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Abstract

This study investigated the feasibility of synthesizing sodium silicate from rice husk ash (RHA) and its application to produce
geopolymers. Samples were prepared at different SiO,/Al,O, molar ratios (3.0, 3.5, and 4.0) for both sodium silicates (commercial
and from RHA). They were underwater cured at 60 °C for 1 h and then at room temperature (25 °C in the air) until the time of
the tests (7 and 28 days). The results showed that the compressive strength significantly increased along with the SiO,/AlLQ, ratio
for both silicates. Geopolymers produced with sodium silicate from RHA showed higher compressive strengths for most studied
samples. The highest compressive strength (6.33+0.23 MPa) was obtained for samples with SiO,/Al O, ratio of 4.0 at 7 days,
representing a 40% increase in average values compared to commercial sodium silicate under the same conditions. XRD data and
FTIR spectrum confirmed that it was possible to synthesize a geopolymer with sodium silicate using RHA.
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INTRODUCTION

Geopolymers are a promising class of materials
produced by the polymerization of silicon, aluminum, and
oxygen species, forming an amorphous three-dimensional
framework structure [1-4]. They are formed by the reaction
between a precursor and an activator solution at a strong
alkaline medium [5]. Any source of amorphous alumina and
silica is a possible source of geopolymer precursor species
[6]. In addition, an activator solution is any solution that
provides a strong alkaline medium that is necessary to occur
the reaction. Also, the dissolution of Si and Al species is
very dependent on alkali and its concentration. Adequate
dissolution generates a geopolymer with high strength [7].
The most popular alkali activators are sodium hydroxide,
sodium silicate, sodium aluminate, sodium carbonate, and
potassium hydroxide [8]. Further, the activator solution
containing soluble silicates promotes a faster rate of reaction
than solutions with only alkaline hydroxides [9].

Studies have shown that geopolymers are potential
candidates to replace Portland cement due to the fact that they
can enhance mechanical properties and durability aspects
when compared to standard Portland cement blends. The
production of geopolymeric materials also generates lower
carbon dioxide emission and reuse of industrial byproducts
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[10, 11]. A decrease of 50% in CO, emission compared to
ordinary Portland cement blends is cited [12]. Nonetheless,
the main environmental impacts of geopolymers depend
on the raw materials used in the production of reagents.
The synthesis of the sodium silicate solution (commercial
waterglass) [12, 13] is particularly problematic. Commercial
waterglass is produced from sodium carbonate (Na,CO,) and
quartz (Si0,) calcined between 1400 and 1500 °C, generating
1.5 kg of CO, per kg of waterglass [13, 14]. This explains
why alternative materials have been studied as potential
substitutes to this chemical reagent. Waterglass produced
from waste glass [15], bamboo leaves [16], silica fume [17],
nanosilica [18], and rice husk ash [13-15] are examples of
alternative sources of silica to produce alternative waterglass.
Rice husk ash (RHA) is one of the most promising materials,
not only for its high amount of silica but also on account of
the high global rice production [19]. RHA has been shown
as a viable alternative to commercial waterglass in order to
produce sustainable geopolymers [13-15, 20-23].

Besides, the geopolymerization reactions are influenced
by various factors [1, 3, 7,24-30]: a) concentration of alkaline
solution [31-33]; b) alkali metal cation in alkaline solution
[31-33]; c) stirring time, intensity, and speed; d) leaching
period (associated with leaching of both Al and Si in alkaline
solution [31]); e) structure and composition of aluminosilicate
material [31]; f) alkalinity [31, 32]; g) curing temperature [34,
35]; h) air circulation [34]; i) SiO,/Al O, molar ratio [36-38]; j)
SiO,/M,0 molar ratio (where M is an alkaline ion such as Na or
K) [33]; and k) solid/liquid ratio [6]. Therefore, the effective
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SiO/ALO, ratio greatly affects several geopolymerization
reaction steps. Hence, the final geopolymer application and its
properties are related to the SiO,/Al O, ratio [7]. Few studies
are focused on the relationship between alternative silicates
and geopolymerization reactions, especially using the
Fourier-transform infrared (FTIR) spectroscopy. The FTIR
spectroscopy is an easy way to understand the formation
of geopolymer and its relation to strength. In short, the
understanding of geopolymer reaction and the replacement
of commercial silicate can help researchers to develop new
eco-friendly building techniques. In this scenario, this paper
aimed to investigate the feasibility of synthesizing sodium
silicate from rice husk ash and its application as an activator
to produce metakaolin-based geopolymers. The influence
of SiO,/AL,O, molar ratio on compressive strength and
microstructural characteristics of these geopolymers was also
investigated.

