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Abstract: Rice husk ash (RHA), a by-product from the rice industry, was used as principal source 

of amorphous silica for the production of sodium silicate solution (MR ~ 3) used for the 

replacement of standard commercial sodium silicate in the mix-design of metakaolin based 

geopolymer composites. Three initial concentrations of NaOH were considered (8, 10 and 12M) 

with the aim to investigate on the optimum dissolution and formation of silica oligomers capable to 

act as binder during the geopolymerization. Results (FT-IR and XRD) showed that RHA-NaOH 

sodium silicate solutions have characteristics similar to that of standard commercial sodium silicate 

and the residual carbonates present in the viscous pastes can be monitored during the preparation of 

geopolymers using the mix-design. Combined 25 vol.% standard sodium silicate solution with ~ 75 

vol.% of RHA-NaOH based sodium silicate solution conducted to good polycondensation, 

densification, high flexural strength (~ 8 MPa) and low porosity similar to that of the standard 

matrix of metakaolin based composites. The new approach is found promising for the significant 

reduction of the Global Warming Potential of Geopolymers.  

Keywords: Rice husk ash, sodium silicate, geopolymer, sustainable, Global Warming Potential. 

 

 

________________________________________________________________________________ 

*Corresponding Authors: Kamseu Elie (kamseuelie2001@yahoo.fr); Beleuk à Moungam Lynn 

Myllyam (belynn20@yahoo.fr). 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

1. Introduction 

The geopolymerization mechanism is founded into the ability of Al and Si oligomers liberated in 

high alkaline solution to polymerize into Na(K)-(Al)n-(Si)m-H with 1.5 < m/n < 3. In this range of 

formulations, soluble silica and alumina will develop structural 3D units. To activate the amorphous 

to semi-crystalline solid precursors to form aluminosilicate oligomers, the alkaline solution is 

generally necessary. The alkaline solution is formed from (i) a high hydroxide solution with 

concentration > 5M capable to dissolve the amorphous fraction of the solid powders in solution; (ii) 

a sodium/potassium silicate solution that provide appropriate amount of soluble silica prompt to 

tackle Al oligomers and form polysialates (Davidovits, 2008). Amongst the two solutions, the 

sodium/potassium silicate is actually that with the higher concern regarding the effective and 

efficient sustainability of geopolymer (Habert et al., 2011). However as new technology to be 

implemented and particularly for the developing countries and the challenge of wastes management, 

sustainable and cleaner geopolymers locally sourced and produced using renewable resources, with 

negligible transport costs and environmental impact, with low energy required in the manufacturing 

process is targeted. In this study we are proposing the partial substitution of the sodium silicate 

solution with amorphous Rice Husk Ash (RHA) combined NaOH in solution. Solutions of sodium 

silicate with SiO2/Na2O ~ 3 have shown a relatively complex structure, containing a fraction of 

dissolved low molecules weight silica species as well as a relatively high amount of larger clusters 

dominated by cyclic or cage structures. It should be added the presence of larger colloidal particles, 

several tens of nm in radius. The fraction of soluble silica and small oligomers species decreases 

when increasing the SiO2:Na2O ratio until a ratio of 4 is reached. It is in the range of SiO2:Na2O of 

2-3 that good equilibrium is achieved between the fraction of monomers and that of clusters in the 

way to ensure the optimum polymerization/polycondensation during geopolymerization. Authors 

(Nordstrom et al., 2013; Nordstrom et al., 2011) analysed a serie of silicate solutions with SiO2 

concentrations from 12 to 28 wt.% and a molar ratio varying between 0.05 and 4.0. They showed 

that for a solution of 27.2 wt.% and a SiO2:Na2O ratio of 3.3, 35 wt.% of silica is fully polymerized. 

Polymerization leads to more branching and eventually to predominantly three dimensional cage-

like species at ratios ~ 3 (Svensson et al., 1986).  

The production of sodium silicate involves the calcination of sodium carbonate (Na2CO3) and 

quartz (SiO2) at temperatures between 1400 and 1500°C, producing large amounts of CO2 as a 

secondary product (Turner and Collins, 2013; Rodriguez et al., 2013). The need of high temperature 

to process substantially increases the embodied energy of silicate-activated binders, reducing 

significantly their sustainability. The project to use RHA to replace soluble silica in the alkaline 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

solution for geopolymerization firstly appears as solution for the recycling of agricultural/natural 

wastes. Secondly their effective introduction into the geopolymer synthesis will significantly reduce 

the Global Warming Potential (GWP) of the process and products. - their work on carbon 

dioxideequivalent emissions making a comparison between geopolymers and Ordinary Portland 

Cement (OPC) concretes, Turner and Collins (2013) indicated that the major components 

responsible for the CO2 emission are sodium silicate and curing with sodium silicate accounting for 

~ 50 vol.%. Their work agreed with the preoccupation of Habert et al. (2011). The RHA-NaOH 

system is viewed as viable and cleaner solution to optimize the sustainability of geopolymer binders 

and concretes. McLellan et al. (2011) and Heath et al. (2014) agreed on the possible reduction up to 

40-44 vol.% of GWP with geopolymer science and technology at the place of OPC. They generally 

make reserve on the secondary costs linked to production and transportation. 

