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Abstract High carbon rice hull ash and solid sodium
aluminate were used as silica, alkali and alumina sources to
synthesise one-part “just add water” geopolymer binders.
Three binders with different Si/Al ratios and different
water contents were studied. Due to the high carbon con-
tent of the samples, using a high amount of water is
required to satisfy the workability of the binders. Similar to
traditional geopolymer systems, high water content
increases the crystallinity, decreases the reaction rate and
negatively affects the microstructure of samples. In high
carbon rice hull ash system, silica concentration is not a
suitable indication of the silica availability for reaction, and
the amount of unburned carbon in ash particles affects
silica release rate. Increasing the silica content of raw
materials leads to higher amount of Si/Al ratio in the final
geopolymer binder and improves the mechanical and
microstructural properties of samples. All samples studied
here successfully made geopolymer binders. The highest
strength achieved was 22 MPa after 3 weeks.
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Introduction

The reaction of solid aluminosilicate materials with a highly
alkaline hydroxide or alkali-metal silicate solution can result
in the production of an amorphous to semi-crystalline three-
dimensional aluminosilicate material commonly called a
‘geopolymer’ [1]. Geopolymeric materials have potential in
many applications because of their unique properties, such as
their high resistance to elevated temperatures and fire, and
high resistance to acid and salt environments [2]. Addition-
ally, their production results in greatly reduced CO, emis-
sions compared to the use of Portland cement in concretes
[3]. These advantages are the main motives for the growth in
research on the development of various environmentally
friendly alkali-activated construction materials [4].

Soluble silicates are known to have a remarkable
influence on the dissolution behaviour and precipitation
characteristics of geopolymers, by enhancing alkali-metal
attack on aluminosilicate particles and consequently
accelerating geopolymer formation [5, 6]. It is also known
that using a silicate activating solution rather than a
hydroxide can increase the strength of geopolymeric bin-
ders [7], and its concentration can have a controlling effect
on geopolymer strength and microstructure [8].

However, using viscous and corrosive sodium silicate
solutions for the bulk production of geopolymers is
restrictive in the commercial application of these binders.
Although heating can be useful in decreasing the viscosity
of these activators [9], it may decrease the solubility of the
activator components of the solution [10], and is not a
suitable approach for the preparation of activating solutions
for geopolymers. Carbonate solutions have been used to
activate high calcium slags [11], but for less reactive alu-
minosilicates such as class F fly ashes, higher alkalinity is
required.
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Rice hull ash (RHA) is a pozzolanic material that has not
been widely studied in geopolymer application. Rice hull is
an agricultural waste that constitutes about one-fifth of the
>600 million tonnes of rice produced annually in the world
[12]. Unburnt rice hull has a very low density (90-150 kg/
m3) and, therefore, has a large dry volume, and its rough and
abrasive surface is very resistant to natural degradation. The
cement and concrete industry can help in the disposal of this
solid waste by consuming large quantities of it [ 13]. Initially,
rice hulls are burnt into ash in open combustors at tempera-
tures ranging from 300 to 450 °C [14]. If the conversion to
ash occurs via uncontrolled burning below 500 °C, the
incomplete ignition leaves unburned carbon in the RHA.
Having >30 % carbon has negative effects on the pozzolanic
properties of RHA [14]. The silica content of RHA can be in
both amorphous and crystalline forms depending on the
temperature and duration of burning [15]. The concrete
industry has used RHA for utilising wastes, reducing costs,
enhancing the microstructure, reducing the permeability and
increasing the sulphate resistance of the concrete [16, 17]. In
geopolymer technology, RHA has been used to replace the
aluminosilicate source partially to adjust the Si/Al ratio of
geopolymer gel [18, 19] or has been dissolved in NaOH
solution to make an economical alternative to sodium silicate
activating solutions [20]. In the study here, RHA is used as
the sole solid silicate source for making one-part mix
geopolymers.

