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This research uses low alkali activator content and cold pressing technique for fly ash-
based geopolymers formation under room temperature condition. The geopolymers were
prepared using four different parameters: fly ash/alkali activator ratio, sodium hydroxide
concentration, sodium silicate/sodium hydroxide ratio and pressing force. The results
indicated that the compressive strength (114.2 MPa) and flexural strength (29.9 MPa) of
geopolymers maximised at a fly ash/alkali activator ratio of 5.5, a 14 M sodium hydroxide
concentration, a sodium silicate/sodium hydroxide ratio of 1.5 and a pressing force of 5
tons (pressing stress of 100.0 MPa and 155.7 MPa for compressive and flexural samples,
respectively). The degree of reaction (40.1%) enhanced the structure compactness with
minimum porosity. The improved mechanical properties confirmed that a high strength
pressed geopolymer could be formed at low alkali activator content without the aid of
temperature.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The manufacturing process of Portland cement is an energy-
intensive process since a high temperature is required to
produce the clinker. Furthermore, the synthesis of cementi-
tious concrete involves many carbon dioxide emissions due to
the de-carbonation of the limestone. Depending on the clinker
content, the carbon dioxide emission could be as high as 0.9 kg
for every 1 kg of cement produced, amounting to around 5% of
global human-made carbon dioxide emissions and contrib-
uting to global warming and the greenhouse effect [1]. In
short, this phenomenon has a tremendous impact on both our
environment and the area of sustainable development.

Given lower carbon dioxide emission involvement, geo-
polymers have received a great deal of attention among re-
searchers. Geopolymer is an essential cementitious material
that is primarily used in the construction field. The compar-
atively lower energy consumption in geopolymer production,
compared to Portland cement, means geopolymers fulfil the
widespread demand for eco-friendly construction material.
Geopolymer is an inorganic binder composed of an amor-
phous and tri-dimensional network, resulting from the alkali
activation of aluminosilicate monomers. Materials that are
rich in silica and alumina are the primary requirement for
classification as an aluminosilicate monomer [2]. In addition
to dehydroxylated clays, such as metakaolin, various indus-
trial by-products comprised of fly ash, slag and rice husk can
be mixed with an alkali activator for dissolution and subse-
quent geopolymerisation. Hence, geopolymers are more
favourable than Portland cement since a wide range of in-
dustrial waste products can be reused as aluminosilicate
materials in manufacturing the geopolymers [3].

Conventionally, geopolymers is formed from normal cast-
ing method which have certain limitations in generating a
highly compact geopolymer structure. This is because the
casting method requires higher alkali activator content,
leading to a highly porous microstructure. Thus, it is difficult
to synthesise a geopolymer with a 28-day compressive
strength of higher than 50 MPa at ambient temperatures [4—6].
Here, reducing the alkali activator content and using high
pressure for the compaction of fresh geopolymer paste could
solve the aforementioned problem. The use of a pressing
method in the manufacturing of geopolymers remains
comparatively rare, while it has been widely applied in ce-
ramics production [7—9].

Table 1 — Chemical composition of fly ash.

Compound Weight percentage (wt.%)
Silicon dioxide (SiO,) 36.1
Iron oxide (Fe,;Os3) 19.1
Aluminium oxide (Al;05) 18.1
Calcium oxide (CaO) 16.2
Magnesium oxide (MgO) 3.8
Potassium dioxide (K,0) 1.8
Sulphur trioxide (SO5) 1.5
Titanium dioxide (TiO,) 1.1
Sodium oxide (Na,0) 1.0
Other oxides 1.3

Several studies have reported that the fabrication of geo-
polymers via pressure compaction helps to remove a large
proportion of the trapped air bubbles formed between the
particles. The process significantly reduces the forming
structure's porosity, accompanied by a dense micromor-
phology [10—12]. Alshaaer [13] largely succeeded in improving
the mechanical properties (59 MPa) of a kaolinite-based geo-
polymer after pressing at 15 MPa, while a pressed geopolymer
with a compressive strength of 65 MPa was achieved by Wang
et al. [14]. However, the pressing method's low water content
left a significant amount of metakaolinite, which remained
intact during the geopolymerisation and moulding process, as
indicated by the scanning electron microscopy (SEM) micro-
graphs. Nonetheless, the various findings have demonstrated
that the application of pressure has a significant impact on
geopolymers in terms of compressive strength.

Meanwhile, Takeda et al. [15] achieved a higher degree of
strength with a warm press method by applying high pressure
and high temperature to the starting materials simulta-
neously. The resulting product had a maximum strength of
149 MPa after pressing with 200 MPa under a temperature of
130 °C for 1 h. However, this technique required a heat source
to obtain the high strength geopolymer, and such a high
manufacturing temperature will prove more challenging to
handle in mass production processes. Furthermore, the warm
press method is also limited as a production tool given the
attendant high production costs and comparatively low pro-
ductivity [16]. In a more recent work carried out by Prasan-
phan et al. [10], the compressive strength of cold-pressed
geopolymer was 27 MPa only after 7 days of curing. Never-
theless, while it was not as strong the hot-pressed geo-
polymer, room temperature curing in cold-pressed
geopolymers is advantageous since it uses less energy
throughout the entire manufacturing process. Therefore,
reducing the energy consumption per product is feasible.
Moreover, optimising the compositional mixing design of
pressed geopolymers forms a comparably strong geopolymer
at ambient temperatures.

Various studies [11,17,18] related to the effect of mix pro-
portion and pressing force on the properties of pressed geo-
polymers have been carried out. Here, the preparation method

18 mm

Fig. 1 — SEM micrograph of fly ash.
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Table 2 — Mix proportions and pressing force of pressed geopolymer specimens.

Series Design variables
S/L ratio® NaOH concentration (M) SS/NaOH ratio® Pressing force (tons)
S/L ratio 45,55,65,7.0 10 1.0 5
NaOH concentration 5.5 10, 12, 14, 16 1.0 5
SS/NaOH ratio 5.5 14 1.0,15,2.0,25 5
Pressing force (tons) 5.5 14 2.0 3,4,5,6

8 Mass/mass ratio.

utilised by Ranjbar et al. [17] was the hot-pressing method. At
the same time, the study of Posi et al. [18] involved the use of
fly ash and ordinary Portland cement as the source materials
and the study of Wang et al. [11] used metakaolin and fly ash
with epoxy as an additive. In contrast, the present study em-
ploys the cold-pressing method and utilises fly ash alone as
the raw material. Meanwhile, the above studies were largely
focused on the effect of formulation and pressing force on the
compressive strength and microstructural changes in pressed
geopolymers, while the flexural strength development and the
degree of reaction were not discussed.