 

2. Rice Husk Ash and project design 

The world production of rice husk ash is about 20 million tons (Nagrale et al., 2012). Prior to Metha 

(1992), RHA was usually produced using uncontrolled combustion and the ash produced was 

generally crystalline and had poor pozzolanic properties. One of the first studies (Metha, 1973) on 

RHA reactivity investigated the effects of pyroprocessing parameters on the pozzolanic reactivity of 

RHA. RHA treated under the ASTM standard C618-94a will produce amorphous silica with 90-

96% of SiO2. RHA used in cementitious binders presents particles around 8.3 µm with specific 

gravity of 2.05, nitrogen absorption of 20.6 m2/g, water requirement of 104% and pozzolanic 

activity index of 99%. The microsilica can be a source for preparing advanced materials like SiC, 

Si3N4, elemental Si and Mg (Chandrasekhar et al., 2003). Due to the high pozzolanic activity, the 

rice husk ash silica also finds application in high strength concrete and possibly as filler in polymers 

(Chandrasekhar et al., 2003). The activity of RHA is essentially linked to the amorphous structure 

of the SiO2 that allows their chemical transformation. It is generally agreed that amorphous silica 

will be obtained between 500 and 700°C. The silica in RHA is X-ray amorphous, ultrafine in size, 

highly porous and chemically reactive. We wish to exploit the solubility of amorphous silica from 

RHA in high alkaline solution (pore solution similar to that of geopolymerization context) to 

prepare sustainable activator that is more environmentally clean.  
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3. Materials and Experimental methods 

 

3.1 Materials 

Rice husk ash (RHA) were from a rice mill in Angthong province in Thailand. The ash was 

collected as produced into the waste treatment deposit and ground to fine powder lower than 45 µm.  

The metakaolin was used as a solid precursor for the geopolymer binders because of its high 

reactivity, fine particle size and Si/Al appropriate for the development of N-A-S-H type geopolymer 

gels (Kamseu et al., 2014). Metakaolin powder is characterized by a very high surface area per unit 

volume because it is composed of plate-like shape particles with reactive sites on the surface 

(Kamseu et al., 2014). The metakaolin (MK) was prepared using high quality of white kaolin 

(5.4SiO2.4Al2O3) commonly used for glaze in ceramic tile industry (BAL-CO S.p.A, Sassuolo, 

Italy). Kaolin was calcined at 700°C for 4h to decomposed phyllosilicates and then it was 

pulverized reaching grain size below 60 µm. Mineralogical analysis of MK shows minor crystalline 

impurities identified as alpha-quartz (ICDD # 89-8934). Physical characteristics of metakaolin as 

well as those of fines are reported in Table 1. 

The NaOH solution was prepared by dissolving laboratory grade granules (96 wt.%, Sigma Aldrich, 

Italy) into distillated water to have 8, 10 and 12M concentrations. The sodium silicate solution 

(SiO2/Na2O = 3.00 molar ratio; SiO2 = 26.50 wt.%, Na2O = 8.70 wt.% and pH = 11.7) with bulk 

density of 1.34 at 20°C was provided by Ingessil, Verona, Italy.  

 

3.2 Preparation of RHA-NaOH sodium silicate solution and Metakaolin based geopolymer 

composites 

Appropriate amount of fine powder of RHA (particle size < 45 µm) is weighed and introduced in 

NaOH solution of 8, 10 and 12M. The mix is ball-milled in a porcelain jar using a rapid Mill (1200 

rpm) for 40 min. The homogeneous liquid is stored for a minimum of 24 h before the use. A 

standard formulation of metakaolin based geopolymer cement was developed. Sodium hydroxide 

(8M) and sodium silicate solutions are mixed in the 1:1 volume ratio and used to activate 

metakaolin powder. Sand is added in the metakaolin:sand ratio of 1:2. Finally, the solid/liquid ratio 

of the system was ~ 1.7. For the sodium silicate solutions prepared with initial NaOH solution of 10 

and 12M, the alkaline solution is adjusted with distilled water prior to the mix with the solid 

precursor. The highly viscous pastes obtained was poured into 140 mm x 15 mm x 15 mm silicon 

molds.  
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The three sodium silicate solutions prepared allowed to have 8M100, 10M100 and 12M100: 

formulations of metakaolin based geopolymers with 100 vol.% of sodium silicate made from RHA-