Solid sodium silicate and sodium aluminate are utilised
in making one-part mixtures similar to Portland cement
[21]. Kolousek et al. [22] have also developed new one-
part mix geopolymers by calcination of metakaolin toge-
ther with powdered hydroxides. One-part geopolymers are
usually made by aluminosilicate precursors that are blen-
ded with solid activators [21, 23], containing a high amount
of alkalis [24], or activated together with alkaline materials
[25]. Although these investigations have been conducted
regarding the synthesis of one-part mix geopolymers, much
more study is required to understand the mechanism of
geopolymer gel formation, and characterisation of
geopolymer properties, in one-part mixtures. In this paper,
solid sodium aluminate is used as the alumina and alkali
source in activating RHA to make one-part mix geopoly-
mers. The crystalline phases that develop in geopolymer
mixtures, the micro- and nano-structure of binders, and the
mechanical strengths of the final one-part mix geopolymers
are studied and compared.

Experimental Procedures
Rice hull used in this research was sourced from Sunrice,

Griffith, NSW, Australia. In order to produce rice hull ash,
rice hull was burnt in a laboratory furnace at 400 °C. The
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temperature was controlled to start from ambient temper-
ature and reach maximum 400 °C within 40 min, keep the
temperature at 400 °C for 1 h, and cool down to 25 °C
within 40 min. The resulting RHA was grinded with a
mortar and pestle. A Malvern Mastersizer 2000 laser-
diffraction particle-size analyser was used for measuring
the particle size distribution of RHA, and the result indi-
cated having very fine particles (dso = 8 pum). The effect
of particle size distribution in dissolution rate of RHA is
studied before [26]. Fine particles result in a very high
dissolution rate of RHA in alkaline solutions and make it a
very suitable source of silica in geopolymer systems [26].

The result of X-Ray Fluorescence (XRF) analysis of
RHA is presented in Table 1. In order to make one-part
geopolymer mixtures, RHA (as a solid silica source) was
mixed with solid sodium aluminate to attain Si/Al molar
ratios of 1.5:1 and 2.5:1, then water was added to these
solid mixtures to attain samples with effective H,O:Na,O
molar ratios of 12:1 and 14:1. The Na/Al molar ratio was
kept constant at 1.27 for all the samples studied here, as
this was the composition of the solid sodium aluminate
source used. Solid powders were first dry mixed by hand
for 1 min. Then, water was added to the dry mix and the
paste was mixed for 1 min by hand followed by 5 min
mixing with Hobart mixer at the rotating speed of 300 rev/
min.

Calculations are based on the silica content of RHA, as
shown in the XRF results. The samples are named
according to these two ratios. The number outside paren-
theses refers to the Si/Al molar ratio, and the number in the
parentheses is the H,O/Na,O molar ratio. So, for instance,
sample RHA 1.5(12) is the RHA based geopolymer sample
with the Si/Al ratio of 1.5 and an H,O/Na,O molar ratio of
12. Table 2 shows sample formulations on a mass basis.

Crystalline phases of the samples were studied using
X-Ray Diffraction (XRD) technique. XRD powder
diffractograms of geopolymer specimens are collected on a
Philips PW 1800 diffractometer with CuKo X-rays gen-
erated at 30 mA and 40 kV with 0.02° 20 steps, 2 s step .
Phase identification was carried out by comparing
diffraction patterns to the ICDD PDF4 database from the
International Centre for Diffraction Data, using Jade 7
software, version 5.1.2600, from Materials Data Inc.

The nanostructure of samples was analysed using the
attenuated total reflectance (ATR)-FTIR method. ATR-
FTIR spectra were collected using a Varian FTS 7000 FT-
IR spectrometer, with a Specac MKII Golden Gate single
reflectance diamond ATR attachment with KRS-5 lenses
and heater top plate. Absorbance spectra were collected
from 4000 to 400 cm™' at a resolution of 2 cm™' and a
scanning speed of 5 kHz with 32 scans.