Further studies are thus required to highlight the impact of
mix design and pressing force on the flexural strength of
pressed geopolymers. The data related to flexural strength
could potentially reveal the ability of pressed geopolymers to
withstand bending force and widen the new application pos-
sibilities of pressed geopolymers in fields such as the tile in-
dustry. Furthermore, it is vital to maximise the use of raw
materials in geopolymer production since this is the key factor
in governing their engineering properties and microstructure.
While the low alkali activator content used in the pressing
method will likely limit the reactivity of the raw materials, the
silicate and aluminate content available in geopolymerisation
could be increased by optimising the mix design and pressing
force.

This, therefore, brings the focus to the possibility of
forming high strength geopolymers with low alkali activator
content alongside pressure compaction without the aid of
temperature. In the present study, fly ash and an alkali acti-
vator were mixed to form a dry mix, which was then pressed
using a 5-ton pressure for 2 min before being cured at room
temperature for two different periods (7 and 28 days). The
optimisation of the mix proportion (fly ash/alkali activator
ratio, sodium hydroxide concentration, sodium silicate/so-
dium hydroxide ratio) and the pressing force of the pressed
geopolymer was subsequently evaluated. They were regarded

Stress
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as the main determining factors in the properties of the end
product. Overall, the present study highlights the influence of
mix proportion and pressing force on the extent of the reac-
tion and the physical and mechanical properties of geo-
polymers prepared via the cold-pressing method, while the
possible reaction mechanism of pressed geopolymers is also
discussed.

2. Experimental work
2.1.  Materials

2.1.1. Fly ash

Fly ash procured from Manjung Coal-fired Power Plant, Perak
was used as a starting material. The chemical composition of
fly ash (Table 1) was determined by X-ray fluorescence (XRF)
spectroscopy. The fly ash consisted of 36.1% SiO,, 19.1% Fe,05,
18.1% Al,05 and 16.2% CaO. Therefore, it was class F fly ash as
per ASTM C618-19. The SEM micrograph of fly ash as depicted
in Fig. 1indicated that the fly ash particles were spherical with
a smooth surface texture. The spherical shape of fly ash in-
creases its reactivity and thus facilitates geopolymerisation
reaction.

2.1.2. Alkali activator

The use of sodium hydroxide (NaOH) in conjunction with so-
dium silicate (Na,SiOs3) can speed up the geopolymerisation
reaction and strengthen the final products. Thus, this study
employed a mixture of NaOH and Na,SiOs; for the synthesis of
pressed geopolymer. The NaOH pellets have 99% purity, while
the Na,SiOs3 solution consists of 60.5 wt.% of H,0, 30.1 wt.% of
Si0, and 9.4 wt.% of Na,O. The NaOH solution was obtained by
dissolving the caustic soda flakes with distilled water and
allowed to equilibrate at room temperature for 24 h before use
to ensure the complete dilution of the caustic soda flakes.
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Fig. 2 — Plane of compression and flexural geopolymer samples that the pressing force is applied on.
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Table 3 — Applied stress of compression and flexural
samples at different pressing force.

Pressing force Applied stress (MPa)

(ton) Compression Flexural
sample sample
3 60.0 934
4 80.0 124.6
5 100.0 155.7
6 120.0 186.9
2.2. Mixing, pressing and curing

The preparation of semi-dry and homogeneous mixture
involved the addition of alkali activator to fly ash and hand-
mixed for 5 min. The semi-dry mix was poured into a
stainless-steel pressing mould, then manually pressed using a
hydraulic press for 5 tons. In this study, two types of samples
were  fabricated, in  which cylindrical sample
(p =25 mm x 50 mm) was used for compression testing while
cuboid sample (50 mm x 5 mm x 7 mm) was used for flexural
testing. After 2 min of compaction, the geopolymer samples
were removed from the mould and wrapped with plastic film
to avoid moisture loss. The samples were cured at room
temperature for 7 and 28 days before the day of testing.

For adequate data, geopolymers with various mix pro-
portions were made as shown in Table 2 in which four series
of samples were prepared to investigate the impact of fly ash/
alkali activator (S/L) ratio (4.5, 5.5, 6.5 and 7.0), sodium hy-
droxide concentration (10, 12, 14 and 16 M), sodium silicate/
sodium hydroxide (SS/NaOH) ratio (1.0, 1.5, 2.0 and 2.5) and
pressing force (3, 4, 5 and 6 tons) on the properties of pressed
geopolymer. The optimised mix formulation from previous
series was carried forward and employed in the following
series.

Based on Table 2, the pressing force was set in the range of
3—6 tons during the cold-pressing process. However, the
stress induced on the cylindrical and cuboid samples was
different attributed to the varied cross-sectional area of the
plane which the pressing force applied on (Fig. 2). Table 3
enlists the induced stress of compression and flexural sam-
ples according to the pressing force applied. In order to stan-
dardized the parameter used, pressing force was reported as
one of the factor in this study instead of stress.

Pressure

\AAs

s
I \.L

2.3.  Testing method and analysis

The physical analysis of the pressed geopolymer was evalu-
ated using the cylindrical compressive strength specimens
that aged for 7 and 28 days. The bulk density of synthesized
pressed geopolymers was conducted according to ASTM C39.
The porosity measurement of pressed geopolymer was
performed by emerging the samples in water for 24 h and
dried with lint-free cloth to obtain W;. The samples were then
fully submerged in water and weighed as W;, while the weight
of oven-dried samples was recorded as W,. The percentage of
porosity of the samples was calculated using Equation (2).

(Ws - Wd)

Percentage of porosity = AR
s — Wi

x 100% 2
where W is the saturated weight, W, is the oven-dry weight
and W; is the immersed weight of the specimen.

The water absorption measurement of pressed geo-
polymers was carried out according to ASTM C140. The per-
centage of water absorption was calculated using Equation (3).

(Ws - Wd)

Percentage of water absorbed = W
d

x 100% (3)

The compressive strength of specimens was examined in
accordance with ASTM C39 using Instron Machine Series 5569
Mechanical Tester with a constant loading rate of 1 mm/min.
A minimum of three cylindrical specimens was tested for
every mixture. The average values of 7-day and 28-day
compressive strength were then calculated.

Besides, the flexural strength of each cuboid specimen was
obtained using a standard three-point-bending test at a
loading rate of 0.5 mm/min. The flexural strength was deter-
mined using Equation (4). The stiffness of geopolymer was
calculated through the best linear regression of stress—strain
curve of specimens.

3PS

Flexural strength =—-om 4)

where Py, is the maximum load, S is the span length of spec-
imen, B is the width of specimen and W is the thickness of
specimen.

The degree of reaction of pressed geopolymer was deter-
mined by selective chemical attack using hydrochloric acid
(HCI) and sodium carbonate (Na,COs) solutions. The use of HCl

Geopolymeric

R
Water Fly ash vy 1
Air Aliali » -’ 44
activator Evacuate
of air ’* 'f “
& &
Mixture f’f ﬂy ash P{'essure applied Dlss.olut.lgn of eapilyinstation Geopolymer
and alkali activator forming green compact aluminosilicates formed

Fig. 3 — Proposed mechanism of geopolymer fabricated via the pressing method.
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Table 4 — Physical properties of pressed geopolymer with different S/L ratio.