MATERIALS AND METHODS

Raw materials: the following raw materials were used:
metakaolin (MK, Metacaulim do Brasil) as an aluminosilicate
material, also called geopolymeric precursor; rice husk ash
(RHA, Silroz 325, Marina Tecnologia) and sodium silicate
solution (R3342, Diatom) as alternative and commercial
sources of silica, respectively; NaOH (Quimica Moderna,
purity >97%) as alkali activator; and distilled water. MK
and RHA: the chemical compositions of MK and RHA
were obtained by semiquantitative analysis using an X-ray
fluorescence spectrometer (EDX-720/800HS, Shimadzu).
The chemical composition data, loss on ignition, humidity,
specific gravity, and specific surface area (Blaine value)
are presented in Table I. The X-ray diffraction (XRD)
patterns concerning the mineralogical characterization of
MK and RHA are presented in Fig. 1. The XRD analyses

Table I - Physico-chemical characteristics of the raw
materials used (metakaolin, MK, and rice husk ash, RHA).

Characteristic MK RHA
SiO, (%) 53.06 80.00
ALO, (%) 36.50 -
K,O (%) 1.36 344
CaO (%) 0.86 1.14
MgO (%) 0.27 -
Fe O, (%) 442 0.82
MnO (%) - 2.85
SO, (%) - 1.34
Others (%) 1.37 0.82
LOI (%) 2.15 9.59
Humidity (%) 1.18 241
Specific gravity (g/cm?) 2.53 2.16
Specific surface area (m?/kg) 12423 16719
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Figure 1: X-ray diffraction patterns of: a) metakaolin (MK); and b)
rice husk ash (RHA)

were performed with CuKa radiation (40 kV/30 mA), a
goniometer speed of 0.02° 20/step with 1.0 s/step count time
in the range of 10° to 80° 20. The presence of amorphous
halo indicated that the MK (Fig. 1a) used in the production
of geopolymers was an amorphous material; there was
no presence of kaolinite, but quartz and muscovite were
identified [39, 40]. The amorphous halo was also identified
in RHA sample (Fig. 1b); the presence of cristobalite [21,
41] indicated that the calcining of rice husk ash was carried
out at a high temperature for a long time [42].

Silicates. Production of alternative silicate from RHA:
the production process of the alternative silicate consisted
of mixing RHA, sodium hydroxide, and distilled water in
a reflux system for 2 h [20] at 90 °C [43]. A rotary vacuum
evaporator coupled with a thermal bath (TE-211, Tecnal)
was used to keep the temperature constant with heating oil
and to maintain the rotation at 2 rpm. Note that the final
solution was not filtered. Alternative silicate from RHA



J. S. Lima et al. / Ceramica 67 (2021) 58-64 60

versus commercial silicate: the chemical compositions of the
alternative silicate from rice husk ash and the commercial
sodium silicate (manufacturer’s data) are presented in Table
I, and the results of dynamic viscosity, specific density, and
pH are shown in Table III. The silicate from the rice husk
ash (SRHA) was formulated to maintain the molar ratio of
SiO,/Na,O and H,0/Na,O equal to the commercial sodium
silicate (SS). As expected, the chemical composition of the
SRHA was according to the compositions of the starting
materials (Table II). The silicate produced from rice husk
ash presented a similar dissolution capacity of silica and
alumina when compared to the commercial sodium silicate
(pHg,,,=12.60, similar to pH,=12.66). The presence of
organic matter in the SRHA, confirmed by the results of
loss on ignition (Table II), increased the density by 7.7%.
In terms of viscosity, the SRHA had a dynamic viscosity
different from the commercial sodium silicate used (SS).
However, other commercial silicates exhibit dynamic
viscosity between 150 and 300 cP [44], similar to SRHA.