The microstructure of samples is examined by Scanning
Electron Microscopy (SEM). SEM is performed using a
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Table 1 The oxide weight Sio, TiO, Fe,053 MnO MgO Ca0 K,O P,0s ALOs; LOI
percentage composition of rice

hull ash 5622 0.01 0.02 0.10 0.11 0.29 234 0.34 0.0 40.42

LOI is the percentage loss on ignition at 1000 °C

Table 2 Mass % of each component in the samples studied here

RHA Sodium aluminate Water
RHA 1.5(12) 41.1 23.7 352
RHA 1.5(14) 38.8 22.3 38.8
RHA 2.5(14) 514 17.8 30.8

Philips XL30 field emission gun scanning electron micro-
scope (FEG-SEM) with an accelerating voltage of 20 kV.
Fractured and polished specimens are mounted on stubs
using adhesive carbon pads and gold coated before analy-
sis. For the preparation of polished surfaces, samples are
cut with a diamond saw, then polished with increasing
fineness up to 6 pum diamond paste, using the same pol-
ishing technique as applied previously for the study of
geopolymers by electron microscopy [27].

The mechanical strength of geopolymers is also mea-
sured using an ELE ADRAuto 1500 compression testing
machine, with 50 mm mortar cubes. Geopolymer pastes
are mixed with standard quartz sand, with 2 g of sand per
gram geopolymer (calculated as solid plus solution), mol-
ded, vibrated for 10 s, sealed and cured in an oven at 40 °C
for the entire 108 days of experiments. Sand is added to the
paste in order to improve the strength of the RHA
geopolymer samples and in order to attain some compa-
rable results with common cement mortars. Other than
storing samples in slightly elevated temperature (40 °C),
the other conditions such as humidity and pressure are
similar to ambient conditions. Samples are loaded in the
testing instrument at a rate of 0.5 kN/s until failure.
Strengths reported are the average of three samples.

Results and Discussion
Characterising Crystalline Phases

Figure 1 shows the XRD diffractograms of RHA-based
geopolymer samples cured for different lengths of time.
The crystalline phases in this figure are identified as zeolite
A (approximately Na,Al,Si; 35077-5H,O; PDF: 00-038-
0241), zeolite X (approximately Na,Al,Si; 405 5-6.7H,0;
PDF 00-012-0246), natrite [Na3,393(CO3)2; PDF: 05-001-
0288], jadeite (NaAlSi,Og; PDF: 00-022-1338), Sodium
carbonate [Nay(CO4); PDF: 01-076-3917], diaspore

[AIO(OH); PDF: 01-072-1475], gibbsite [Al(OH);; PDF:
00-033-0018] and trona [NazH(CO3),-2H,0; PDF: 00-029-
1447]. The formation of carbonates can be attributed to
improper sealing of the samples, which allows atmospheric
CO, to react with the sodium of the pore solutions to
deposit carbonates. Sodium aluminate, as the alumina and
alkali source for these geopolymers, readily dissolves [28].
However, the slower dissolution of silica from RHA does
not provide enough silicate species to interact with the
aluminium and sodium present in solution in the early
stages of the reaction. Therefore, these systems are par-
ticularly prone to carbonation.

In RHA samples, which keep a higher degree of amor-
phicity during the reaction, increasing water content
increases the crystallinity of the product. The higher
amount of carbonates in the lower water content sample
(Fig. 1a) after two weeks is related to improper sealing of
the sample. However, from the results after 21 and
108 days, it is obvious that a higher water content leads to
more crystalline material. Zeolite X is the main crystal
phase observed in the RHA samples. There is no obvious
difference in the crystallinity of RHA sample by increasing
their Si/Al ratio. In RHA 2.5(14) sample (Fig. 1c¢) no major
changes happening over time. The extent of crystallisation
remains constant in this sample.