S/L ratio Density (kg/m?) Porosity (%) Water absorption (%)

7 days 28 days 7 days 28 days 7 days 28 days
4.5 2125 +4.7 2131+ 6.5 16.1 + 0.2 13.7 £ 0.5 9.8 +0.1 8.5+ 0.3
5.5 2191 +5.1 2179 = 1.7 111+ 0.1 9.2+05 6.6 + 0.1 54+03
6.5 2158 + 6.9 2150 + 4.6 13.0+ 0.4 9.6 + 0.4 6.6 + 0.3 5.7 +0.3
7.0 2144 + 4.8 2139+ 2.3 129+ 04 10.8 + 0.0 7.8 +0.2 6.6 + 0.0

Remark: + represents the standard deviation.

and Na,COs solutions separated out the geopolymeric gel and
unreacted fly ash, in which the solutions dissolve the products
of alkaline activation leaving unreacted fly ash as insoluble
residue. The degree of reaction of geopolymer was determined
by measuring the insoluble residue in the mixture. 3 g of
geopolymer powder was dissolved in 30 ml of 2 M HCL The
mixture was placed in water bath at 60 °C and stirred at a
constant speed for 20 min. The mixture was filtered through
filter paper while the residue was washed with warm water at
least 3 times to remove HCL. The insoluble residue was oven-
dried at 80 °C for 2 h. Afterward, the residue was dissolved in
30 ml of 3% Na,COs. The mixture was placed in 60 °C water
bath and stirred continuously for 20 min. The mixture was
filtered while the residue was washed with warm water
rapidly before oven drying. The weight of the dried insoluble
residue (unreacted fly ash) was measured by electronic bal-
ance. The degree of reaction of pressed geopolymer was
calculated using Equation (5) [19,20]. The degree of reaction of
geopolymer samples are subtracted with the degree of reac-
tion of source material. The degree of reaction calculated is
the corrected degree of reaction of geopolymer.

Wsample - Wresidue « 100% (5)

Degree of reaction =
Wsample

where Wg,mpre is the weight of geopolymer sample in powder
form (g), while Wyesique is the weight of oven dried residue (g).

On the basis of results acquired in this study, statistical
analysis with the one-way ANOVA study was performed at the
confidence level of 95%. The F-values in ANOVA analysis were
used to determine the statistical significance of design

] 3]
90 - 7 days E128 days

Compressive strength (MPa)

4.5 5.5 6.5
S/L ratio

variables (that are, S/L ratio, NaOH concentration, SS/NaOH
ratio and pressing force) on the properties of pressed geo-
polymer with 5% significance level.

Using scanning electron microscopy (SEM) model JSM-
6460LA, the morphology of 28-day pressed geopolymer was
revealed with 25 kV electron beam energy and 10 mm working
distance. In order to identify the mineral phases of geo-
polymers, X-ray diffraction (XRD) analysis was performed
using Shimadzu x-ray diffractometer XRD-6000. The XRD
patterns were measured from 10 to 80° 26 with a scanning rate
of 0.1 step/s.

Fourier transform infrared (FTIR) data of geopolymers were
collected using the Perkin Elmer Fourier Transform Infrared
Spectroscopy (FTIR) RXI spectrometer, equipped with a dia-
mond crystal. The samples were scanned over a range of
500 cm~'—4000 cm~* using 4 cm ™! resolutions.
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3. Results and discussion
3.1 Proposed mechanism of the pressing method

Fig. 3 presents a schematic of the proposed mechanism of
pressed geopolymers. By utilising the pressing method, pre-
cursors were densified and compacted via an applied force in
a confined space. During the initial compaction, the removal
of the trapped air in conjunction with the internal motion of
the particles was incidental to the consolidation via a unidi-
rectional pressing force [21]. Hence, the particles were rear-
ranged, which increased the inter-particle contact and

M7 days 028 days

4.5 5.5 6.5 7.0
S/L ratio

Fig. 4 — 7-day and 28-day compressive and flexural strengths of pressed geopolymer with different S/L ratio.
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A: Unreacted fly ash; B: Globular unit; C: Pore

Fig. 5 — SEM micrographs of pressed geopolymers with S/L ratios of (a) 4.5; (b) 5.5; (c) 6.5; and (d)7.0 after ageing for 28 days.

contributed to a well-packed mixture. This phenomenon led
to a loss in pressure attributed to the removal of air that
trapped within the spherical particles. When the pressure was
increased to the initial condition, the particle rearrangement
occurred, which further improved the mixture compactness
and structure density.

The well-compacted mixture caused the geo-
polymerisation reaction to occur on the adjacent surface be-
tween the fly ash particles and the alkali activator. Dissolution
occurred via alkaline hydrolysis at the surface of these fly ash
particles, forming dissolved Si*" and Al** ions. Meanwhile, in
the presence of the alkali activator, the ions combined to form
tetrahedral and silicate monomers, which subsequently un-
derwent polymerisation to form a geopolymer matrix. As the
matrix grew bigger, the system continued to undergo rear-
rangement, resulting in tri-dimensional aluminosilicate geo-
polymer networks. These networks increased according to the
curing time, and it was thus deemed that the geo-
polymerisation was inherently time-dependent.

3.2 Effect of S/L ratio

Table 4 shows the bulk density, percentage of porosity and
water absorption of the pressed geopolymers prepared using
various S/L ratios. The attendant analyses were carried out at
a constant NaOH concentration and SS/NaOH ratio of 10 M
and 1.0, respectively. Here, the pressed geopolymer achieved
the highest bulk density and the lowest percentage of porosity
and water absorption when the S/L ratio was 5.5.

Applying a pressing force can improve the compactness of
fly ash particles and thus reduce the alkali activator require-
ment. However, an inadequate alkali activator amount will
give rise to the poor development of the geopolymer matrix
and result in the formation of pores at the spaces between the
unreacted fly ash particles. This behaviour was observed in
the pressed geopolymers with S/L ratios of 6.5 and 7.0, with
the specimens exhibiting a slight increment in porosity and
water absorption.

Table 5 — Physical properties of pressed geopolymer prepared by various NaOH concentrations.

NaOH molarity (M) Density (kg/m®) Porosity (%) Water absorption (%)
7 days 28 days 7 days 28 days 7 days 28 days
10 2191 +5.1 2179 + 1.7 11.1+0.1 9.2 +0.5 6.6 + 0.1 54 +0.3
12 2196 + 2.9 2194 + 4.7 10.3 £ 04 86 +0.5 6.1+0.3 50+0.3
14 2208 + 4.7 2202 + 1.7 9.7 + 0.4 8.1+0.0 58+ 04 4.7 +0.1
16 2198 + 1.6 2193 + 3.1 9.6+0.1 8.9 +0.3 57 +0.3 52+0.2

Remark: + represents the standard deviation.
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Fig. 6 — 7-day and 28-day compressive and flexural strengths of pressed geopolymer with different NaOH concentrations.

