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Abstract
The aiming target of this study is to improve the reactivity of the soda–lime–silica glass solution as a hardener for produc-
ing metakaolin-based geopolymer cements. The hardeners with molar ratios  SiO2/Na2O equal to 1.5 from rice husk ash 
and waste glass were prepared. Due to the low dissolution of waste glass, the molar ratio  SiO2/Na2O in soda–lime–silica 
glass solution is less than 1.5 suggesting thus the lower soluble silica content. In order to compensate for the deficiency 
of soluble silica in soda–lime–silica glass solution, the hardener from rice husk ash is added to the soda–lime–silica glass 
solution at different percentage such as 0, 20, 30, 40, 50, 60, 70, 80 and 100 wt%. The reactivity of the obtained hardeners 
was evaluated by using them for producing geopolymer cements. The X-ray pattern and infrared spectrum of residual 
waste glass indicate the higher intensity of the broad hump structure and the higher value of the wavenumber of the 
main band, respectively. This corresponds to the higher amount of glass phase contained in the residual waste glass. It 
was found that the values of the compressive strengths and the apparent density increase with increasing the addition 
of hardener from rice husk ash to the one from waste glass. The micrographs of geopolymer cements from hardeners 
containing 40, 50 and 100 wt% of sodium waterglass from rice husk ash are homogeneous and compact microstructure. 
This implies the formation of the higher connectivity and the long chain of poly(sialate-siloxo) network. The new approach 
for the preparation of a reactive hardener from the waste glass is found promising for the significant reduction of the 
greenhouse gas emitted during the production of geopolymers.
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1 Introduction

Geopolymers are new classes of cements for pastes, mor-
tars and concretes that obtained by the addition of an alu-
minosilicate material with a hardener. The hardeners gen-
erally used to depolymerise of this material are sodium or 
potassium waterglass or phosphoric acid solution. Accord-
ing to the literature, they are new materials for coatings 
and adhesives, new binders for fibre composites, waste 
encapsulation, etc. [1]. According to Tittarelli et al. [2], fly 
ash-based geopolymers are protective for galvanized steel 
reinforcements. Regarding the environmental impact, the 
values of hazardous elements classify geopolymers as sus-
tainable materials [3]. But commercial sodium silicate is 
generally used as a hardener by several researchers for 
producing geopolymer cements. Whereas, the produc-
tion of this inorganic polymer has a higher environmental 
impact which is associated directly with the production 
of commercial sodium silicate. Hence, the production of 
this chemical reagent generates a higher amount of green-
house gas in nature [4–7]. For example, Duxson et al. [8] 
reported that the total  CO2 emission during the synthe-
sis of commercial sodium silicate is estimated at about 
1.514 kg  CO2 emitted per kg of sodium silicate. In order to 
palliate for this situation and increase the sustainability for 
the geopolymer production, some researchers used hard-
eners from raw rice husk ash [9–11], pure rice husk ash 
[12], sugarcane bagasse ash [13] and waste glass [14–19] 
for producing geopolymer cements. Regarding sodium 
waterglass from waste glass, Melele et al. [18] used is to 
prepare metakaolin-based geopolymer cements cured at 
room temperature. They reported that the microstructure 
of the obtained geopolymer cement is heterogeneous, 
they also exhibit some pores in their structure suggesting 
the low value of their compressive strength values. They 
concluded that the lower dissolution of waste glass in the 
alkaline medium (NaOH) is assigned to the lowest value 
of its specific surface area (0.91 m2/g) and the stability of 
their particle sizes under alkaline solution. This suggests 
the lower soluble silica content in soda–lime–silica glass 
solution. In order to improve the dissolution of waste glass, 
some studies [14–16] reported that the best conditions of 
solubility of this low-value silica-rich waste were when it 
used treatment with NaOH and  Na2CO3. They concluded 
that  Na2CO3 favours the dissolution of silica in the waste 
glass. But, some researchers reported that the manufac-
ture of  Na2CO3 is energy expensive. For example, Novotny 
et al. [4] and Fawer et al. [5], reported that the synthesis of 
sodium carbonate consume a higher amount of energy 
and generates  CO2 in nature. Hence, the production of 

commercial sodium waterglass and soda–lime–silica glass 
solution consume a higher amount of energy and green-
house gas emitted and therefore reducing significantly 
their sustainability. In order to avoid the chemical com-
pound  Na2CO3 during the preparation of soda–lime–silica 
glass solution and the one of commercial sodium silicate, 
the combination of the sustainable both hardeners from 
low-value silica-rich wastes (waste glass and rice husk ash) 
could reduce the environmental impact.