The high amount of carbon in rice hull ash is known
to affect its pozzolanic activity as a supplementary
material in Portland cement concretes [29]. It is obvious
that by increasing the amount of carbon in the silica
source, the percentage of soluble silica decreases. Here,
in adjusting the Si/Al ratio in samples, a high enough
RHA content is used to provide the required amount of
silica for the reaction. The presence of unburnt carbon in
geopolymer systems can also influence water demand due
to the absorption of water by unburnt carbon, and also
leads to a requirement for higher activator content
because some of the activator can become sorbed onto
the carbon instead of being active in the geopolymeri-
sation reaction process.

When carbon is expelled during the combustion of rice
hulls to form RHA, it leaves voids in silica particles that
lead to the formation of porous material, which has a
high surface area for reaction [30]. Thus, the high carbon
content of rice hull ash significantly affects its dissolution
rate, and consequently affects the reactivity of this silica
source by influencing its active surface area and surface
chemistry. On the other hand, the XRD pattern of the
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Fig. 1 Comparing XRD

diffractograms of a RHA (a)
1.5(12), b RHA 1.5(14) and

¢ RHA 2.5(14) samples over

time (XRD of RHA is included

in Fig. la). Numbers refer to the

age of samples in days. 108 wwsor™

D Diaspore, Nt natrite, Z zeolite
A, X zeolite X, J Jadeite,

L . ad
T trona, g gibbsite, S sodium 21 e v
carbonate. The peak marked
with asterisk is aluminium from T
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e
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raw RHA is amorphous and the particle size analysis
shows raw RHA has very fine particles. Therefore, gen-
erally higher dissolution rate and more reactivity of RHA
is expected here compare to the crystalline RHA sources
with larger particles. Differences in the types of crystals
forming in geopolymer mixes, the extent of crystallinity
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20 30 40 50
Degrees 20

in geopolymer samples, and the time when the crystals
form in the samples, all show that there are differences in
the kinetics of geopolymer formation with the different
mix designs studied. Other analytical techniques are
required here to study the kinetics of the reaction in more
detail.
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Fig. 1 continued
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Nanostructural Analysis

In FTIR studies of geopolymer systems, the main Si—-O-T
(T: tetrahedral Si or Al) stretching band is very important
as it carries some useful information about the chemistry of
developing geopolymers. The position of this band gives an
indication of the length and angle of the Si—O-T bonds in
the silicate network, and for amorphous silica this peak
occurs at approximately 1100 cm™' [31]. This region is
attributed mainly to the stretching vibration of inner SiO,
groups [32].

Figure 2 shows the results of FTIR analysis of RHA -
based geopolymers. Comparing the nanostructures of these

20 30 40 50

Degrees 20

samples shows the differences between their geopolymer
networks. Figure 2a shows the FTIR spectra of the samples
after 1 day. The shift of the main Si—~O-T band from 1040
to around 950 cm™" for all samples verifies the incorpo-
ration of Si and Al in their geopolymer network. The
results for all samples look very similar. The only clear
difference is the shift of the main peak to lower
wavenumbers in the RHA 1.5(12) and 1.5 (14) samples,
which is clearer in Fig. 2b. At time zero, the main Si—-O-T
band for all RHA samples stands between 1000 and
1010 cm™' wavenumbers. This is much lower than the
position of the main band in amorphous RHA particles
(1040 cm™"). Geopolymerisation reaction starts with

(a) (b) lozol
1010
RHA 2.5(14) o0 ¢ RHA 1.5(12)
- X RHA 1.5(14)
£
RHA 1.5(14) g 990 RHA 2.5(14)
-
=
E 980
RHA 1.5(12) § 970
<
= 960
RHA
950
e e 040
1200 1100 1000 900 800 700 600 0 3 10 15 20
Wavenumber (cm™) Time (days)

Fig. 2 Ex-situ FTIR spectra of RHA and RHA-based geopolymers, a comparing FTIR spectra after 1 day, and b variation of main Si—-O-T peak

positions with time
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hydrolysis reactions when most of the dissolution occurs. It
is very unlikely that geopolymer gel formation starts from
the beginning of the process, and this big change in the
main band position at time zero suggests that the amount of
silica particles that are readily dissolved immediately after
mixing (i.e. within the time taken between mixing and
collection of the ‘time zero’ data set, which is approxi-
mately 5 min) is significantly high.