Overall, the S/L ratio had a significant effect on the devel-
opment of the mechanical strength of the pressed geo-
polymers (Fig. 4), with that prepared using an S/L ratio of 5.5
exhibiting a maximum 28-day compressive and flexural
strengths of 78.5 and 20.3 MPa, respectively. It appears that the
S/L ratio of 5.5 had the optimum alkali activator content to
drive faster silica dissolution and assist in developing an op-
timum geopolymerisation while not causing an overflow of
the geopolymer mixture when pressure was exerted on the
steel mould.

According to previous studies [22—24], a lower S/L ratio
within the 0.71-3.0 range is commonly used in casted geo-
polymers. Nevertheless, this is generally not the case for
geopolymers fabricated via the pressing method. The exces-
sive activating solution forms a watery mix, which leads to a
problem in the pressing process, a phenomenon supported by
Posi et al. [18]. Notwithstanding, Ranjbar et al. [17] reported
different findings, ascertaining that a hot-pressed geopolymer
with an S/L ratio of 2.86 exhibited the best mechanical per-
formance. That was to say, geopolymers produced via the hot-

A: Unreacted fly ash; B: Globular unit; C: Pore; D: Geopolymer gel

Fig. 7 — SEM micrographs of pressed geopolymers after 28 days with NaOH concentrations of (a) 10 M; (b) 12 M; (c) 14 M; and

(d) 16 M.
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Table 6 — Physical properties of pressed geopolymer with different SS/NaOH ratio.

SS/NaOH ratio Density (kg/m°)

Porosity (%) Water absorption (%)

7 days 28 days 7 days 28 days 7 days 28 days
1.0 2208 + 4.7 2202 + 1.7 9.7 +0.4 8.1+0.0 58+04 4.7 £ 0.0
1.5 2222 +3.2 2206 + 4.7 7.8 +0.2 8.0 +0.0 4.6+0.2 46+0.0
2.0 2231+ 6.4 2227 +5.3 75+05 7.0 +£0.3 44+0.8 41+0.1
2.5 2224 + 2.7 2220 + 2.9 8.9+0.3 8.1+0.3 53+0.2 4.7 +0.1

Remark: + represents the standard deviation.

pressing method require a relatively higher alkali activator
content than those produced via the cold-pressing method
because of the moisture loss when hot pressure is applied to
the geopolymer mixture.

Moreover, the 28-day pressed geopolymers exhibited a
greater degree of strength development, particularly those
with an S/L ratio of 5.5, which exhibited an approximate 41%
increment than the 7-day compressive strength. The effect of
the S/L ratio was clearer in the later stages of the pressed
geopolymer. However, the pressed geopolymers with a S/L
ratio of higher than 5.5 exhibited a minimal strength incre-
ment due to the insufficient alkali activator content in
conjunction with the moisture loss that obstructed the
continual dissolution and condensation process.

The fly ash appeared spherical pearl-like particles (Fig. 1)
and changed after geopolymerisation (Fig. 5). The pressed
geopolymer formed a large number of globular units of geo-
polymeric gel with several unreacted fly ash particles. It was
well known that the microstructure development of geo-
polymers begins with the precipitation of globular units of
geopolymeric gel on the surface of fly ash particles. As the
reaction continues, the globular units of geopolymeric gel
bond closely and densify the geopolymer matrix. Instead of
the formation of globular units, the surface of geopolymer
covered by a smooth geopolymeric gel and reduced the
number of unreacted fly ash. Hence, the reactivity of fly ash
can be determined according to the amount of globular units
formed. Due to the low alkali activator content used in the
pressing method, a limited geopolymer matrix was formed,
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but the compactness of microstructure enhanced with the
exertion of pressing force. This reduced the pore formation in
the pressed geopolymers compared to that observed in casted
geopolymers. In general, the pressed geopolymers presented a
distinct morphology from geopolymers prepared via the
casting method.

The geopolymer with the S/L ratio of 4.5 had a morphology
with a significant amount of pores, which corresponded to the
difficulty in the pressing process for the geopolymer mix. The
alkali activator was crucial in facilitating the dissolution of the
raw materials but the surplus liquid content resulted in the
geopolymer mixture overflowing during the compaction pro-
cess. Despite this, the liquid content in the geopolymer with
an S/L ratio of 4.5 remained the highest among all the geo-
polymers. This reduced the geopolymer's green strength,
which could be a dominant issue since it would likely affect
the resultant geopolymer's strength development.

As Fig. 5b shows, there was a clear improvement in the
compactness of the geopolymers when utilising the S/L ratio
of 5.5. The geopolymer with this S/L ratio presented a dense
microstructure comprised of numerous well-compacted
globular units, which effectively reduced the matrix's
porosity (Table 4). This finding was corroborated by Wang
et al. [11], who declared that a higher S/L ratio could bring
down the porosity value of geopolymers. Meanwhile, accord-
ing to Astutiningsih et al. [25], the reactivity of aluminosili-
cates is related to the number of globular units appearing in
the geopolymer matrix. Hence, at an S/L ratio of 5.5, there is an
adequate amount of alkali activator content to ensure
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Fig. 8 — The 7-day and 28-day compressive and flexural strengths of pressed geopolymer with different SS/NaOH ratios.
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pressure compaction without compromising the reactivity of
fly ash. With the aid of pressure, a strong structural bonding
can be attained with an optimal S/L ratio.

On the other hand, as Fig. 5c and d show, there were many
heterogeneous unreacted spherical fly ash particles. The
limited alkali activator content slowed down the dissolution
rate of the fly ash particles and interfered with the geo-
polymerisation reaction, which increased the porosity of the
geopolymer matrix (Table 4).

3.3. Effect of NaOH concentration

As shown in Table 5, the increase in NaOH concentration
improved the bulk density and reduced the porosity and water
absorption of the pressed geopolymers. This was undoubtedly
the consequence of a high NaOH concentration that provided
a sufficiently high pH environment to accelerate the dissolu-
tion of the fly ash particles. These aspects facilitated a high
degree of geopolymerisation and contributed to the formation
of a less permeable and less porous structure. Both the
porosity and water absorption values, which were in line with
each other, corroborated this.

The importance of NaOH concentration on the strength of
geopolymers is unquestionable. The key role of the alkali
activator in a geopolymer system is to enable the internal Si*"
and Al*' components to leach out from the aluminosilicate
source. Meanwhile, the degree of dissolution of the alumino-
silicate source directly impacts the formation of a rigid geo-
polymer framework, which depends on the concentration of
the NaOH solution.