The main objective of this work is to enhance the reac-
tivity of soda–lime–silica glass solution by adding a differ-
ent amount of hardener from rice husk ash (0, 20, 30, 40, 
50, 60, 70, 80 and 100 wt%) in order to obtain the chemi-
cal reagents containing more soluble silica content. The 
obtained hardeners were used for producing metakaolin-
based geopolymer cements. The effect of adding differ-
ent amount of a chemical reagent from rice husk ash to 
the one from the waste glass was assessed by the infrared 
spectroscopy using ATR methods. The reactivity of the 
obtained hardeners was evaluated by the compressive 
strengths testing, scanning electron microscope (SEM) 
observations, X-ray diffractometry (XRD), infrared spec-
troscopy (IR) using KBr method and the determination 
of the apparent density of the synthesized geopolymer 
cements.

2  Materials and experimental methods

2.1  Materials

The kaolin used in this work was collected from Dibamba 
in the Littoral Region of Cameroon. Waste glass bottles 
(broken into pieces) and rice husk ash as low-value 
silica-rich wastes were collected from garbage cans 
and in Ndop, Department of Ngoketundjia, Region of 
North-West (Cameroon), respectively. The husks are 
already calcined in the open air by the company and 
the white powders of rice husk ash are obtained. Kao-
lin, rice husk ash and the obtained pieces of waste glass 
were separately crushed in a ball mill (MGS Sarl) for 1 h. 
The resulting fine powders of kaolin, rice husk ash and 
waste glass sieved to 80 µm were labelled  Dib2, RHAB 
and WGS, respectively. The powder of kaolin was cal-
cined in a programmable electric furnace (MGS Sarl) for 
4 h at a heating and cooling rate of 5 °C/min at 700 °C 
to get metakaolin denoted MK-Dib2. NaOH pellets with 
99% purity were provided by Merck. Rice husk ash, RHAB, 
was already used by Mabah et al. [20] for the synthesis of 
the semi-crystalline calcium silicate. They reported that it 
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mainly constitutes of amorphous silica and α-cristobalite 
as impurities. The chemical composition of rice husk ash 
is given in Table 1.

2.2  Experimental methods

2.2.1  Preparation of hardeners

The hardeners from waste glass and rice husk ash were 
separately prepared by adding NaOH pellets to the pow-
ders of each low-value silica-rich wastes. Each blend of 
waste glass-NaOH and rice husk ash-NaOH was mixed 
with distilled water and treated for 30 min at 100  °C 
using a magnetic stirrer. Both hardeners were prepared 
using the molar ratios  SiO2/Na2O kept constant at 1.5. 
The soda–lime–silica glass solution was filtered in order 
to separate it to the residual waste glass (RWG), i.e. 
undissolved waste glass. Whereas, rice husk ash is com-
pletely dissolved during the preparation of the chemi-
cal reagent. The presence of the undissolved particles of 
WGS implies the significant modification of the values 
of the molar ratio  SiO2/Na2O in the reactive ingredient. 
The soda–lime–silica glass solution and hardener from 
RHAB are denoted H1 and H9, respectively. In order to 
improve the reactivity of soda–lime–silica glass solution, 
the hardener from RHAB, H9, was added to the one of 
soda–lime–silica glass solution, H1, (0, 20, 30, 40, 50, 60, 
70, 80, and 100 wt%). The hardeners from 0, 20, 30, 40, 
50, 60, 70, 80, and 100 wt% were labelled H1, H2, H3, H4, 
H5, H6, H7, H8, and H9, respectively.

2.2.2  Synthesis of geopolymer cements

Geopolymer cement were prepared by adding each hard-
ener (182.6 g) to metakaolin (220 g) and mixed mechani-
cally for 5 min in order to get the series of specimens GPS0, 
GPS20, GPS30, GPS40, GPS50, GPS60, GPS70, GPS80, and 
GPS100 which correspond to the geopolymer cements 
from the hardeners H1, H2, H3, H4, H5, H6, H7, H8, and 
H9, respectively. The obtained fresh geopolymer pastes 
were rapidly moulded into cubic moulds (40 × 40 × 40 mm) 
and rectangular moulds (40 × 40 x 15 mm) and vibrated 
mechanically for 2 min. During the hardening process, 
the specimens were covered with plastic for 24 h at the 
room temperature (about 30.7 °C) of the laboratory before 
demolding. Then, the samples were demoulded and main-
tained for 28 days at 30.7 °C with 58% of humidity prior to 
measuring the compressive strength.