NaOH systems. Successively, 8M75, 8M50 and 8M25 were prepared with sodium silicate solution 

(RHA-NaOH, 8M) replaced progressively with 25, 50 and 75 vol.% of standard commercial (MR = 

3.00) sodium silicate solution. Similar substitution was made with 10 and 12M sodium silicate 

solutions to have 10M75, 12M75, 10M50, 12M50, 10M25 and 12M25. The geopolymers pastes 

obtained were stored into plastic for 24 h to avoid any contact with air. After 24 h, the curing of the 

specimens continued in a conditioned oven with 80% of relative humidity and temperature of 30°C 

for 72 h still in plastic. The specimens are then stored at ambient temperature (21 ± 2°C; RH ~ 

54%) for more than 28 days before characterization.  

3.3 Characterization of the inorganic polymer cements and composites 

Mineralogical analysis of the inorganic polymer cements and composites were carried out with an 

X-ray powder diffractometer, XRD, (PW3710, Phillips) CuKα, Ni-filtered radiation (the 

wavelength was 1.54184Å). The radiation was generated at 40 mA and 40 kV. The analysis was 

performed on fine grains of ground samples. Specimens were step-scanned as random powder from 

5 to 70°C, 2 theta steps were integrated at the rate of 2 s per step.  

Fourier transformed infrared spectroscopy, FT-IR, (Avatar 330 FTIR, Thermo Nicolet) was 

performed on each sample analyzing fine powder of ground specimens (ф < 80 µm) collected from 

pieces of the mechanical test cured at 28 days. A minimum of 32 scans between 4000 and 500 cm-1 

were averaged for each spectrum at intervals of 1cm-1. 

An Autopore IV 9500, 33000 psia (228 MPa) Mecury Intrusion Porosimeter (MIP) covering the 

pore diameter range from approximatively 360 to 0.005 µm having two low-pressure ports and one 

high-pressure chamber was used for the pores analysis. Pieces were prepared from the bulk of each 

sample with specimens of ~ 1 cm3 of volume for the MIP.  

3.4 Three point flexural strength and Young Modulus 

Specimens (10 for each composition) with nominal size of 10 + 0.10 mm in width, 10 + 0.10 mm 

thick and a length of 140 mm were used. The specimens were placed in an appropriate sample 

holder and loaded in an universal testing machine (type MTS 810, USA) with a cross-head speed of 

3 mm/min until failure. The span between the two platens of the sample holder was 40 mm. 

Supports and loading piston were steel knife edges; rounded to a radius of 1 mm. Load was applied 

at the midpoint of the specimens. The strength is given by the equation (1): 
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                                                      (1) 

Where σ is the maximum center tensile stress (MPa), F maximum load at fracture (N), l the distance 

between the supports (mm), b the width and h the thickness of the specimen (mm). The Three-point 

bending strength tests were performed according to the standard test method for flexural strength of 

advanced ceramics at ambient temperature: ASTM C1161-02c. 

The microstructure of the inorganic polymer cement and composites specimens was studied using 

an Environmental Scanning Electron Microscope (ESEM, Model Quanta 200) at low vacuum. Both 

fractured pieces from mechanical testing, and etched polished specimens were used for 

microstructural investigations. Polished samples were mounted in resin and polished using 1µm 

diamond paste for final polishing.  To ensure the conduction of electron and prevent charging 

during the ESEM analysis, specimens were coated with 10 nm thick gold layer to allow a better 

resolution during the micrographs collection.  The ESEM was equipped with an Oxford Instruments 

Energy Dispersive Spectrometer (EDS) for the microanalysis facilitating the investigation of phase 

distribution in the matrices.   

4. Results 

4.1 Silica condensation in standard and RHA-based sodium silicate 

Both X-ray diffraction and FT-IR spectroscopy were used to elucidate the silica condensation in the 

RHA-based sodium silicate in comparison to the standard one. Fig. 1 and 2 show the XRD and FT-

IR patterns of the solutions where RHA was activated/dissociated with 8, 10 and 12M solution of 

NaOH. The standard sodium silicate solution with molar ratio of 3 used as reference showed XRD 

diffuse peak at 2θ = 28.71°C, characteristic of disordered aluminosilica structures (Fig. 1). Broad 

diffuse hallo in XRD patterns corresponds to three-dimensional networks for low angle 

compositions (2θ < 30°C) while the high angle compositions (2θ > 30°C) is generally attributed to 

low molecular weight silicate (dimer, monomer) (White et al., 2011; Bignozzi et al., 2013). Fig. 1 

confirms that larger fraction of silicate into the sodium silicate solution prepared are essentially in 

form of clusters, colloidal gels, etc with 3D network structure. It should be noted that the position of 

the hallo that is at 28.71°C a little far from 25-27°C that generally characterize 3D structures of 

amorphous aluminosilicates come from the fact that although clusters and colloidal structures, the 

sodium silicate in this range of concentration present also an amount of 2D silica in form of 

monomers and dimers. The additional peaks observed are from carbonates that crystallized during 

the curing/solidification at ambient temperature of as prepared solutions. From the Fig. 2, it is 
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observed that all the characteristic peaks of standard sodium silicate solution are represented in all 

the three samples of RHA-based sodium silicate. The OH vibration band (νOH) of water is 

observed at 3207 cm-1 for the standard sodium silicate. It appeared at 3162 cm-1 for the RHA-based 

sodium silicate 8M. The values increased to 3174 cm-1 and 3195 cm-1 respectively for those at with 