As Fig. 6 shows, the 7-day strength of the pressed geo-
polymers increased with the increase in NaOH concentration
from 10 to 16 M. The highest 28-day compressive strength of
109.6 MPa was obtained for the geopolymer fabricated using a
concentration of 14 M, which indicated an improvement of
40.6% from 7 to 28 days. The maximum flexural strength
achieved was 27.7 MPa, which exhibited an approximate
113.1% flexural strength gain after 28 days. The increasing
NaOH concentration yielded a higher degree of poly-
condensation and an improved inter-particle bonding
strength of the geopolymers. In contrast, the low alkaline
medium provided an insufficient amount of OH™ ions to break
down the glassy chain of the fly ash and thus reduced the
efficiency of the dissolution of Si*" and Al*>* ions from the ash.
This tended to weaken the structure and the properties of the
synthesised geopolymers. As a workaround, the mechanical
development of the geopolymer was highly dependent on the
degree of dissolution of the raw materials, which was gov-
erned by the NaOH concentration. Notably, the compressive
strength achieved in this study was only slightly lower than
that of the hot-pressed geopolymer (133 MPa) acquired by
Ranjbar et al. [17]. The strength of the hot-pressed geopolymer
was due to the assistance of temperature (heating tempera-
ture of 350 °C and heating duration of 20 min) alongside the
exertion of pressure, which led to a rapid geopolymerisation
reaction.

The 28-day strengths levelled off when the NaOH concen-
tration was higher than optimal (16 M). This condition was
largely associated with the excess OH™ ion concentration due
to the high NaOH concentration, which led to the formation of

geopolymeric matrix precipitation at the early stages and thus
retarded the kinetics of the reaction between the solid and
fluid contents at the later stages. It can be said that the effect
of ageing was more visible in the geopolymers with a mod-
erate NaOH concentration (12—14 M), an observation that is
supported by the findings of Nazari and Sanjayan [26]. In order
to improve the economic feasibility, a suggestion has been
made for the utilization of a moderate concentration of NaOH
with a longer ageing time. In spite of the decreased
compressive strength (87.5 MPa) obtained using 16 M NaOH,
this was still higher than the values obtained by Livi et al. [27],
who achieved an optimal compressive strength of 21.4 MPa,
despite the geopolymers being cured at 85 °C for 22 h.

Overall, the NaOH concentration utilised to activate the
reaction of pressed geopolymer was comparatively higher
than that required for geopolymers manufactured via con-
ventional casting methods. This was attributed to the high
NaOH concentration, which reduced the water content,
enabled the formation of a viscous solution and consequently
increased the viscosity of the geopolymer mixture. It is
potentially advantageous to strengthen the pressed geo-
polymer structure since the overflow of the geopolymer
mixture can be avoided during the compaction process.

Fig. 7 demonstrates the microstructures of the pressed
geopolymers with different NaOH concentrations after 28
days. Since the reaction of a pressed geopolymer can be
regarded as a system with relatively low alkali activator con-
tent, it is reasonable to suppose that a certain amount of fly
ash particles will remain inert after the chemical reaction.
However, incremental NaOH concentrations reduced the
amount of inert fly ash. The geopolymer matrix development
was more distinctive.

The geopolymers prepared with 10 and 12 M of NaOH so-
lution presented a substantial amount of remnant fly ash
particles with the limited formation of a geopolymer matrix.
This could be attributed to the low alkaline medium provoking
a weak chemical reaction and restricting the generation of a
sodium aluminosilicate matrix.

The microstructures of the pressed geopolymers using 14
and 16 M of NaOH solution were largely similar, with the
surface of the unreacted fly ash covered by a geopolymer
matrix. Here, the matrix filled in the pores, which densified
the geopolymer structure and consequently improved terms
of strength (Fig. 7). The difference here was that the geo-
polymer with the 14-M NaOH solution had a low pore forma-
tion compared to that with the 16-M NaOH solution. A
relatively more intervening geopolymer matrix in the geo-
polymer activated with the 14-M NaOH solution implied a
higher density of Si—O—Si bond formation, which prone to a
more compact microstructure and better strength properties.
This was corroborated by Wang et al. [14]. They confirmed that
the optimum NaOH concentration could facilitate the
decomposition of the aluminosilicate source and promote a
rigid framework structure synthesis.

3.4. Effect of SS/NaOH ratio
The physical properties of the pressed geopolymers with

various SS/NaOH ratios are presented in Table 6. By increasing
the SS/NaOH ratio, the porosity and water absorption of the
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A: Unreacted fly ash; B: Globular unit; C: Pore; D: Geopolymer gel

Fig. 9 — SEM micrographs of pressed geopolymers after 28 days with SS/NaOH ratios of (a) 1.0; (b) 1.5; (c) 2.0; and (d) 2.5.

pressed geopolymers were reduced, while a slight increment
in bulk density was observed with the increase in SS/NaOH
ratio. This was because the increasing sodium silicate content
facilitated the occurrence of the geopolymerisation process,
while the increase in bulk density was also attributed to the
higher density of sodium silicate in comparison to sodium
hydroxide solution. As previously ascertained by Posi et al.
[28], the impact of the SS/NaOH ratio on the density of the
geopolymers was insignificant.

Fig. 8 shows the strength development of the pressed
geopolymers with various SS/NaOH ratios. In general, the in-
crease in SS/NaOH ratio resulted in an improvement to the
strength behaviour of the pressed geopolymers after 7 and 28
days, which was ascribed to the strengthening effect of the
silica gel in the presence of the sodium silicate. The strength
trend of the pressed geopolymers was in line with the corre-
sponding bulk density results (Table 6).

Although sodium silicate played an important role in
enhancing the geopolymerisation reaction, it must be
considered that there should be an optimum SS/NaOH ratio
for the geopolymer mixture. As seen, the 28-day compressive
strength curve of the pressed geopolymers dipped at a SS/
NaOH ratio of 2.5, which was in concert with the findings
obtained by Hadi et al. [29]. The surplus sodium silicate con-
tent seemed to yield to the congestion of free Si*" and
Na™ ions in the geopolymer matrix. This subsequently inter-
fered with the geopolymerisation reaction and negatively
influenced the mechanical performance of geopolymers. In
addition, the high sodium silicate content increased the dif-
ficulty in compacting the geopolymer mixture, which was

attributed to the high stiffness of the mixtures, especially
those with a comparatively high S/L ratio.