2.2.3  Methods of characterization of raw materials, 
hardeners and geopolymer cements

The chemical composition of waste glass and kaolin were 
determined by X-ray fluorescence machine.

The influence of the adding hardener from rice husk 
ash to soda–lime–silica glass solution on the microstruc-
ture and mechanical properties of geopolymer cements 
were evaluated. The compressive strengths cured at room 
temperature for 28 days were measured using an auto-
matic hydraulic press 250 kN (Impact Test Equipment Lim-
ited) and loading rate of 0.500 MPa/s using the EN196/01 
standards. After compressive strength testing, one part of 
the fragments of the selected geopolymer cements was 
crushed and the obtained powders were used to measure 
X-ray diffractometry (XRD) and Fourier transforms infrared 
spectroscopy (FT-IR). The other fragments were used for 
SEM observations.

XRD patterns of the powders of kaolin  (Dib2), metaka-
olin (MK-Dib2), waste glass (WGS), residual waste glass 
(RWG) and the selected geopolymer cements were taken 
using CuKα radiation between 5° and 80° (2θ) in 7 h in 
steps of 0.03° (Bruker D4).

Infrared (IR) absorption spectra of the powders (starting 
materials and geopolymer cements) and hardeners were 
taken by the KBr (200 mg of KBr, about 1.2 mg of each sam-
ple) and ATR methods, respectively using a Bruker Vertex 
 80V, 2 cm−1, 32 scans.

Geopolymer samples moulded in the moulds 
40 × 40 × 15 mm were used for measuring the apparent 
density without mercury by Archimedes’ method using an 
automatic instrument (Ceramic Instrument mod. DDA/2) 
using the DIN-51097 standards.

The selected fragments from the mechanical testing, 
after gold coating and drying, were used for microstructure 

Table 1  Chemical 
compositions of kaolin  (Dib2), 
rice husk ash (RHAB) and waste 
glass (WGS), wt%

Dib2 RHAB WGS

Na2O < 0.10 – 11.78
MgO 0.10 0.28 1.39
Al2O3 25.40 0.58 2.02
SiO2 59.60 93.20 71.81
P2O5 0.078 – 0.024
SO3 < 0.02 – 0.034
K2O 0.32 3.05 0.73
CaO 0.18 0.57 11.38
TiO2 2.21 0.03 0.08
Cr2O3 – – 0.22
Fe2O3 2.14 2.20 0.45
ZnO – – 0.007
SrO – – 0.02
ZrO2 – – 0.02
Others – 1.78 –
LOI 10.25 1.2 0.01
Total 100.40 100.00 99.99
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observations using a JEOL JSM-6390A Scanning Electron 
Microscope (SEM) with an acceleration voltage of 30.0 kV.

3  Results and discussion

3.1  Characterization of raw materials 
and hardeners, H1–H9

3.1.1  Chemical compositions of kaolin and waste glass

The chemical compositions of kaolin and waste glass are 
given in Table 1. It appears that  Dib2 and WGS content 59.6 
and 71.8 wt% of  SiO2, respectively. Besides  SiO2,  Dib2 con-
tent 25.40 wt% of  Al2O3, whereas WGS content about 11.80 
and 11.40 wt% of  Na2O and CaO, respectively (Table 1). 
The kaolin  (Dib2) used in this work is characterized by 
a low value of the loss on ignition (i.e. about 10.3 wt%). 
This indicates the low content of clay minerals. The pres-
ence of  Fe2O3 (2.14 wt%) is responsible for the reddish 
colour observed for the metakaolin. The amount of  TiO2 
(2.21 wt%) could indicate the presence of anatase or rutile. 
The presence of  K2O is attributed to the minor amount of 
micaceous or K-feldspars mineral [21].

3.1.2  Mineralogical compositions

Figure 1 indicates the X-ray pattern of rice husk ash (RHAB). 
This figure shows the diffuse halo diffraction band at 
between 15° and 45° (2θ) centered at around 28° (2θ) con-
firming the presence of amorphous silica in the structure 
of this waste material. Besides this amorphous silica, it also 
presents the reflection peaks of α-cristobalite.

The X-ray pattern of kaolin  (Dib2) is shown in Fig. 2 
and it indicates some reflection peaks of kaolinite, illite, 
anatase, K-feldspars and quartz. The one of metakaolin 
(Fig. 2) indicates the same reflection peaks except those 
of kaolinite which was transformed to metakaolinite dur-
ing the calcination process. The presence of metakaolinite 
is confirmed by the broad hump structure that appears at 
between 15° and 34° (2θ) belongs to the presence of amor-
phous phases. The X-ray patterns of waste glass (WGS) and 
residuals waste glass (RWG) are recorded in Fig. 3. Both dif-
fractograms exhibit the diffuse halo structure between 12° 
and 40° (2θ). In addition to this broad hump structure, the 
X-ray pattern of the residual waste glass indicates some 
reflection peaks of thermonatrite  (Na2CO3·H2O) owing to 
the reaction between the unreacted sodium hydroxide 
and  CO2 of the atmosphere.