10M and 12M NaOH. The binding of water molecules (δH2O) is identified at 1616 cm-1 in standard 

sodium silicate solution and that activated with 12M NaOH. The peaks is observed at 1631 cm-1 for 

the solution 8M and 1623 cm-1 for that with 10M NaOH. It is observed that by increasing the 

concentration of NaOH, the intensity of the peak at 1616 cm-1 increases as the shoulder at 3207 cm-

1. The increase of NaOH concentration also increases the significance of the peak at 1400 cm-1 

which is that of carbonate compounds. The mean peak of sodium silicate solution that characterizes 

the asymmetric stretching (νasSi-O-Si) of Si-O-Si bonds at 962cm-1 for the standard sodium silicate 

solution appeared at 950 cm-1, 946 cm-1, 943 cm-1 respectively for the solutions with 8, 10 and 12M 

(Fig. 2). The results agreed with what has been discussed by Tongnonvi et al. (2012a and b). In fact 

in relative high silica concentration and pH above 11, stable solution of sodium silicate is formed. 

The concentration of clusters (Q3 and Q4) in solution decrease rapidly as the pH increase between 

11 and 14. In the meantime the concentration of the Q2 shifts progressively to lower values of 

wavenumber. Nordstrom et al. (2011) demonstrated that in SiO2:Na2O molar ratios between 3.3 and 

8.9, the intensity of the peak at 1000 cm-1 decreases while that at 1100 cm-1 increases. In the sodium 

silicate solution with the SiO2:Na2O molar ratio of 3, most of the silica is present as small clusters 

with a radius of 0.7 nm and 11-13 wt.% of the silica present are even smaller such as monomers or 

smaller oligomeric species. Very small fraction of the silica is detected as larger colloidal particles 

in the size > 30 nm.  

4.2 Characterization of the interaction between the NaOH-RHA based sodium silicate and 

the geopolymer pastes. 

The FT-IR spectra of the geopolymer matrices with various fraction of RHA -NaOH sodium silicate 

presents the common features of the metakaolin based geopolymer composites with the bands at 

3200 cm-1 which is that of OH vibration (νOH), the binding of water molecules (δH2O) at 1640 cm-1 

as in the FT-IR spectra of silicates (Fig. 2). The spectra that are directly affected by the SiO2:Na2O 

ratio and those sensitive to the variation of pH, mainly the asymmetric stretching (νas Si-O-Si) of Si-

O-Si bond at ~ 1000 cm-1 (Tognonvi et al., 2012b; White et al., 2011), the deformation (δSi-OH) of 

Si-OH at 870 cm-1 and the bands at 1100 cm-1, 796 cm-1, 775 cm-1 and 694 cm-1 assigned to quartz 

from the silica sand of the geopolymer composites were particularly investigated. From Fig. 3a, it is 

observed that the position of the principal band of the asymmetric stretching that is known to be a 
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characteristic of H-N-A-S phases is at 964 cm-1 for the standard geopolymer and 100% NaOH-RHA 

based sodium silicate at 8M. By increasing the fraction of the standard sodium silicate, the position 

of the band shifts to high value of wavenumber. This was verified also for the 10M concentration 

(Fig.3b) and 12M (Fig. 3c). The variations from Fig. 3a to Fig. 3c are indicative on the level of 

chemical interaction between the solid precursor and the RHA-NaOH based sodium silicate 

solution. The shift from the specimens at 8M and those at 10M is linked to the difference in the 

level of dissolution of the amorphous silica at different concentration. In the case of 10M, more 

reactive Si-OH groups are available due to the prior attack of the amorphous silica by OH- 

hydroxide during the dissolution in the preparation of the RHA-NaOH sodium silicate. Higher 

wavenumber is characteristic of the reduction of Si-O-Si angle and the increase in the concentration 

of three dimensional siloxane networks (Brew and Glasser, 2005; Gerschel, 1995). The combination 

of the standard sodium silicate and RHA-NaOH based conducted to a shift of the wavenumber to 

high value up to 75 vol.% and all the specimens with RHA-NaOH silicate seen the wavenumber of 

Q2 decrease to low values (Fig. 3d). This suggest that, the mechanism of geopolymerization in this 

case is more complex including not only the level of dissolution of the amorphous silica from RHA. 