Table IT - Chemical compositions of the silicates (commercial
sodium silicate, SS, and silicate from RHA, SRHA).

Oxide SS SRHA
SiO, (%) 30.00 29.03
Na O (%) 9.00 8.71
K,O (%) - 1.25
Fe O, (%) - 0.30
H,O (%) 61.00 59.02

Others (%) - 1.70
LOI (%) - 348
Table III - Characterization results of silicates.
Property SS SRHA
Density (g/mL) 1.56 1.68
Density (°Be) 52.17 58.56
pH 12.66 12.60
Viscosity (cP) 796 196

SS: commercial sodium silicate; SRHA: alternative silicate from rice hush ash.

Table IV - Formulation data of geopolymers.

D SiO,/ Sodium Na O/ H,0/
ALO, silicate ALQO, Na O

3.0SS 30 SS 1.0 150
3.5SS 35 SS 1.0 15.0
4.0SS 40 SS 1.0 15.0
3.0SRHA 30 SRHA 1.0 15.0
3.5SRHA 35 SRHA 1.0 15.0
4 0SRHA 4.0 SRHA 1.0 150

Geopolymer synthesis: metakaolin was used as an
aluminosilicate material (precursor) in the production of
geopolymeric pastes. As an activator solution, the sodium
hydroxide along with silicon sources SRHA and SS were
used. Both NaOH and SRHA solutions were prepared
24 h before the mixing of the pastes. The geopolymers
produced were identified according to Table IV. No
water was added. The samples were cured in two stages:
1) immersed in water inside an industrial oven at 60 °C
(constant, controlled temperature) for 1 h; and 2) in air, at
controlled room temperature of 25 °C from the second hour
until the tests were performed. Compressive strength tests
at 7 and 28 days were carried out. The samples cured at 28
days were crushed, then passed through a 75 um sieve (No.
200) for XRD and FTIR measurements. The XRD analyses
were performed with the same test conditions described
for the raw materials. In addition, for the FTIR analysis,
the powder samples were mixed with KBr and compressed
into pellets, and then analyzed in the spectral range from
4000 to 400 cm™.

RESULTS AND DISCUSSION

XRD analysis of geopolymers: Fig. 2 presents the
diffractograms of the studied geopolymers. All samples
geopolymerized as shown by the presence of amorphous
halo, indicating that the alternative silicate based on rice
husk ash was suitable for the production of geopolymers
[13-15,20-23]. The alteration of the broad band at 15-35° 20
in the metakaolin to 20-40° 20 in the geopolymeric pastes
indicated the formation of an amorphous gel, characteristic
of a satisfactory geopolymerization [45-49]. Two factors
were responsible for the formation of the amorphous halo
in geopolymers [48]: i) formation of a large amount of
amorphous gel due to activation of the metakaolin, and
ii) change in the nature of the amorphous gel due to the
inclusion of Na and the alteration of the hydration state of
the aluminosilicate network. The geopolymeric pastes did
not present distinct crystalline phases from those observed
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Figure 2: X-ray diffraction patterns of geopolymers.
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in the raw materials (Fig. 1). However, when comparing
to the precursors, a reduction in crystalline peaks was
identified, indicating that some of the crystalline phases were
consumed in the geopolymerization reactions. The intensity
of the quartz and muscovite peaks presented a decrease in
all geopolymers. A similar phenomenon was observed for
the cristobalite peak in the geopolymers molded with SRHA
(3.0 SRHA, 3.5 SRHA, and 4.0 SRHA). The same behavior
was identified in other studies [47-51]. When comparing
different geopolymers molded with the same silicate (SS
or SRHA), it was observed an increase of the sample
amorphization with the increase of SiO,/Al, O, molar ratio.
The addition of soluble silicate, through activator solutions
in geopolymers, increased the disorder of the generated
material without modifying the reaction mechanism [52].
A reduction in the ordering level was observed with the
increase of the SiO /Al O, molar ratio.