Fig. 1  X-ray pattern of rice 
husk ash, RHAB. C denote 
peaks of cristobalite
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3.1.3  Infrared spectra

The infrared spectrum of rice husk ash is shown in Fig. 4. 
It appears that the IR spectrum of rice husk ash shows the 
absorption bands at 470 cm−1 which corresponds to the 
vibration modes of –Si–O–Si– bonds. The one at 792 cm−1 
is ascribed to the vibration modes of –Si–O–Si– of amor-
phous and crystalline silica. The band at 1098 cm−1 on 
the IR spectrum of RHAB is associated with the Si–O–Si of 
amorphous silica. The presence of the amorphous silica 
at 792 and 1098 cm−1 is confirmed on the X-ray pattern 
RHAB by the presence of the broad hump structure that 
appears at between 15° and 45° (2θ). The absorption band 
at 620 cm−1 and the shoulder one at 1199 cm−1 is attrib-
uted to the α-cristobalite. This is consistent with the XRD 
results. The low intensity of the absorption band at about 
1643 cm−1 on the IR spectrum of rice husk ash corresponds 
to the vibration modes of H–O–H of the water molecules.

The infrared spectra of kaolin  (Dib2) and metakaolin 
(MK-Dib2) are depicted in Figs. 5 and 6, respectively. The 
absorption bands at about 3693, 3652 and 3622 cm−1 on 
the IR spectrum of kaolin are the characteristics bands 

of kaolinite [22–27]. The bands at 467 and 429  cm−1 
observed on the IR spectra of  Dib2 and MK-Dib2, respec-
tively are attributed to the bending vibration modes of 
Si–O–Si bonds [26]. Those at about 542 and 541 cm−1 on 
the IR spectra of the aforementioned starting materials are 
associated with the bending vibrations of Si–O–Al bonds 
where Al is in VI-fold coordination [27]. The intensity of 
this band decreases drastically on the IR spectrum of MK-
Dib2 indicating that during the amorphization of kaolin, 
Al in VI-fold coordination was transformed to the Al in 
IV-fold coordination. The one at 911 cm−1 on the IR spec-
trum of  Dib2 belongs to the stretching vibration modes 
of Al–OH with Al in VI-fold coordination. The absorption 
band at 754 cm−1 on the IR spectrum of  Dib2 is ascribed 
to the Si–O–Al bonds [26]. The bands at 694 and 795 cm−1 
on the IR spectrum of  Dib2 and the one at 698 cm−1 on 
the IR spectrum of MK-Dib2 are ascribed to the bending 
vibration modes of Si–O–Si bonds of quartz [28]. The one 
at 795 cm−1 on the IR spectrum of kaolin shift to 803 cm−1 
on the IR spectrum of MK-Dib2. This could be attributed to 
the transformation of some crystalline silica to the amor-
phous silica in the structure of metakaolin. The absorption 

Fig. 2  X-ray patterns of 
kaolin,  Dib2. Kaol, I, Kf, A and 
Q denote peaks of kaolinite, 
illite, K-feldspars, anatase and 
quartz, respectively
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Fig. 3  X-ray patterns of waste 
glass and remains waste glass, 
WGS and RWG. T denote peaks 
of thermonatrite  (Na2CO3·H2O)

Fig. 4  Infrared spectrum of rice 
husk ash, RHAB
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bands at 1001, 1031 and 1117 cm−1 on the IR spectrum 
of  Dib2 are ascribed to the symmetrical and asymmetri-
cal vibrations of Si–O–Si and Si–O–Al bonds. These bands 
disappear and the one at 1083 cm−1 appears on the IR 

spectrum of MK-Dib2 (Fig. 2). The disappearance of the 
bands at 1001, 1031 and 1117 cm−1 and the appearance of 
the one at 1083 cm−1 on the IR spectrum of MK-Dib2 sug-
gests the transformation of kaolinite to metakaolinite. This 

Fig. 5  Infrared spectrum of 
kaolin  (Dib2)

Fig. 6  Infrared spectrum of 
metakaolin, MK-Dib2
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is in agreement with the X-ray pattern of MK-Dib2 which 
shows the broad hump structure between 15° and 34° (2θ).