During the first day of reaction, the main Si—~O-T band
shifts to 963 cm™! for the RHA 2.5(14) sample, and to
945 cm™' for the RHA 1.5(12) and 1.5 (14) samples, with
lower Si/Al ratios. Later, as the reaction proceeds, this
band shifts back to higher wavenumbers for all samples.
Comparing the 1.5(12) and 1.5(14) samples, with different
water contents, shows that the main band shifts to almost
the same position in both samples. However, their shifts
back to higher wavenumbers are different, with the sample
with higher water content reaching higher wavenumbers.
This observation suggests that the amount of Al partici-
pation and the formation of non-bridging oxygens are
similar in both samples in the early stages of the reaction.
This behaviour of RHA-based geopolymers was unex-
pected in comparison with geothermal silica-based one-
part mixtures [21]. In geothermal silica-based geopoly-
mers, the sample with higher water content showed fewer
changes in the nanostructure of the silica particles.

In high carbon RHA, silica forms around carbon parti-
cles as the rice hulls burn, and carbon only escapes from
this structure at high temperatures, leaving voids in the
RHA particles. During the removal of carbon matter from
rice RHA particles (in low carbon RHA), micropores
widen or collapse resulting in an increase in mesopores
[33]. Therefore in high carbon RHA particles, a relatively
lower surface area is available for reaction, and conse-
quently a lower general dissolution rate of this material in
comparison with geothermal silica. Therefore, after mixing
the RHA and alumina sources here, the amount of silica
that is in direct contact with the alkali activator and
available Al is not as high as geothermal silica systems. In
the later stages of the reaction, by the formation of the
geopolymer network and the participation of silica in this
network, there will be enough driving force (i.e. silica
concentration gradient) to cause the further dissolution of
silica particles partially coated with carbon particles, and
thus more participation of silica in the geopolymer net-
work. However, upon increasing the amount of water
present, this process happens more slowly. For the RHA
sample with a higher amount of water, the main band shifts
to lower wavenumbers just after mixing, as a higher
amount of water provides more Al readily dissolved to
react with the available silica. However, as the alkalinity is
lower in this sample, it takes more time for silica to become
dissolved and to form stable oligomers with Al
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Consequently, further dissolution of silica will be slower in
comparison to the lower water content sample.

As a result, the 1.5(14) sample starts its reaction process
with more participation of Al in the newly formed gel, but
less Si will be available in this sample after a few days of
reaction, causing its main band to remain at lower
wavenumbers than the lower water content sample,
1.5(12), for the first few days of reaction (Fig. 2b). Later,
when geopolymer gel forms and the driving force becomes
high enough to promote further dissolution of silica from
RHA, the silica released into the solution meets a lower
amount of alumina available for reaction in comparison
with the lower water content sample. So, the Si/Al ratio in
the parts of the geopolymer network forming later in this
sample will be higher than in the lower water content
sample, causing the shift back to higher wavenumbers of its
main band in the later stages of the reaction.

These findings match very well with the changes
observed in the XRD analysis of these samples (Fig. 1). As
in the sample with higher water content, zeolite X crystals
that have lower Si/Al ratios form crystals in the early stages
of reaction, but after a long time, jadeite phase appear in
this sample, with relatively higher Si/Al ratio.

Comparing the 1.5(14) and 2.5(14) samples shows that
the wavenumber of the main band is higher in the RHA
2.5(14) with higher Si/Al ratio. A higher amount of silica in
the initial formulation of 2.5(14) sample has led to more
participation of Si in its geopolymer network which causes
the shift of the main band to higher wavenumbers.
Although higher Si content causes more participation of Si
in the geopolymer network for the RHA sample set studied
here, most of the Al nutrients available in solution also take
part in the geopolymerisation reaction in the high Si/Al
ratio sample. In this sample, RHA 2.5(14), there is a high
level of participation of both Si and Al nutrients in the
geopolymer network, and the primary reason for the higher
amount of Si observed through different stages of the
reaction is the higher amount of this element in the initial
mixture.