In the current study, the best performance geopolymer was
obtained with a SS/NaOH ratio of 2.0, while the lowest
strength was achieved at a SS/NaOH ratio of 1.0. These ratios
were identical to those of the fly-ash-based geopolymers ob-
tained by Hadi et al. [29]. Meanwhile, a lower SS/NaOH ratio
(1.5) was reported by Esparham [30] in maximising the
compressive strength of a metakaolin-based geopolymer.
Based on the findings of Koushkbaghi et al. [31], the optimum
SS/NaOH ratio could be different depending on the type of
base material. The spherical morphology of fly ash reduces
the particles' surface to volume ratio and lowers the water
demands. Thus, a higher SS/NaOH ratio could be adopted in a
fly-ash-based geopolymer mixture since the high sodium sil-
icate content does not significantly affect the mix workability
than a metakaolin mixture.

This notwithstanding, the 28-day compressive strength of
the pressed geopolymers fell within the range of
109.6—114.1 MPa. The SS/NaOH ratio may have led to a limited
variation in the compressive strength of the pressed geo-
polymers, especially after 28 days. From a cost-effective point
of view, the use of sodium hydroxide is more desirable than
sodium silicate. Although the maximum 28-day compressive
strength was achieved with the pressed geopolymer prepared
with a higher SS/NaOH ratio (2.5), the geopolymer mixtures
with a lower SS/NaOH ratio (<2.0) were still acceptable since
they satisfied the mechanical property requirements
(>11.7 MPa) of construction materials, as specified in ASTM
C90 and ASTM C39.
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Fig. 10 — Oxide molar ratios of Si0,/Al,03, Si0,/Na,0 and H,0/Na,O0 at different S/L ratio, NaOH concentration and SS/NaOH

ratio.

Fig. 9 displays the microstructures of the pressed geo-
polymers with various SS/NaOH ratios. The microstructure of
the pressed geopolymer with a SS/NaOH ratio of 1.0 indicated
a greater number of pores and unreacted fly ash particles.
Contrariwise, the geopolymer with a SS/NaOH ratio of 2.0
exhibited lower porosity and a more compact geopolymer gel
structure, which further verified that a higher sodium silicate
content is advantageous to the formation of geopolymers.
This observation was corroborated by Haddad and Alshbuol
[32], where the increase in SS/NaOH ratio gave rise to the
formation of a more polymerised structure with fewer pores.

However, a higher quantity of partially reacted and
unreacted particles were presented when the SS/NaOH ratio
was higher than 2.0. This could be explained by the inade-
quate amount of sodium hydroxide, reducing the dissolubility

of the fly ash particles and causing them to become embedded
in the geopolymer matrix. As stated by Almalkawi et al. [33],
soluble silicate is crucial to ensure the appropriate poly-
condensation of geopolymers, provided an adequate amount
of Si*" and AI*' ions are dissolved from the aluminosilicate
materials. In short, for the effective dissolution of fly ash, a
sufficient NaOH solution is vital.

3.5. Effect of initial oxide molar ratios

As shown in Fig. 10, the initial oxide molar ratios were
determined according to the source materials and the alkali
solution. By setting the NaOH molarity and SS/NaOH ratio at a
constant value, the increase in S/L ratio corresponded to
mixes with a decrease in SiO,/Al,03 and an increase in SiO,/

Table 7 — Physical properties of pressed geopolymer with different pressing force.

Pressing force (t) Density (kg/m°) Porosity (%) Water absorption (%)

7 days 28 days 7 days 28 days 7 days 28 days
3 2182 + 8.0 2184 + 4.7 10.0 + 0.1 8.0+ 0.6 5.8 + 0.0 4.8+0.3
4 2188 + 2.3 2181+ 7.1 9.7 £ 0.0 82+0.3 5.7 +£0.0 48+0.2
5 2231 +6.4 2227 +5.3 7.5+05 7.0+0.3 44 +0.3 4.1+0.2
6 2212 + 0.4 2201+ 2.1 8.5+ 0.1 7.5+0.2 51+0.1 43 +0.0

Remark: + represents the standard deviation.
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Fig. 11 — The 7-day and 28-day compressive and flexural strengths of pressed geopolymer with different pressing force.

Na,0. At the same time, the H,0/Na,O remained unchanged.
A similar situation occurred when increasing the SS/NaOH
ratio with a constant S/L ratio and NaOH molarity, with the
Si0,/Al,03, Si0,/Na,0 and H,0/Na,0 increasing. In contrast,
an increase in NaOH concentration reduced the SiO,/Na,O
and H,0/Na,O, while the SiO,/Al,0; remained the same.
Based on the present study, the optimal SiO,/Al,03, Si0O,/Na,0
and H,0/Na,O initial molar ratios for maximising the
compressive strength are 3.7, 13.7 and 13.0, respectively.
Regardless of the increase in S/L ratio, NaOH concentration or
SS/NaOH ratio, the optimal performance of pressed geo-
polymers is achievable at intermediate ratios. This suggests
that the use of a high initial oxide molar ratio is not required to
enhance the mechanical properties of end products.

The mechanical performance of the geopolymers related to
the function of the SiO,/Al,05 ratio. The high SiO,/Al,05 ratio
promoted strength enhancement as the formation of Si—0—Si
bonds was more likely to occur than Si—O—Al and Al-O—Al
bonds, which are weaker [34]. This statement was rationalized
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Fig. 12 — Physical observation of geopolymer formed from
(a) 3 ton and (b) 6 ton of pressing force.

by Juengsuwattananon et al. [35], who found that initial SiO,/
Al,O; molar ratios of around 3.5—4.5 resulted in high
compressive strength and durability. Further increasing the
Si0,/Al,05 ratio degraded the strength of the pressed geo-
polymers due to the inhibition of the geopolymerisation
through Al-Si phase precipitation. In other words, the surplus
silicate content resulted in a lack of water evaporation and
structure formation, which diminished the strength of the
geopolymers.

Meanwhile, the SiO,/Na,O ratio was one of the influential
parameters that affected the mechanical properties of the
geopolymers. The Na,O content in the alkali activator played a
significant role in breaking down the glassy chain at the sur-
face of the source materials. The Si and Al ions dissociated
from the source materials prone to the formation of oligo-
meric silicate and aluminate species. After that, a condensa-
tion reaction took place between the oligomeric silicates and
the Al(OH),, causing the generation of networks of different
types of structure. The Na,O thus balanced out the charge of
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Fig. 13 — The 28-day stiffness of pressed geopolymer with
different pressing force.
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A: Unreacted fly ash; B: Globular unit; C: Pore; D: Geopolymer gel; E: Cracks

Fig. 14 — SEM micrographs of pressed geopolymers after 28 days with pressing forces of (a) 3 tons; (b) 4 tons; (c) 5 tons; and

(d) 6 tons.

the Al(OH), species, while the H,0 is combined with the Na,O
through the ion—dipole interaction [35].

The increased SiO,/Na,O ratio shifted the chemical reac-
tion towards the generation of silica species and led to the
formation of geopolymers with a promising mechanical per-
formance. However, this behaviour is likely to differ depend-
ing upon the circumstances. Leong et al. [36] prepared
geopolymers with potassium hydroxide (KOH) rather than a
NaOH solution improved the geopolymer's compressive
strength by reducing the SiO,/Na,0 ratio. Overall, it is desir-
able to consider the type of alkali activator used in the fabri-
cation of geopolymers.