The infrared spectra of waste glass (WGS) and resid-
ual waste glass (RWG) are exhibited in Fig. 7. The bands 
at 463 and 452 cm−1 on the IR spectra of WGS and RWG, 
respectively are ascribed to the bending vibration modes 
of Si–O–Si of glass silica. The band with low intensity at 
1445 cm−1 observed on the IR spectrum of waste glass 
are ascribed to the vibration modes of Ca–O. The broad 
absorption bands at 773 and 1042 cm−1 on the IR spectrum 
of waste glass correspond to the glass phases. The inten-
sity of these bands are lower and the value of the wave-
number of the main band at 1042 cm−1 shift to the lower 
wavenumber 1023 cm−1 on the IR spectrum of RWG. The 
slight shift (i.e. 19 cm−1) towards lower wavenumber indi-
cates the lower dissolution of waste glass particles in the 
alkaline medium. The lower dissolution of the waste glass 
justifies the broad hump structure with higher intensity 
observed on the X-ray pattern of the residual waste glass 
(Fig. 3). The recent investigation shows that the absorp-
tion bands of amorphous silica appear at about 800 and 
1100 cm−1 [29]. Hence, the lower values of the wavenum-
ber (773 and 1042 cm−1) observed on the IR spectrum of 
waste glass (Fig. 7) could be related to the incorporation of 

Ca in the network during the synthesis of the glass. This is 
confirmed by the absorption band at 1445 cm−1 observed 
on the IR spectrum of waste glass. Those at 1639 and 
3454 cm−1 on the IR spectrum of WGS are attributed to the 
H–O–H and O–H of water molecules. The absorption bands 
at 687, 866, 1411 and 2969 cm−1 on the IR spectrum of 
residual waste glass powder (RWG, (Fig. 7)) is assigned to 
the  CO3

2− ions. Those at 1639 and 3372 cm−1 are ascribed 
to the H–O–H and O–H of water molecules of sodium car-
bonate monohydrate  (Na2CO3·H2O) observed on the X-ray 
pattern of RWG (Fig. 3). The presence of the absorption 
bands of carbonate ions and one of the water molecules 
confirm the formation of sodium carbonate monohydrate 
in the structure of RWG. This is also indicated in the X-ray 
pattern of RWG (Fig. 3) which shows the reflection peaks 
of  Na2CO3·H2O.

The infrared spectra of soda–lime–silica glass solu-
tion (H1), sodium waterglass from rice husk ash (H9) and 
those obtained by replacement level of H1 (H2, H3, H4, H5, 
H6, H7 and H8) measured by ATR method are exhibited 
in Fig. 8. The bands at 3249 and 1647 cm−1 observed on 
the IR spectra of the hardeners H1, H2, H3, H4, H5, H6, H7, 
H8 and H9 are attributed to the bending vibration modes 
of O–H and H–O–H, respectively. The main absorption 

Fig. 7  Infrared spectra of waste 
glass (WGS) and residual waste 
glass (RWG)
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bands at about 821, 918, and 971 cm−1 observed on the 
infrared spectra of hardeners are assigned to  SiQ0,  SiQ1 
and  SiQ2 units, respectively [11, 12, 17, 30]. The intensity 
of these bands increases with increasing the amount of 
H9 added to H1. This indicates that the amount of soluble 
silicate increases with increasing the addition of the hard-
ener from rice husk ash to the one from waste glass. It is 
important to notice that this soluble silicate is responsible 
for the higher degree of depolymerisation of metakaolin. 
The higher intensity of the absorption band at 971 cm−1 
implies that  SiQ2 units could play a crucial role during the 
depolymerisation process of metakaolin.

3.2  Characterization of geopolymer cements

3.2.1  X‑ray patterns

The X-ray patterns of the selected geopolymer cements 
and metakaolin are exhibited in Fig. 9. The X-ray patterns 
of selected geopolymer cements GPS0, GPS30, GPS50 
and GPS100 show the broad hump structure between 

18° and 40° (2θ) centered at about 28° (2θ). This broad 
hump structure appears at a lower value of 2θ on the 
X-ray pattern of metakaolin (MK-Dib2). The shift of this 
diffuse halo structure indicates the formation of the 
poly(sialate-siloxo) networks. Besides these broad bands, 
few crystalline reflections peaks of illite, anatase, K-feld-
spars and quartz are clearly observed on the X-ray pat-
terns of the selected geopolymer cements and metakao-
lin indicating that these crystalline phases do not react 
during the polycondensation reaction. The X-ray pat-
terns of geopolymer cements GPS50 and GPS100 show 
the narrow reflection of the main peak of α-cristobalite 
at 4.05 Å [20]. This peak is broad on the X-ray pattern 
of RHAB [20] confirming that the amorphous part con-
tains in the structure of α-cristobalite dissolves during 
the preparation of hardener H9. This could contribute to 
enhancing the reactivity of the hardeners leading to the 
formation of the long chain of poly(sialate-siloxo) net-
work for GPS50, GPS60, GPS70, GPS80 and GPS100. The 
intensity of the main reflection peak of illite decreases 
with increasing the amount of H9. This means that, 