Obviously it can be suggested the action of the finer particles of silica from the standard sodium 

silicate and coarse ones from RHA-NaOH. Increasing NaOH concentration, the amount of fine 

particles increases in relation with the extend of dissolution improving the formation of 3D 

network. The amount of the carbonates included into the matrix of geopolymers (Fig. 3) correlates 

with the hypothesis of the synergetic action of the two soluble silica solutions which surely have 

compatible granulometry to enhance the polymerization of the matrices. Between 25 and 50 vol.% 

of RHA, the carbonates content into the samples is stable under 6 wt%. The peak of the hallo is 

slightly shifted from 28.71 for the standard sodium silicate to 27.63 and 27.61 for the specimens 

with 8 (Fig. 4a), 10 (Fig. 4b) and 12M (Fig. 4c) respectively. This confirm the high rate of 

polymerization within the geopolymer matrices compared to the sodium silicate. It is difficult with 

the XRD patterns dominated with the quartz peaks to appropriately identify the presence of 

carbonates into the matrices. The low content of these carbonates did not allow clear evidence in 

FT-IR (Fig. 3). However appropriate chemical geopolymer process conducted to a clear decrease of 

carbonate with the increase of the soluble silica from standard sodium silicate. Evidently from the 

intrinsic characteristics of the silicate solution with more fine particles prompt to react in solution 

with respect to the silica from RHA-NaOH which the delay may be at the origin of the formation of 

carbonates.  

4.3 Cumulative pore volume, pore size distribution, water absorption-desorption 
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Fig. 5 presents the cumulative pore volume of the formulations of geopolymers with RHA-NaOH 

sodium silicate prepared with 8M (Fig. 5a), 10M (Fig. 5b) and 12M (Fig. 5c). In general, the 

cumulative pore volume decreases with the increase of NaOH concentration, and with the fraction 

of the standard sodium silicate. From the Fig. 5a, specimens prepared with RHA-NaOH 8M 

presents cumulative pore volume of 0.267 (100% RHA-NaOH based sodium silicate), 0.196 (75% 

RHA-NaOH based sodium silicate), 0.162 (50% RHA-NaOH based sodium silicate) and 0.181 

mL/g (25% RHA-NaOH based sodium silicate). The series with RHA-NaOH 10M presents values 

of cumulative pore volume of 0.198, 0.184, 0.177 and 0.171 mL/g when 100, 75, 50 and 25% of 

prepared RHA-NaOH sodium silicate is used. The cumulative pore volume of specimens with 

RHA-NaOH 12M do not change significantly from those with 10M being 0.206, 0.185, 0.182 and 

0.173 respectively. The values of the cumulative pore volume of Fig. 5 are similar to those 

generally described with the metakaolin based inorganic polymer cement (Kamseu et al., 2014; 

Kamseu et al., 2013; Okada et al., 2011). The pores in those samples are divided into two groups: 

(i) those with size > 0.24 µm and the finer with size < 0.24 µm. In both cases, the volume decrease 

with the concentration of NaOH. The average volume of the pores with ϕ > 0.24 µm are ~ 38% in 

8M series, 35% in 10M series and 25% in 12M series. The significant reduction in cumulative pore 

volume is achieved with the serie 8M where the addition of the standard sodium silicate affect the 

cumulative pore volume in a significant manner. It should be noted that as from 25% of standard 

sodium silicate added into formulations, there is no more significant difference between the 

cumulative pore volumes of these formulations with RHA-NaOH from 8 to 12M and in most cases 

this slight difference could been explained with errors bars or sampling.  

Fig. 6 shows the significant reduction of the pores with a shift of their peaks to lower values. From 

0.229 µm for 8M100, the peak shifted to 0.216, 0.180, and 0.150 µm respectively for 8M75, 8M50 

and 8M25. When considering the 10M, the structure of the pore network changed a little with more 

fine pores and an increase in connectivity that is justified with the appearance of a large spectra of 

pores with different size in the range 0.01 and 10 µm. Increasing the concentration of NaOH to 

12M, the capillary pores with size > 0.24 µm decreased again and the porosity of the specimens saw 

their size shifted to smaller values: the volume of the fine pores increased while their size shifted 

with the increase of the standard sodium silicate solution. This is indicative of the difference in the 

structure of the two solutions even though they present similitudes in chemical composition, XRD 

and FT-IR spectroscopy. However the porosity and the pore size distribution achieved with RHA-

NaOH solution in the range 8-12M are in agreement with the results available into the literature 

(Kamseu et al., 2014; Kamseu et al., 2013; Okada et al., 2011) and allow to defend RHA-NaOH 

solution as promising candidate for the design of low porous MK-Geopolymers. The specimens 
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with 100% of RHA-NaOH remain with relatively high values of water absorption (Fig. 7): between 

13 and 14%. This can be explained essentially by the extend of dissolution of RHA in the solution. 