In the geopolymer system, H,O acts as a carrier during the
geopolymerisation reaction, which is essential in supporting
the hydrolysis reaction of geopolymer binder and improving

Pressing

i

Inert fly ash

the workability of geopolymer mixture. Based on a previous
study [35], the initial H,0/Na,O ratio should be between 10.0
and 20.0 to ensure the good workability of the geopolymers for
the casting method. This statement was incongruence with
the findings of present study since the strength of the pressed
geopolymers was degraded when the H,0/Na,O ratio
increased to 13.0, which was attributed to the difficulty in the
compaction process of the geopolymer mix.

3.6. Effect of pressing force

Table 7 shows the physical properties of the pressed geo-
polymers obtained using various pressing forces. The density
of the pressed geopolymers fell within the range of
2182—2231 kg/m>. Generally, the bulk density of fly ash
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Fig. 15 — Schematic diagram of pressed geopolymer formed by increasing the pressing force.
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geopolymers formed via the casting method lies between 1700
and 1850 kg/m* [6], while the bulk density of metakaolin
geopolymers ranges from 1740 to 1780 kg/m?> [37]. As revealed
by the present study, geopolymers formed via the casting
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Fig. 17 — FTIR spectra of fly ash and optimized pressed
geopolymer.

method generally exhibit a comparatively lower density than
pressed geopolymers. The increased density of the pressed
geopolymers with the increased pressing force was attributed
to the inter-particle space and the volume reduction of the
geopolymer specimens. Meanwhile, the increased density
reduced the porosity and water absorption percentages.

The 7-day and 28-day compressive and flexural strengths
of the pressed geopolymer obtained using different pressing
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Fig. 18 — XRD patterns of fly ash and optimized pressed
geopolymer.
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forces are shown in Fig. 11. As the pressing force increases
from 3 to 5 tons, the 28-day strength of the pressed geo-
polymer increased attributed to the structural modification
and rearrangement of the geopolymer. This led to a final
structure with better strength properties and a lower volume
of pores.

However, a further increase in pressing force (>5 tons) had
a negative effect on the mechanical properties of the geo-
polymers. This was related to the fact that when the geo-
polymer mixture was subjected to 5 tons of pressing force,
most of the free pore fractions in the geopolymer matrix dis-
appeared, leaving pore fractions that were confined within the
hollow sphere and were difficult to remove [17]. Moreover, the
excessive pressing force caused the overflow of the alkali
activator, which reduced the degree of geopolymerisation and
led to inert fly ash, as confirmed by the inhomogeneous sur-
face (indicated by the red arrow (in the web version) in Fig. 12).
The geopolymer sample in Fig. 12a has a smoother and ho-
mogeneous surface in which the colour of the sample surface
is even. On the other hand, the geopolymer sample that pre-
pared by 6 tons of pressing force (Fig. 12b) has a smooth sur-
face at the top of the sample, but uneven surface at the
bottom.

The pressing stress of 100.0 MPa was needed to maximise
the compressive strength of geopolymer using the cold-
pressing technique is almost four times of that required for
the hot-pressing technique (pressing stress of 27.6 MPa) [17].
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As Hashimoto et al. [38] proposed, the hot-press treatment has
a similar effect as sintering at elevated temperatures, where
the removal of the liquid phase and the geopolymerisation
tend to be accelerated. In the present study, the specimens
were pressed under room temperature conditions, which
lowered the degree of reaction between the aluminosilicates
and the alkali activator. Therefore, a higher induced stress
was required to shorten the space between the solid particles
and enhance geopolymerisation.

The stiffness of 28-day pressed geopolymer prepared using
different pressing force are shown in Fig. 13. In general, the
stiffness of pressed geopolymer increased with pressing force.
The increase in pressing force considerably enhanced the
structure compactness and reduced the porosity, contributing
to the stiffness and flexural strength of geopolymer.

However, the stiffness of geopolymer in present study was
considered very low compare to that of other study [39—41]. It
was posited that the stiffness of a material was dependent to
the stress distributions on the cross-section of material [42].
During the flexural test, the stress will concentrate over a
small portion of the material and lead to the distortion of a
thin cross-section. Hence, the stiffness of material increased
with its thickness. It is foreseeable that the development of
stiffness of geopolymer in present study limited due to the low
thickness (7 mm) of the samples. In comparison to the hot-
pressed geopolymer, the cold-pressed geopolymer presented
a lower stiffness despite higher induced stress was used
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Fig. 19 — F-value in ANOVA analysis for four factors.
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during the forming process. The results could be supported by
the study of Nasvi et al. [43] which implied that the heat-
treated geopolymers are stiffer than the room-cured geo-
polymer. In light of this, the increased in stiffness with tem-
perature can be explained by the increased in the structural
rearrangement and densification of geopolymer which
improved the stiffness and brittleness of final product [44].

Fig. 14 depicts SEM images of the pressed geopolymers
fabricated using different pressing forces. Fig. 14a (3 tons) and
b (4 tons) show identical morphologies, which corresponded
to similar compressive strength results (Fig. 11). Both of these
geopolymer samples exhibited an inhomogeneous
morphology consisting of voids and unreacted fly ash. As
noted above, the subjection of a pressing force assists in
reducing the inter-particle space of the fly ash, which in-
creases the reactivity of the particles. Thus, it was anticipated
that an insufficient pressing force could generate a loosely-
packed microstructure, which will, in turn, increase the
porosity and water absorption of the pressed geopolymers
(Table 7).

The geopolymer subjected to a 5 tons of pressing force
indicated a more compact microstructure with less unreacted
fly ash particles. However, a further increase in pressing force
prompted an increase in the amount of unreacted fly ash
corresponding to the overflow of the alkali activator, which
hindered the geopolymerisation reaction. As aforementioned,
the pressing force induced stress on the geopolymer matrix
which lead to the compaction of geopolymer matrix. However,
overload of stresses in the samples will be relieved as cracks.
Also, the heterogeneous geopolymer materials with geo-
polymer matrix and unreacted fly ash particles will influence
the crack initiation and propagation, depending on the inter-
action and stresses between the different phases (Fig. 15). The
formation of cracks that adversely impacted the mechanical
development of the geopolymer.