Fig. 8  Infrared spectra of 
hardeners
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besides metakaolinite, the illite is also dissolved by the 
high reactivity of the alkaline hardener [30–32].

3.2.2  Infrared spectra

The IR spectra of geopolymer cements GPS0, GPS20, 
GPS30, GPS40, GPS50, GPS60, GPS70, GPS80, and GPS100 
are illustrated in Fig. 10. These spectra show the absorp-
tion band at about 448 cm−1 which are attributed to the 
Si–O–Si bonds. This band appears at around 429 cm−1 on 
the IR spectrum of metakaolin (Fig. 6). The shift of this 
band towards higher wavenumber could be related to the 
reorganization of the structure of geopolymer cements 
owing to the depolymerisation of metakaolin and the 
polycondensation of the precursors formed. The absorp-
tion band that appears at 541 cm−1 on the IR spectrum of 
metakaolin disappears on the IR spectra of geopolymer 
cements. This suggests that during the polycondensa-
tion process, Al in VI-fold coordination was transformed 

into the Al in IV-fold coordination. The one at 687 cm−1 is 
ascribed to the vibration modes of Si–O–Si of quartz. The 
absorption band at about 721 cm−1 corresponds to the 
vibration modes of Si–O–Al with Al in IV-fold coordination. 
This band is absent on the IR spectrum of metakaolin indi-
cating the formation of poly(sialate) network in the struc-
ture of the final products. The absorption band at about 
851 cm−1 is assigned to the silanol groups (Si–OH). The 
one at about 1453 cm−1 could be ascribed to C–O of car-
bonate groups due to the presence of the excess of  Na+ 
ions which reacts with  CO2 of atmosphere to form  Na2CO3. 
The intensity of this band is higher on the IR spectra of 
GPS0 and GPS20 suggesting the less degree of polycon-
densation reaction owing to the lower soluble silicate 
contained in the hardeners H1 and H2. The deficiency of 
soluble silicate implies the highest concentration of the 
hardeners H1 and H2 which hinders the polycondensa-
tion process. The absorption bands at 3428 and 1666 cm−1 
are attributed to the deformation and stretching vibration 

Fig. 9  X-ray patterns of 
metakaolin (MK-Dib2) and 
geopolymer cements (GPS0, 
GPS30, GPS50 and GPS100). 
I, C, A and Q denote peaks of 
illite, α-cristobalite, anatase 
and quartz, respectively
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modes of O–H and H–O–H, respectively. The main bands 
of geopolymer cements appears at about 982, 987, 997, 
1001, 1008, 1008, 1008, 1008 and 1016 cm−1 for GPS0, 
GPS20, GPS30, GPS40, GPS50, GPS60, GPS70, GPS80, and 
GPS100, respectively (Fig. 10). These bands are assigned 
to the asymmetrical and symmetrical stretching vibration 
modes of siloxo (Si–O–Si) and sialate (Si–O–Al) bonds sug-
gesting thus the formation of the poly(sialate-siloxo) net-
work. The value of the wavenumber of the main absorp-
tion band is higher on the infrared spectrum of metakaolin 
(Fig. 6). The shift of this band towards the lower value of 
the wavenumber indicates the inclusion of aluminum in 
the tetrahedral network. This is in agreement with the XRD 
results which show the displacement of the broad hump 
structure observed on the X-ray patterns of the selected 
geopolymer cements (Fig. 9). The inclusion of aluminum 
in the tetrahedral network is confirmed by the appear-
ance of the absorption band at around 721 cm−1. The 
lower values of the wavenumbers of the specimens GPS0 
(982 cm−1), GPS20 (987 cm−1) and GPS30 (997 cm−1) are 
related to the higher dissolution of metakaolin due to the 