When considering NaOH 8M, RHA-NaOH demonstrated low solubility with respect to 10M and 

12M. This low solubility conducted to the formation of more clusters and larger particles that are 

responsible for the microstructure coarsening with poor level of polymerization/polycondensation, 

reduction of the cross-linking with more capillary porosity that remains into the matrix (Fig. 3, 5 

and 6). The reinforcement of RHA-NaOH with standard sodium silica as from 25% has as effects 

the reduction of the water absorption as the result of the reduction of the open porosity. As already 

indicated this reduction is also effective when the concentration of the initial NaOH increases. The 

increase of the pH of NaOH solution increases the formation of more Q2 capable to induce more 

chemical linkages. This explain the similar effects with the presence of the standard sodium silicate 

into the formulations.  

Fig. 8 shows the residual moisture into the samples of geopolymers after complete curing to 

constant weight at room temperature (> 90 days in this case at 21 + 2°C). Apart from the sample 

made with 100% of RHA-NaOH sodium silicate 8M, all specimens have the values of moisture 

between 6.5 and 7.9%. Values are in agreement with those available into the literature (Kamseu et 

al., 2012). The moisture content is easily correlated to the fraction of the fine pores present into the 

specimens. The general rule in the cases of the samples under study is that the extend of the 

dissolution (from 8M to 12M) or the fraction of the standard sodium silicate (25 to 75%) favors the 

formation of more fine pores that enhance the volume of moisture into the final matrix.  

4.4 Densification, mechanical strength and microstructure 

The flexural strength is in general appropriate for the evaluation of the extend of links and cross-

linkings developed into the geopolymer matrices. This flexural strength expresses also the level of 

densification and it is the result of the microstructural features within the matrix of geopolymers 

(Fig. 9). Fig. 10 shows the bulk density and the mechanical strength of the different formulations of 

geopolymers as function of RHA/NaOH content and the pH value of the initial NaOH solution. The 

bulk density decreases with the increase of the fraction of RHA-NaOH based sodium silicate from 

1.75 g.cm-3 at 25% to 1.5 g.cm-3 at 100%. The use of 100% of RHA-NaOH sodium silicate solution 

brings a significant difference in densification compared to the samples in which RHA-NaOH is 

partially replaced with the conventional sodium silicate solution (Fig 9). Independently on the 

concentration of the initial NaOH solution, the density of the formulations are stable between 50 

and 75% of RHA-NaOH silicate solution. In fact as from 25% of standard silicate solution, it is 

observed that all the formulations presented values of density in the interval of that generally 
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observed into the literature (Kamseu et al., 2013, Kamseu et al., 2014, Kamseu et al., 2015). The 

increase of the alkalinity contribute to improve the dissolution and the polycondensation with the 

formation of more dense final products. These observations are in agreement with the hypothesis 

that between 8 and 12M of NaOH, the increase of the concentration of the initial alkaline solution 

contributes to the increase in dissolution and formation of more soluble silica oligomers capable to 

enhance the geopolymerization. These results of the densification are in line with the variation of 

the flexural strength (Fig 9 and 10). The use of 100% of RHA-NaOH sodium silicate solution 

conducts to final geopolymer composites with the flexural strength of 4 MPa at 8M of NaOH and 

4.5 MPa at 12M of NaOH. With the partial replacement of standard sodium silicate by RHA-NaOH 

one, the flexural strength increased to 5 MPa at 25% of RHA-NaOH sodium silicate, and 6 MPa at 

50% of RHA-NaOH sodium silicate. The flexural strength even reached 8 MPa with 75% of RHA-

NaOH sodium silicate demonstrating that the combination of both types of sodium silicate is 

positive for the final properties of geopolymer composites. This is due to the fact that standard 

sodium silicate contains more fine molecular silica aggregates in solution while RHA-NaOH 

sodium silicate would have more coarse molecular compounds which when in specific percentage 

contribute to the formation of more dense and compact structure with high strength.  

