figure 1. XRD diffractograms of geopolymers derived from geothermal silica and sodium 
aluminate cured for two weeks. Prefixes refer to H2O/Na2O molar ratio. Q = quartz, F = 
faujasite, Z= zeolite A. Data from reference [7]. 

 
 
    Although XRD is an analytical technique commonly used for investigation of the geopolymer 
systems, it is important to note that this technique has significant limitations due to the apparent 
amorphicity of these materials[8]. So, other analytical techniques are required to provide insight 
about the structural characteristics of these materials, as well as the kinetics of structural 
evolution following mixing of the reactants. 
 
    The structural evolution of the geopolymer samples was therefore studied using ATR-FTIR 
(Figure 2). The spectra of geopolymer pastes for two samples are shown, as a function of reaction 
time over a 15-day period. Bands at 1060 cm-1 are assigned to stretching of Si-O-Si bands at the 
surface of the unreacted silica particles [9], and bands at 800 and 475 cm-1 relate to bending and 
rocking of the Si-O-Si bonds in the network of the unreacted geothermal silica [10].Bands at 625 
cm-1 are related to the Al-O vibrations in the unreacted solid aluminate and bands at 
approximately 700 cm-1 are assigned to AlO3

 vibrations and a band at  about 545 cm-1 is related to 
a single Al-O-Al mode in the aluminate [11]. 
    The position of the main Si-O-T stretching band gives an indication of the length and angle of 
the Si-O bands in the silicate network, and for amorphous silica this peak occurs at approximately 
1100cm-1[12].This region is attributed to stretching vibration of inner SiO2 groups [9].  
    In the present work, main Si-O-T stretching band occurs at 1060 cm-1 indicating the stretching 
vibrations of surface SiO2 groups[9] . Over time, main band shifts to lower wavenumbers in both 
samples that can be the indication of some probable changes in silicate network including an 
increase of non bridging oxygen in silicate sites, charge balancing by sodium cations in the 
system [13]or increasing the substitution of tetrahedral Al in the silicate network [14]. 
    Over time, there is a reduction in intensity of the main Si-O-Si band indicating that the solid 
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silica is dissolving and changing in molecular structure. At the same time, a new band starts 
forming at about 950cm-1 and the intensity of this band increases over time. This particular band 
is associated with the stretching vibrations of the Si-O-T (T: Si or Al) bond of the geopolymer 
network. The intensity of this band continues increasing gradually over time until there is only 
one clear band at 940 cm-1 for both samples. The shoulder in 1060 cm-1 is attributed to unreacted 
geothermal silica remaining in the samples.  
     Water plays a critical role during the dissolution, polycondensation and hardening stages of 
geopolymerization. Figure 2 shows that the dissolution of geothermal silica and the formation of 
geopolymer network bonds are much faster in the sample with lower water content. 
 

 

 

Figure 2. ATR-FTIR spectra for geopolymer samples 1.5(12) (plot A) and 1.5(7) (plot B), 
showing the process of synthesis from geothermal silica and sodium aluminate. Numbers 
refer to the geopolymer age in days. Data from reference [7]. 

 
    Figure 3 shows the structural evolution of one-part mix geopolymer samples with different 
Si/Al ratios and the same amount of water. It is clear from these spectra that dissolution of 
geothermal silica and formation of geopolymer are faster in the sample with the lower Si/Al ratio 
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Fig 3. ATR-FTIR spectra of (a) 1.5(12), (b) 2(12) and (c) 2.5(12) geopolymer samples. 
Numbers refer to the geopolymer age in days. Data from reference [7]. 

 
 
    These results show that the process of development of the geopolymer gel in the ‘just add 
water’ system studied here is relatively similar to the gel formation process in fly ash 
geopolymerization as was previously studied by this technique.[15-18] Both systems, although 
chemically very different, show the gradual destruction of the solid aluminate and silicate sources 
(which is very rapid in the case of solid sodium aluminate), and the formation of a new 
aluminosilicate gel phase characterized by a strong Si-O-T asymmetric stretching peak. 
  
   The durability of a cement structure strongly depends on its physical properties, such as 
permeability and ionic diffusivity, which are controlled by the microstructural characteristics of 
cement paste.[19] The porosity and pore size distribution are vital components of the 
microstructure of cement paste. The pore structure determines the permeability of cement, and 
thus the extent of penetration by aggressive agents.[20] 
  
   In order to study the microstructure of ‘just add water’-synthesized geopolymers, scanning 
electron microscopy (SEM) is used. Examples of the microstructures of sodium aluminate-
geothermal silica geopolymers after two weeks are shown in Figure 4. An obvious difference can 
be observed between the two samples with different water contents. These micrographs show the 
greater extent of large pores, as well as larger size and higher density of gel particulates, in the 
sample with higher water content. Fine pore structure enables a material to better resist chemical 
attack as it leads to lower permeability.[21] Resistance to chloride penetration of mortar and 
concrete is one of the most important issues regarding the durability of concrete structures.[21-
23] 
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Fig 4. SEM micrographs of (a) 1.5(12) and (b) 1.5(7) geopolymer samples after curing for 
two weeks at 40°C. Data from reference [7]. 

 
  In order to study the effect of Si/Al ratio on the microstructure of one part mix geopolymers, 
2(12) and 2.5(12) samples were made using geothermal silica and sodium alumina, and their 
microstructures were also studied after two weeks’ curing at 40°C (Figure 10). In traditional two-
part geopolymer systems, the microstructure changes from containing large pores to being more 
homogenous with small pores as the Si/Al ratio increases.[24] Comparison of Figure 4 with 
Figure 5 shows the same behavior in the one-part system. 
 

 

 

 

 

Fig 5. SEM micrographs of (a) 2(12) and (b) 2,5(12) geopolymer samples after curing for 
two weeks at 40°C. Data from reference [7]. 
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4. CONCLUSIONS 

The development of a solid replacement for the silicate activator in geopolymer synthesis will 
increase the commercial viability of this material by removing the difficulties associated with the 
use of viscous alkaline solutions. Also, the use of siliceous industrial wastes as silicate 
replacements in geopolymer cements for the construction industry can create an economical and 
environmentally friendly replacement for Portland cement, and finally a one-part mix or ‘bag’ of 
geopolymer cement can be made. 
    In this work, synthesis of a one part mix geopolymer from solid sodium aluminate and 
geothermal silica was investigated. This system demonstrates that making geopolymers from 
solid sources by “just adding water” is possible. Water plays a critical role during 
geopolymerization. Samples with less water have a greater extent of crystallite formation, which 
was unexpected because this is contrary to many reports of reduced crystallinity with water 
addition to ‘traditional’ geopolymer system. This difference may be due to the rapid dissolution 
of the aluminate source and relatively slower dissolution of silica source in the early stages of 
geopolymerisation. SEM micrographs clearly show the difference between samples with different 
water content and different Si/Al ratio. ATR-FTIR enables structural analysis of geopolymer 
samples during the geopolymerisation reaction.  
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