higher concentration of the hardeners H1, H2 and H3. This 
is confirmed by the lower intensities of the bands at 821, 
918 and 971 cm−1 on the IR spectra of hardeners (Fig. 8) 
indicating the lower soluble silicate content owing to the 
lower degree of polycondensation process. This could 
imply the heterogeneous microstructure, lower values of 
the apparent density and compressive strengths of GPS0, 
GPS20 and GPS30. According to Davidovits [1], the hard-
eners H1, H2 and H3 are not called a user-friendly system, 
they are hostile system due to their higher concentration 
(molar ratio  SiO2/Na2O less than 1.5). However, when hard-
ener from RHAB (H9) is added to the soda–lime–silica glass 
solution (H1), the values of the wavenumbers of the main 
absorption bands of geopolymer cements increase. This 
suggests that the hardeners (H4, H5, H6, H7, H8 and H9) 
contain a higher amount of soluble silicate leading to a 
higher degree of polycondensation process. It appears 
that the higher degree of polycondensation process pro-
motes the higher connectivity of the poly(sialate-siloxo) 
particles and implies the formation of a highly cross-link-
ing poly(sialate-siloxo) network.

Fig. 10  Infrared spectra of 
geopolymer cements
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Fig. 11  Micrograph images of the selected geopolymer cements GPS0, GPS30, GPS40, GPS50 and GPS100
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3.2.3  Scanning electron microscope (SEM)

The SEM images of the selected geopolymer cements 
GPS0, GPS30, GPS40, GPS50 and GPS100 are shown in 
Fig.  11. These images are analysed at 100× 500× and 
5000× magnifications. It can be seen that the micrograph 
images of GPS0 and GPS30 are heterogeneous and exhibit 
more pores in their structure suggesting the lower values 
of the apparent density, as discussed below. Whereas the 
homogeneity of geopolymer cements (GPS40, GPS50 and 
GPS100) increases with increasing the replacement level of 
soda–lime–silica glass solution by sodium waterglass from 
rice husk ash. The microstructure of geopolymer cements 
goes from porous for geopolymer cements GPS0, GPS20 
and GPS30 to the more compact, homogeneous and 
denser matrix for the specimens GPS40, GPS50, GPS60, 
GPS70, GPS80 and GPS100. Hence, the increase in the 
homogeneity of geopolymer cements is clearly observed 
in the micrograph images analysed at 5000 x magnifica-
tion. The cracks observed in the micrograph images of 
GPS30, GPS40, GPS50 and GPS100 could be related to the 
binder which resists to the load during the compressive 
strengths testing. This indicates that as soon as 30 wt% 

of sodium waterglass from rice husk ash (H9) is added 
to soda–lime–silica glass solution (H1), the poly(sialate-
siloxo) network starts to connect and therefore withstand 
at the load leading to the formation of cracks during the 
compressive strength measurements. The absence of 
this crack in the micrograph of GPS0 implies the lowest 
amount of binder or lowest chain of poly(sialate-siloxo) 
network.

3.2.4  Compressive strengths

The values of the compressive strengths of geopoly-
mer cements as function as the replacement level of 
soda–lime–silica glass solution are recorded in Fig. 12. It 
can be seen that the compressive strengths increase with 
increasing the replacement level of soda–lime–silica glass 
solution. According to Fig. 12, the compressive strengths 
of the specimens denoted GPS0, GPS20, GPS30, GPS40, 
GPS50, GPS60, GPS70, GPS80 and GPS100 are 2.6, 5.8, 15.3, 
28.2, 41.5, 46.2, 48.9, 57.2 and 66.2 MPa, respectively. The 
lowest values of the compressive strengths of GPS0 and 
GPS20 could be recorded to the lowest molar ratio  SiO2/
Na2O contained in the chemical ingredient H1, H2 and H3 

Fig. 12  Compressive strengths 
of geopolymer cements
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which is associated with the lowest amount of soluble sili-
cate in the aforementioned hardeners. The lowest amount 
of soluble silicate leads to the formation of the hetero-
geneous, porous and lowest chain of poly(sialate-siloxo) 
network, as can be confirmed by the micrograph images 
of GPS0, GPS20 and GPS30 (Fig. 11). Although the IR spec-
tra of GPS0, GPS20 and GPS30 show also the formation 
of the absorption band at about 728 cm−1, the compres-
sive strengths of these specimens are very low confirming 
the formation of the heterogeneous and lowest chain of 
poly(sialate-siloxo) network. This lowest chain is related to 
the presence of the absorption band at 1453 cm−1 with a 
slightly higher intensity which hinders the polycondensa-
tion process owing to the deficiency of the soluble silicate 
in the hardeners H1, H2 and H3.