The micrographs of the specimens with 100% of RHA-NaOH sodium silicate solution show 

progressive improvement of the densification with the increase in concentration of the initial NaOH 

solution from 8 to 12M (Fig. 11). This can be easily correlated to the results of the bulk density and 

flexural strength (Fig. 9 and 10). The level of reactivity and densification is linked to the degree of 

dissolution and polycondensation: dissolution and polycondensation that is improved in the case of 

amorphous silica with the concentration of the alkaline solution. The microstructure of those 

specimens goes from coarser and porous at 8M (Fig. 11a) to more fine and dense matrix at 10M and 

12M series (Fig. 11b and c). The specimens of the formulations with 10 and 12M are those with 

matrices similar to that of standard metakaolin based inorganic polymers. In the micrograph of 

geopolymers with initial NaOH solution of 8M, it can be observed a significant amount of 

metakaolin (still having the kaolin structure) that has not been affected during the 

geopolymerisation. This unreacted fraction of metakaolin coexist with residual non-dissolved 

amorphous RHA contributing to the poor densification of those matrices with 8M NaOH. The 

nanometric structure of polysialates (H-N-A-S) that can be observed in the Fig. 11c is typical of that 

of metakaolin based geopolymer matrix (Gao et al., 2014; Mo et al., 2014; Pelisser et al., 2013). It 

appeared that when the RHA is well dissolved into NaOH solution (cases of 10M and 12M), soluble 

silica is formed capable to play similar role as that of standard sodium silicate. The residues of 

alkalis observed into XRD and FT-IR patterns of specimens with high concentration of NaOH seem 
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not to affect the final product. However, it should be noted that the production of the standard 

sodium silicate include a final stage of filtration and neutralization which affect the final cost of the 

solution. Those two steps in the case of the use of RHA-NaOH based sodium silicate solution for 

the production of geopolymers have to be avoided since residues of alkalis and that of amorphous 

silica can be managed using the mix-design. In our investigations, it was clearly observed that the 

effects of the residual alkalis into the solidified sodium silicate solution with the sodium carbonates 

formed are influenced by the initial concentration of NaOH used. However the presence of 

carbonates into the matrices of geopolymers was inversely proportional to the concentration of the 

initial NaOH. The higher the concentration of initial sodium silicate, the lower the carbonate 

concentration into the final geopolymer matrices (Fig. 12). This confirms the fact that the in situ 

preparation of the sodium silicate as from RHA can be well monitored with the mix-design to 

achieve optimal quality of the metakaolin based geopolymer composites. Fig. 10 shows the 

micrographs of the specimens produced with 50 to 75 vol.% of RHA-NaOH based sodium silicate 

solution. The presence of the components into the metakaolin and sand capable to fix unreacted 

elements from sodium silicate is contributive for the good compaction and adhesion bonds observed 

at high magnification (Fig. 13).  

5. Discussion 

Fawer et al. (2012) described four major commercial production routes for the sodium silicate. For 

the geopolymerization, sodium silicate with molar ratio between 2 and 3.3 are generally used 

(Davidovits, 2008; Kamseu et al., 2014; Kamseu et al., 2013; Kamseu et al., 2012; Okada et al., 

2011). Sodium silicate with MR of 3.3 is produced by direct fusion of precisely measured 

proportions of pure silica sand and soda ash at temperature ~ 1400°C. This class of sodium silicate 

has high cost and high Global Warming Potential (GWP). Its use in geopolymers will increase the 

rate of CO2 emitted and influence the sustainability of the final product. Relatively low molar ratio 

(~ 2) of sodium silicate solution is produced by hydrothermal dissolution of silica in sodium 

hydroxide solution. This kind of sodium silicate with molar ratio 2 is described into the literature as 

having low GWP because of the low temperature required for their production. The furnace process 

accounts for 80-90% of the energy consumption in the cycle of the production of high molar ratio of 

sodium silicate (Fawer et al., 2012). Therefore, the GWP of sodium silicate produced at relatively 

low temperature can be reduced by 50-70% or more if we consider the Rice Husk Ash as source of 

amorphous silica and its calcination as waste treatment. RHA offers the advantage that it can be 

dissolved easily into high concentrated NaOH solution. The silicate oligomers that are formed are 

function of the concentration of NaOH and the extend of dissolution of RHA. Tchakouté et al. 
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(2016a and 2016b) proposed a pre-treatment of rice husk ash and waste glasses which increase the 

cost and affect the environmental impact of the final products. The solution of the present study 

appears as one of the more sustainable route for the substitution of the standard commercial sodium 

silicate solution into structural matrices of geopolymers.  

Studying the Global Warming Potential of the components of geopolymer in details, Heath et al. 

(2014) indicated that sodium silicate accounts to 44-59% and being the major concern regarding the 

environmental impacts for the production of this new class of materials. Our approach works 

without the fusion into the furnace as well as filtering since the residual undissolved amorphous 

silica are going to remain into the matrix acting as filler or contributing in the interfacial reactions at 

the level of interfaces of grain particles of geopolymers.  

From the phases evolution, mechanical strength and microstructure (Fig. 9, 11 and 13), it was 

concluded that the production of RHA-NaOH based sodium silicate solution with equilibrated 

fractions of monomers, clusters and larger colloidal particles is capable to achieve good 

densification and strength. The necessity of having this equilibrium between fractions of monomers, 

clusters and colloidal particles of sodium silicate solution suggested ideal composite solution made 

of ~ 25 vol.% of standard and up to 75 vol.% of RHA-NaOH based sodium silicate solution.  