Microstructural Analysis

The durability of a cement structure strongly depends on its
physical properties, such as permeability and ionic diffu-
sivity, which are controlled by the microstructural char-
acteristics of cement paste. The porosity and pore size
distribution are vital components of the microstructure of
cement paste. The pore structure determines the perme-
ability of cement, and thus the extent of penetration by
aggressive agents [34]. In order to study the microstructure
of the geopolymers synthesised here, scanning electron
microscopy (SEM) is used. Figure 3 shows the results of
this analysis for RHA geopolymers. Since the amount of
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Fig. 3 Scanning electron micrographs of fractured and polished surfaces of a RHA1.5(12), b RHA1.5(14) and ¢ RHA2.5(14) samples after
three weeks of curing. Fractured surface images are on the left hand side and the polished surface images are on the right hand side

solid sodium aluminate is quite high in all three formulas,
and it readily dissolves in water after mixing, these for-
mulas are generally creating more porous structures com-
paring to usual geopolymer systems.

An obvious difference can be observed between samples
with different water contents. The percentage of porosity
and the pore size diameter increase with increasing the
water content (Fig. 3b). A lower percentage of porosity and
smaller size of the pores enable a material to resist
chemical attack better, as it leads to lower permeability.
Resistance to chloride penetration of mortar and concrete is
one of the most important issues regarding the durability of
concrete structures. In traditional two-part geopolymer
systems, the microstructure changes from containing large
pores to being more homogeneous with small pores as the
Si/Al ratio increases [8]. Comparing the results for the
samples with different Si/Al ratios here shows the same
behaviour in the one part system. As silicate solutions are
usually used to increase the Si/Al ratio of geopolymers, this

shows that the substitution of RHA as a solid silica source
was successful in manipulating the composition of the
geopolymer mix to control the microstructural properties of
the hardened binder.

RHA has a loss on ignition of about 40 %, which is
mainly related to its unburned carbon content. This means
that if a specific amount of silica is required, almost 40 %
more RHA (by mass) is needed to provide the same amount
of silica when compared to geothermal silica systems [21].
The more solid material used to make geopolymers, the
more water is required to make a workable paste. In order
to achieve high strength, low permeability, and high
durability, it is necessary to control microstructure and
reduce the porosity of cement paste. In the systems using
solid silica sources, water requirement is a very important
issue since the necessary high surface area of the solid
(required to obtain sufficient reactivity) increases the water
demand of the system. Therefore, by increasing the silica to
alumina ratio to favour better pore structure, there will be
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more water required to make a suitable paste. This can then
negatively affect the microstructure. So, a very careful
design of solid mixtures is required to be able to manipu-
late the properties of the final binder, and the work pre-
sented here provides valuable preliminary steps towards
achieving this aim.

Mechanical Strength

Figure 4 shows the result of compressive strength analysis
of RHA geopolymer samples. The mechanical strength of
RHA samples decreases with increasing water content.
This can be explained by the larger formation of pores
which act as defects. Also, the mechanical strength
increases with increasing the Si/Al ratio of RHA. This is
because of more participation of Si in the geopolymer
network (observed in FTIR studies) which is known to be
an important parameter in the later stages of strength
development in geopolymers [35]. The RHA geopolymers
studied here have very low strength in the first week but
then became stronger over time. The only RHA sample that
gained a relatively high strength in the first week is the
sample with low water content.