3.7. Degree of reaction

Fig. 16 shows the degree of reaction of the 28-day pressed
geopolymers prepared using different S/L ratios, NaOH con-
centrations, SS/NaOH ratios and pressing forces. Here, it was
clear that the degree of reaction of the pressed geopolymers
was inversely proportional to the S/L ratio (Fig. 16a). A lower S/
L ratio indicated a higher alkali activator content participating
in the geopolymer system, which improved the Si** and AI**
dissociation and led to a better reaction rate. However, the
reactivity of the pressed geopolymers was not necessarily
guarantee the greatest mechanical achievement. This was
because the comparatively high alkali activator content could
destructively affect the development of morphology due to
pores formation. The existence of pores will lead to a stress
concentration point and result in structural failure. Even
when the comparatively higher alkali activator led to greater
reactivity; the greater amount of pores substantially reduced
the mechanical strength. While the pressed geopolymer with
an S/L ratio of 4.5 had the highest degree of reaction, it
exhibited the maximum percentage of porosity (Table 4) and
the minimum mechanical development (Fig. 4). Another way
of saying, while the degree of reaction could be one of the
determinants of the strength of pressed geopolymers, the

other design variables will also undoubtedly play a crucial
role.

As Fig. 16b shows, the increase in NaOH concentration
improved the reaction of the pressed geopolymers due to the
dissolution enhancement of the reacting materials. As the SS/
NaOH ratio increased from 1.0 to 2.0, the degree of reaction
increased from 38.5% to 39.7%. This was due to the increase in
the soluble silica content of the sodium silicate, which fav-
oured the polymerisation process of the geopolymerisation
and led to the formation of more reaction products. Further-
more, by increasing the pressing force from 3 to 5 tons, the
degree of reaction was increased from 33.0% to 39.7%, corre-
sponding to the inter-particle space reduction of fly ash par-
ticles, which, as noted above, increases the activity and/or
contact between the reacting particles.

3.8. Structural analysis

Fig. 17 manifests the Fourier transform infrared (FTIR) spectra
of the fly ash and the optimised pressed geopolymers after 28
days. The FTIR spectrum of the starting fly ash was similar to
that of the pressed geopolymers, with the most notable dif-
ference between the FTIR spectra associated with the broad
band centred at 959-997 cm™'. The main band of fly ash
located at 997 cm ™' shifted to a lower wavenumber after
geopolymerisation. This band was designated as the main
band and was attributed to the asymmetric stretching vibra-
tion of the Si—O—T bonding, where T is tetrahedral silicon or
aluminium [45]. The variation in the position and intensity of
the Si—O—T band corresponded to the generation of geo-
polymeric networks, while the shift also implied a structural
organisation where a large number of AI** ions were incor-
porated in the SiO4 tetrahedral with the increase in a non-
bridging oxygen structure. This indicated the development
of both larger molecular structures and some cross-linking [6].

The bands located at 1638 cm™' corresponded to the
bending of chemically bound water, H-O—H, due to the water
molecules in the geopolymer framework [46]. The band that
appeared at 2346—2355 cm™! was assigned to the physically
bound H-O—H corresponding to the water that was physically
absorbed on the surface or trapped in the pores of the geo-
polymer matrix. Another band resulting from O—H stretching
vibration was observed at 3219—3888 cm . In addition, the
geopolymers underwent atmospheric carbonation, as evi-
denced by the stretching vibration O—C—O band at
1440-1525 cm™* [17].

3.9.  Phase analysis

Fig. 18 compares the X-ray diffraction (XRD) diffractograms of
the fly ash and the optimised pressed geopolymer. The XRD
patterns revealed that the fly ash was composed of quartz as
the major phase and haematite and magnetite as the minor
phases, while the diffuse halo that ranged between 10° and 37°
20 indicated that the fly ash had a semi-crystalline and
amorphous structure.

After the geopolymerisation process, the position of the
halo that ranged between 10° and 37° 26 in the fly ash shifted
to higher angular values (15°—38° 20), suggesting the genera-
tion of a geopolymeric matrix. According to Criado et al. [47],
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quartz presents an unreactive phase. In fact, quartz peaks in
the pressed geopolymers indicated that they did not partici-
pate in the geopolymerisation process. However, the quartz
intensities in the geopolymer were lower than that in the fly
ash, attributed to the dilution effect [48]. Based on the XRD
patterns, no new crystalline phase was formed.

3.10. Statistical analysis

The F-values obtained via one-way analysis of variance
(ANOVA; confidence level = 95%) are shown in Fig. 19. The aim
was to investigate the significance of each factor on the
compressive strength, flexural strength, density and porosity
of the pressed geopolymers. The factors were regarded as
insignificant when the statistical F-value was less than the
theoretical F-value at a 5% significance level, which was 4.07.

The significant factors that governed the compressive
strength development of the pressed geopolymer were the S/L
ratio and the NaOH concentration. Here, the S/L ratio had the
greatest impact on the compressive strength among all the
factors. In terms of the F-value of the flexural strength of the
pressed geopolymers, all the factors (S/L ratio, NaOH con-
centration, SS/NaOH ratio and pressing force) were significant
in the following sequence: S/L ratio > SS/NaOH ratio > NaOH
concentration > pressing force. The S/L ratio had the most
influence on the strength development since it ensured the
feasibility of producing the specimen and the acceptable
content of alkali activator for the progress of the geo-
polymerisation reaction.

Besides, the density of the pressed geopolymer was only
affected by the pressing force used during the compaction
process. The force significantly reduced the pores and
enhanced the compactness of the geopolymers. The S/L ratio
and the SS/NaOH ratio were the decisive factors in the
porosity of the pressed geopolymers, given that these ratios
determined the amount of liquid medium in the geopolymer
mixture. When the liquid medium was high, the corre-
sponding porosity was also high.

In partial sum, except for the density of the pressed geo-
polymers, the S/L ratio had the most significant impact on the
properties of the pressed geopolymers. This ratio influenced
the pressing characteristics of the geopolymers and changed
the morphology of the resultant products.

4, Conclusion

In this paper, various experimental investigations deter-
mined the effects of S/L ratio, NaOH concentration, SS/
NaOH ratio and pressing force on the physical and me-
chanical properties of pressed geopolymers as well as their
reactivity. The optimal pressed geopolymer was formed
using S/L ratio of 5.5, NaOH concentration of 14 M, SS/NaOH
ratio of 2.0 and pressing force of 5 tons. The resultant
pressed geopolymer achieved excellent 28-day compressive
and flexural strengths of 114.2 and 29.9 MPa, respectively.
With a lower alkali activator content, the compressive
strength of the cold-pressed geopolymers was comparable
to that of hot-pressed geopolymers. A longer ageing time is
required for the former.

Based on the results obtained from the one-way ANOVA
analysis, the S/L ratio had the most significant effect on the
compressive strength, flexural strength and porosity of the
pressed geopolymers. Their density was only influenced by
the pressing force used in the compaction process. Hence,
compared to the casting method, the presence of a pressing
force and a lower S/L offers the possibility of developing better
physical and mechanical properties of geopolymers. The high
compressive and flexural strength achieved in this work
validated the potential of cold-pressed geopolymers for
application as functional building materials such as precast
concrete and tiles.
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