The hypothesis of using RHA-NaOH based sodium silicate, to replace partially up to 75 vol.% the 

standard sodium silicate, provide significant reductions in the GWP of metakaolin-based 

geopolymers. The mix-design in this context insure similar bulk composition and therefore the 

physico-mechanical performance can be monitored to present final matrix with optimum 

characteristics. The use of multiple precursors, activators and curing temperatures for geopolymer 

manufacturing can lead to complex mix design, but has the potential to reduce the GWP potential to 

a level well below that of “just add water” of Portland cement (Heath et al., 2014).  

 

Conclusion 

RHA-NaOH based sodium silicate solution cured at room temperature in open air showed 

characteristics (FT-IR and XRD) similar to that of standard sodium silicate solution of same bulk 

composition with SiO2/Na2O molar ratio of 3.1. The presence of carbonates was evidenced in RHA-

NaOH solidificated sodium solution and increase in intensity with the increase of the initial 

concentration of NaOH. 100 vol.% of RHA-NaOH sodium silicate solution conducted to 

metakaolin based geopolymer with relatively high cumulative pore volume and more porous 

microstructure. From the phases analysis and microstructural investigations, the above described 

behavior were ascribed to the effectiveness of the dissolution of RHA and formation of different 

classes of silica oligomers as function of the initial NaOH concentration.  
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The association between standard sodium silicate and RHA-NaOH one contributed to the 

production of good matrix with optimum mechanical strength correlated to good densification. 25 

vol.% of the standard sodium silicate seem sufficient to equilibrated 75 vol.% of RHA-NaOH 

sodium silicate solution with effective action as binder in metakaolin based geopolymer matrix. The 

mechanism of the improvement in densification and strength is found on the symbiotic effects 

between the Q2 of the standard sodium silicate solution and the Q3 and Q4 of the RHA-NaOH 

sodium silicate solution.  

The design of metakaolin based geopolymer composites with 75 vol.% of sodium silicate replaced 

with RHA-NaOH sodium silicate reduces the environmental impacts of the geopolymerization and 

appears as a viable solution for the production of sustainable geopolymers.    
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Figures and Tables Captions 

Figure 1: XRD patterns of the standard and RHA-NaOH based sodium silicate solutions showing 

the impact of NaOH concentration into the formation of silicate oligomers. 

Figure 2: FT-IR spectroscopy patterns of the standard and RHA-NaOH based sodium silicate 

solutions showing the impact of NaOH concentration into the formation of silicate oligomers. 

Figure 3: FT-IR spectroscopy patterns of geopolymers as function of the RHA-NaOH sodium 

silicate content.  

Figure 4: XRD patterns of geopolymers as function of the RHA-NaOH sodium silicate content.  

Figure 5: Cumulative pore volume of metakaolin based geopolymers as function of the RHA-NaOH 

sodium silicate solution.  
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Figure 6: Pore size distribution of metakaolin based geopolymers as function of the RHA-NaOH 

sodium silicate solution.  

Figure 7: Water Absorption of metakaolin based geopolymers as function of the RHA-NaOH 

sodium silicate solution.  

Figure 8: Variation of the moisture content as function of the molarity of the concentration of the 

initial NaOH solution.  

Figure 9: Flexural strength of metakaolin based geopolymers as function of the RHA-NaOH sodium 

silicate solution.  

Figure 10: Variation of the Bulk density (g.cm-3) of metakaolin based geopolymers as function of 

the RHA-NaOH sodium silicate solution.  

Figure 11: Micrographs of metakaolin based geopolymers: (a) 8M100; (b) 10M100; (c) 12M100. 

Figure 12: Variation of the carbonates content into the final matrices of metakaolin based 

geopolymers as function of RHA-NaOH sodium silicate content. 

Figure 13: Micrographs of high compact matrix made of 25 vol.% of standard commercial sodium 

silicate and 75 vol.% RHA-NaOH silicate.  

Table 1: Physical properties of the metakaolin and RHA used for the formulation of geopolymer 
composites. 
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composites. 

 

 

 

 

 

  

Materials 
Physico-chemical properties 

Bulk composition 
Specific area 
g/cm2 

Specific density 
g.cm-3 

Particles under  
10 µm 

Metakaolin 5.4SiO2.4Al2O3 37 1.23 74.8 
RHA SiO2 42 2.21 100 
River Sand  SiO2 / 2.34 1.2 
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• RHA-NaOH sodium silicate have similar characteristics to that of standard one. 

• 75 vol.% of standard sodium silicate replaced with RHA-NaOH as a sustainable 

binder 

• Using RHA-NaOH sodium silicates for geopolymers manufacture reduce the GWP 

 