As was explained earlier, RHA particles release their
silica content slowly. Particularly with the high amount of
water required to make a workable paste from high carbon
RHA materials, there will be lower alkalinity, and it takes a
long time for silica and alumina species to make the
stable nuclei required for further geopolymerisation reac-
tions. However, as the reaction proceeds, when a signifi-
cant amount of soluble Si can take part in gel formation in
the later stages of the reaction, there will be a greater
driving force for further silica dissolution. A higher amount
of silica, therefore, dissolves in the later stages of the
reaction, providing the high silica content required in the
later stages of strength development [35]. Maximum

25
m RHA 1.5(14)
@ RHA 2.5(14)
20
o RHA 1.5(12)
~
<
- +
e 15 Jr
—
. }
2 10
5
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5

1 2 3
Time (weeks)

Fig. 4 Compressive strength evolution of RHA geopolymer mortars
over time
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strength achieved for RHA one-part mixtures is 22 MPa
after 3 weeks.

One-part mix systems have been previously made with
thermal treatment of solid sources and activators using high
temperatures (800—1150 °C), and various strength results
of 1 MPa after seven days [22], 10 MPa after seven days
[24], 31.5 MPa after 28 days [36], 40 MPa after 28 days
[25], and 47 MPa after 28 days [37] were achieved.
However, the high temperature required for calcination
methods limits their commercial viability and increases
their negative environmental impact. Some efforts of
blending aluminosilicate source materials with solid acti-
vators have been also made to make one-part mix systems.
In this approach, ambient temperature or slightly higher
curing temperatures are usually used to synthesise one-part
mix binders.

Yang et al. [38] and Yang and Song [39] used sodium
silicate powder or combination of solid sodium silicate
with sodium hydroxide to activate the pure fly ash and pure
slag systems at ambient temperature. With the pure slag
system, the resulting binder gained 50 MPa, and the pure
fly ash system gained up to 9.45 MPa strength after
28 days. Later Nematollahi et al. [23] activated the dif-
ferent combination of fly ash, slag and hydrated lime sys-
tems using different grades of sodium silicate activators.
They compared the strength results of one-part mixtures
with a control two-part mix sample, and they could make
one-part mix formulae that achieved over 37 MPa strength
at ambient temperature. Comparing the strength result of
RHA geopolymer system in this study with previous
attempts for making one-part mix designs, show that the
strength of 22 MPa is in an acceptable range for a solid
reactant based geopolymer system that is prepared in
slightly higher temperature than ambient temperature.

Conclusions

Synthesis of a one part mix geopolymers from RHA and
solid sodium aluminate has been investigated. Water plays
a critical role during geopolymerisation. Samples with high
water content have a greater extent of crystallite formation,
similar to the trends observed in ‘traditional’ geopolymer
systems. Increasing the amount of water generally causes
lower alkalinity and a slower reaction process in the sys-
tem, as well as giving a more porous microstructure, which
is not desirable. However, in order to make a workable
paste, a high water content is unavoidable for the high
carbon RHA system studied here. Increasing the silica
content of the raw material blend while keeping constant
alkalinity, can lead to an increase in the Si/Al ratio in the
final binder, and therefore, can enhance the strength and
microstructural properties of the RHA geopolymer.
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Using high carbon RHA to make geopolymers adds
difficulty to the analysis of the kinetics of the reaction
process, as the unburned carbon content of ash particles
affects the rate of release of silica, and the silica concen-
tration alone is not a good representation of silica avail-
ability for reaction in this sample. However, this study
shows that high carbon RHA can be used to make one-part
mix geopolymers with acceptable strength development.
High temperatures (between 500 and 900 °C) are required
to produce low carbon RHA with amorphous silica [40].
However, high temperature treatment of source materials
increases the negative environmental impact of binder, and
it is not desirable. This study shows that high carbon RHA
can be a relevant substitute of silica sources without further
thermal treatments.

Future studies on RHA-based geopolymers can focus on
further steps towards developing viable geopolymer sys-
tems from high carbon RHA source material. Using a
combination of source materials or activators can bring
some flexibility in formula design and improve the per-
formance of the binders. Using a combination of activators
such as sodium hydroxide and sodium aluminate or adding
some aluminosilicate sources can help with better con-
trolling the molar ratios of the mixtures and improve
structural properties of the system.
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