FTIR of geopolymers, MK, and RHA: Fig. 3 presents the
infrared absorption spectra for MK and RHA, as well as for
geopolymers produced with SS and SRHA. Raw materials:
for MK, the absorption bands indicated the presence
of amorphous silica at 1035 cm™ (Si-O-Si asymmetric
stretching), 796 cm™ (Si-O-Si symmetric stretching), and
472 cm (Si-O-Si and O-Si-O bending). Also, the presence
of amorphous alumina was assigned at the wavenumbers of
1035 cm!  (Al-O-Si asymmetric stretching) and 913 cm!
(OH bending band; OH groups bonded to Al), while the band
at 3620 cm!' was associated to the OH group deformation (O-H
vibrations) [14, 53, 54]. The peaks at 913 and 796 cm™! on the
FTIR spectrum of MK were referred to -OH bond and Si-O-
Si symmetric stretching, respectively, may also be related to
quartz, according to the data obtained by the X-ray diffraction
analysis (Fig. 1a) [14,53-55]. For the RHA, the absorption bands
indicated the presence of amorphous silicon at wavenumbers of
1090 cm™ (Si-O-Si asymmetric stretching), 798 cm™ (Si-O-Si
symmetric stretching), 621 cm™! (Si-O-Si symmetric stretching),
and 465 cm™! (Si-O-Si and O-Si-O bending). The peaks at
798 and 621 cm™! in the FTIR spectrum of rice husk ash,
both related to the symmetrical stretching of Si-O-Si
(probably cristobalite, according to the data obtained in
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Figure 3: FTIR spectra of geopolymers, MK, and RHA.

the diffraction test, Fig. 1b), were associated with the
surface of the RHA solid particles [53-55].

Geopolymers:  Fourier-transform  infrared (FTIR)
spectroscopy is well-known as a technique to characterize
geopolymers. The MK bands were shifted to different
values when it came into contact with the activator solution.
The bands between 3800 and 3450 cm™ were associated
with the O-H vibrations, and bands between 1650 and
1630 cm™ were attributed to the H-O-H vibrations; they
indicated the presence of weak bonds of H,O molecules,
absorbed on the surface or trapped in the cavities of the
geopolymeric structure [39, 53], indicating the presence
of water in the geopolymeric structure in all samples. The
band around 1460 cm™ was attributed to the efflorescence
phenomenon (formation of Na,CO,). The formation of this
compound was the result of the reaction between sodium
hydroxide (present in the activator solution) and carbon
dioxide (present in the air) [39, 53, 56]:

NaOH + CO, - Na,CO, + H,0 (A)