3.2.5  Apparent density

Figure  13 exhibits the apparent density of geopoly-
mer cements as function as the replacement level of 
soda–lime–silica glass solution (H1). It seems that the val-
ues of the apparent density increase with increasing the 
replacement level of soda–lime–silica glass solution. This 
implies the progressive formation of the denser matrix 
(Fig. 11) corresponding to the increase of the values of the 
compressive strengths (Fig. 12) and also the formation of a 

long chain of poly(sialate-siloxo) network. The low values 
of the apparent density of GPS40 compared to GPS30, and 
the one of GPS80 compared to GPS70 could be ascribed 
to the mechanically vibrating which induces the formation 
of a capillary air bubble in the network, as can be shown 
in Fig. 11. The lowest values of apparent density of GPS0 
and GPS20 (1.56 g/cm3) compared to the others could be 
related to the formation of more pores (as clearly shown in 
Fig. 11 for GPS0) and the low chain of poly(sialate-siloxo) 
network. This is in agreement with the lower values of 
the wavenumber of the main bands of GPS0 (982 cm−1) 
and GPS20 (987 cm−1) observed on the IR spectra of geo-
polymer cements (Fig. 10) and confirms that the addi-
tion of the chemical ingredient from rice husk ash (H9) to 
soda–lime–silica glass solution (H1) brings the additional 
soluble silicate in the hardeners. The additional soluble 
silicate contributes to the formation of a long chain of 
poly(sialate-siloxo) network and justified by the increase 
of the values of the wavenumber of the main bands of 
geopolymer cements from 982 to 1016 cm−1 (Fig. 10).

4  Conclusion

The sustainable hardeners were prepared using the 
low-value silica-rich wastes like rice husk ash and waste 
glass. The hardener from rice husk ash has been used as 

Fig. 13  Apparent density of 
geopolymer cements
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an additive (0, 20, 30, 40, 50, 60, 70, 80 and 100 wt%) for 
improving the reactivity of the soda–lime–silica glass solu-
tion. The infrared spectrum of soda–lime–silica glass solu-
tion shows the lowest intensity of the absorption bands 
at about 821, 918 and 971 cm−1 indicating the lowest 
amount of soluble silica. This is confirmed by the higher 
intensity of the broad hump structure observed between 
18° and 40° (2θ) on the X-ray pattern and the higher value 
of the wavenumber of the main band which appears at 
1023 cm−1 on the infrared spectrum of the residual waste 
glass. The addition of 0, 20, 30, 40, 50, 60, 70, 80 and 
100 wt% of the hardener from rice husk ash increases the 
soluble silica content in the soda–lime–silica glass solu-
tion and therefore increases its reactivity. The compres-
sive strengths of geopolymer cements using hardeners 
from replacement level of soda–lime–silica glass solution 
0 (GPS0), 20 (GPS20), 30 (GPS30), 40 (GPS40), 50 (GPS50), 
60 (GPS60), 70 (GPS70), 80 (GPS80) and 100% (GPS100) 
are 2.6, 5.8, 15.3, 28.2, 41.5, 46.2, 48.9, 57.2 and 66.2 MPa, 
respectively. They increase with increasing the replace-
ment level of soda–lime–silica glass solution. The values 
of the apparent densities of geopolymer cements increase 
with increasing the replacement level of soda–lime–silica 
glass solution. The increase in the values of the density of 
state peak maximum of geopolymer cements from 982 
to 1016 cm−1 could be related to the progressive forma-
tion of a long chain of poly(sialate-siloxo) network. The 
micrograph images of geopolymer cements GPS40, GPS50, 
and GPS100 are homogeneous, compact and denser 
microstructure. It was typically found that the addition of 
about 50 or 60 wt% of the chemical ingredient from rice 
husk ash could be used for producing sodium waterglass 
which can be used to synthesize geopolymer cements 
with the compressive strength equal to 41.2 or 46.2 MPa 
that can be compared to the one from Portland cement 
CEM I (42.5 MPa). We can conclude that the reactivity of 
soda–lime–silica glass solution can be improved by add-
ing hardener from rice husk ash and used it for producing 
geopolymer cements with higher compressive strengths, 
denser matrix, homogeneous and compact microstruc-
ture. The addition of the hardener from rice husk ash to 
the soda–lime–silica glass solution is viewed as a viable 
and cleaner solution to optimize the reactivity of chemi-
cal ingredient from waste glass and therefore improve 
the sustainability of geopolymer cements, mortars and 
concretes. The low values of the apparent density (1.56 g/
cm3) and the compressive strength (2.6 MPa) of geopoly-
mer cement from soda–lime–silica glass solution, GPS0, 
could indicate that soda-lime glass solution (H1) could be 
used for producing sustainable lightweight geopolymer 
cements.
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