All the geopolymers produced with SS and SRHA
(3.0SS, 3.5SS, 4.0SS, 3.0SRHA, 3.5SRHA, and 4.0SRHA)
presented a band around 1460 cm™!, indicating the occurrence
of efflorescence in all samples. For the geopolymers
produced with SS (3.0SS, 3.5SS, and 4.0SS), apparently,
there was no difference between the peaks with the variation
of the molar ratio SiO/Al O,. In the samples with SRHA
(3.0SRHA, 3.5SRHA, and 4.0SRHA), this peak appeared to
decrease with the increase of SiO,/Al O, ratio, indicating that
the presence of an alternative silicate decreased the reaction
between the sodium hydroxide, present in the geopolymer,
with the carbon dioxide, present in the atmosphere [39, 53,
56]. For the samples with SiO,/Al O, ratio of 3.5 and 4.0,
there was a decrease of the peak related to the efflorescence
phenomenon, near 1460 cm™, in the samples with relation
SiO,/Al,O, molded with SRHA (3.5 SRHA and 4.0 SRHA)
compared to the samples produced with SS (3.5 SS and 4.0
SS) [39, 53, 56]. The peaks found at 1035 cm™ in MK in all
samples and at 1090 cm™ in the RHA for the samples produced
with SRHA were shifted to smaller values (between 1006
and 1009 cm™); these displacements may be related to the
formation of the aluminosilicate gel and the formation of a
three-dimensional structure involving silicon and tetrahedral
aluminum, indicating a possible formation of a gel in all
samples (3.0SS, 3.5SS, 4.0SS, 3.0SRHA, 3.5SRHA, and
4. 0SRHA) [39, 53, 57]. These shifts occurred even for the
sample 3.0SRHA, which did not obtain strength. This effect
can be explained by the presence of silicates in the activator
solution. The dissolved silicate species present intense
vibrations in the same region attributed to the geopolymeric
network, making it difficult to distinguish between these two
chemical groups. In particular, the species of monomer and
dimer silicates display vibrating bands in this region [58].

For the geopolymers produced with SS (3.0SS, 3.5SS,
and 4.0SS), the SiO,/Al O, ratio did not influence the FTIR
spectrum, and all geopolymers presented the same peaks
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with similar intensities. However, geopolymers produced
with SRHA (3.0SRHA, 3.5SRHA, and 4.0SRHA) showed
some differences between the samples, which are reported
below. The peaks at 913 and 796 cm™ in the FTIR
spectrum of MK, associated with the AI-OH bond and Si-
O-Si symmetrical stretching, respectively, on the surface
of the MK solid particles [14, 54, 55], were not found in
the geopolymer samples (3.0SS, 3.5SS, 4.0SS, 3.0SRHA,
3.5SRHA, and 4.0SRHA), indicating the dissolution of
these species in all samples. The peaks at 798 and 621 cm!
in the FTIR spectrum of RHA, both related to the Si-O-Si
symmetrical stretching relative to the surface of the rice
husk ash solid particles [54, 55], were not found in the
samples obtained with SRHA, indicating the dissolution
of these species in the samples 3.0SRHA, 3.5SRHA, and
4.0SRHA. Qualitatively, it was possible to observe that
the cristobalite was consumed with the increase of the
SiO,/AlQ, ratio, also observed by XRD test (Fig. 2). The
appearance of a shoulder between 860 and 870 cm™ in
the samples was associated with the symmetric stretching
of the Al-O, a characteristic of the geopolymeric gel
dissolution [59-61]. Since this is a characteristic band of
the alumina dissolution, this compound was not present
in the silicates. This shoulder was not present in the
sample 3.0SRHA, possibly indicating that the dissolution
of the aluminum species in this particular sample did not
occur. The peak reduction at 460-470 cm™ indicated the
dissolution of the species Si-O-Si and O-Si-O for the
formation of the geopolymer structure bonds [25]. For
the SS samples (3.0SS, 3.5SS, and 4.0SS), no change in
this band was observed, while in the samples with SRHA
(3.0SRHA, 3.5SRHA, and 4.0SRHA), this peak appeared
to have a greater intensity for the sample with a lower SiO,/
Al O, molar ratio (3.0 SRHA).

Compressive strength: Fig. 4 shows the results of
compressive strength; the specimens formulated with
a Si0,/Al,0, molar ratio of 3.0 and molded with SRHA
did not present strength in the test due to the inefficient
dissolution of alumina, according to the FTIR analysis
(shoulder between 860 and 870 cm associated to the
symmetric stretching of Al-O). For the geopolymers
produced with SS, the best results were obtained with
the sample 4.0SS, with a compressive strength value of
3.80+0.53 MPa for the 7 days and 4.06+0.50 MPa for the 28
days. The best results for the SRHA were obtained with the
sample 4. 0SRHA, with compressive strength of 6.33+0.23
MPa for the 7 days and 4.93+0.31 MPa for the 28 days.
Analyzing the average values of compressive strength, it
was noticed an increase in compressive strength for all
cases with the increase of the Si0,/Al,O, molar ratio. It was
observed that the compressive strength of geopolymers is
related to the amorphization degree of the geopolymeric
structure and that an increase of the amorphous phase
results in an increment of compressive strength [62]. This
was observed in the data obtained by the compressive
strength test (Fig. 4) and X-ray diffraction results (Fig. 2).
The highest compressive strength results were obtained
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Figure 4: Compressive strength of geopolymers.

in the samples with the highest amorphization degree.
Both geopolymers produced with SS and SRHA presented
higher compressive strength results due to the greater
Si0,/Al O, molar ratio. For the SS, previous studies [1, 7,
25, 36, 37,52, 53, 63] have already indicated this trend.
The addition of soluble silica in the activator solution can
decrease the level of the structural ordering and, therefore,
increase the disordering level of the system. This disorder
results in an increase in compressive strength [38]. This
increase in compressive strength can occur due to the fact
that the Si-O-Si bond is stronger than the Si-O-Al and Al-
O-Al bonds and because the increase in this ratio increases
the number of the species of Si-O-Si in the geopolymer
structure [64].

The curing time did not significantly influence the
compressive strength of the studied samples. However,
the values obtained at 28 days were higher, for the most
part, than those found at 7 days. Geopolymers generally
do not have a significant increase in compressive strength
in advanced ages since the microstructure forms quickly
[27]. Only the sample 4.0SRHA presented a lower
compressive strength at 28 days than at 7 days. A decrease
in strength with the increase of age may occur in some
cases, especially in geopolymers with high concentrations
of soluble silicates. This occurs due to the low crystallinity
of the gel formed during the reactions and the beginning
of the crystallization of the zeolite, as a result of a
certain thermodynamic instability of the amorphous
reaction products [36]. Analyzing the average values
of compressive strength (Fig. 4), in most samples, the
geopolymers produced with SRHA showed compressive
strength values higher than those obtained by the SS. This
did not occur only for those samples with a SiO,/Al,O,
ratio of 3, which did not present compressive strength. The
increase in strength was attributed to the largest solid/liquid
ratio used in geopolymers with SRHA due to the choice
of not filtering the silicate. The effect of the solid/liquid
ratio seems similar to what happens with Portland cement
compounds. The increase of the solid/liquid ratio provides
an increase in compressive strength of geopolymeric pastes
[6, 34, 65].



63 J. S. Lima et al. / Ceramica 67 (2021) 58-64

CONCLUSIONS

Results indicated that the use of the rice husk ash
(RHA) to produce sodium silicate for geopolymer
reactions is not only feasible but can also result in eco-
friendlier geopolymers with higher compressive strengths.
For Si0,/Al,0, molar ratio of 3.5 and 4.0, the use of the
alternative silicate promoted greater silica dissolution,
maximizing the geopolymerization reaction, as well as
higher mechanical performance and lower efflorescence
phenomenon, which suggested a higher chemical resistance
in geopolymers prepared with RHA. On the other hand, for
the SiO,/Al,O, molar ratio of 3.0, the use of the alternative
sodium silicate apparently affected the dissolution of the
alumina, as well as the strength development. According to
FTIR spectra, geopolymers produced with the alternative
silicate presented a better dissolution of aluminum species
for the 3.5 and 4.0 Si0/Al,O, molar ratios when compared to
the 3.0 ratio. Compressive strength increased with increasing
SiO,/Al,O, molar ratio for both geopolymers molded with
commercial sodium silicate and alternative silicate from rice
husk ash, suggesting that this parameter is not affected by
the complementary source of silica. Geopolymers produced
with sodium silicate from RHA showed higher compressive
strengths for most studied samples. The highest compressive
strength (6.33+0.23 MPa) was obtained for a sample with
SiO,/Al,O, ratio of 4.0 at 7 days, representing a 40% increase
on the average value compared to the sample prepared with
commercial sodium silicate under the same conditions.
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