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Abstract. In recent years, attempts to increase the utilization of fly ash as a replacement for
ordinary Portland cement (OPC) in concrete have increased in significance. Geopolymer concrete
does not need the presence of Portland cement as a binder. Instead, an activating geopolymer
can be utilized with an alkaline activator. Moreover, the use of fly ash is more environmentally
friendly due to the reduced CO2 emissions and costs compared to OPC, which requires the
burning of large quantities of fuel and the decomposition of limestone and can result in significant
CO2 emissions. The compressive strength increases with the optimum NaOH molarity, fly ash/
alkaline activator ratio, Na2SiO3/NaOH ratio used, and curing process handled. Fly ash-based
geopolymer also provides superior performance givens its better resistance to aggressive
environments compared to normal concrete. This paper summarizes the current knowledge
about the properties and characteristics of fly ash-based geopolymer by reviewing previous
research work.

1. INTRODUCTION

The demand for concrete as a construction mate-
rial has increased as the demand for infrastructure
development has increased. However, the utilization
of cement pollutes the environment and reduces raw
materials (limestone). The manufacturing of ordinary
Portland cement (OPC) requires the burning of large
quantities of fuel as well as the decomposition of
limestone, resulting in significant emissions of CO2

[1]. For every ton of OPC manufactured, nearly one
ton of CO2 is produced, depending on the production
process adopted [2]. Cement plants have been
reported to emit up to 1.5 billion tons of CO2 into the
atmosphere annually [3]. As such, geopolymer
concrete has been introduced to reduce this problem.
Fly ash is abundantly available to replace totally

manufactured cement and make a concrete-like
material. This paper summarizes the current
knowledge of the properties of fly ash-based
geopolymer in utilizing this material to produce
valuable products in concrete technology.

2. RAW MATERIALS

The two main constituents of geopolymers are
source materials and alkaline liquids. Source
]4G8E<4?F�9_E�:8_C_?L]8EF�54F87�_A�4?H]<A4QF<?<64G8
should be rich in silicon (Si) and aluminum (Al).
These could be natural minerals such as kaolinite
and clays. Alternatively, fly ash, silica fume, slag,
rice-husk ash, red mud, and metakaolin, among
others, could be used as source materials as by-
product materials [4]. However, fly ash has
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advantages over metakaolin in that it is waste re-
source produced in huge quantities by coal-fired
power stations, making it an ideal environmentally
friendly feedstock [5].

An alkaline liquid could be used to react with
silicon (Si) and aluminum (Al) in a source material
of natural minerals or in by-product materials to
produce binders [6]. The alkaline activation of
materials can be defined as a chemical process
that provides a rapid change of some specific
structures, partially or totally amorphous, into
compact cemented frameworks [7]. Alkali activation
of fly ash is a process that differs widely from Portland
cement hydration and is very similar to the chemistry
involved in the synthesis of large groups of zeolites.
The most used alkaline activators are a mixture of
sodium or potassium hydroxide (NaOH, KOH) and
sodium silicate or potassium silicate [4,8].

3. MIXING PROCESS

Rattanasak et al. [9] proposed two types of mixing
CE_687HE8FRA4]8?L��F8C4E4G8�]<K<A:�4A7�A_E]4?
]<K<A:R4A7�]<K87�9?L�4F;�J<G;�4A�%4&��F_?HG<_A
to prepare a geopolymer paste. For separate mixing,
the NaOH solution was mixed with fly ash for the
first 10 minutes; a sodium silicate solution was
subsequently added to the mixture. However, for
normal mixing, fly ash, sodium hydroxide, and
sodium silicate solution were mixed at the same
time. From the results produced, separate mixing
produced a slightly stronger mortar than normal
mixing.

Some authors believe that the optimum mixing
order for alkali-activated binders is as follows. First,
solids are mixed (fly ash and/or aggregates). The
prepared activator is mixed with the solids, and the
mixture is placed in molds [10,11]. The samples in
molds are then compacted in three layers of equal
weight with standard compaction using a rod and
vibrating table [12]. Therefore, it is important to
confirm whether the mixing order remains the same
for other prime materials as well as how it is
influenced by the type of alkaline activator [8].

3.1. Various molarity of NaOH

According to Rangan [4], mixing both solutions
together at least 24 hours prior to use for the alkaline
liquid is recommended. The use of the sodium
silicate solution A53 with an SiO2-to-Na2O ratio by
mass of approximately 2 and sodium hydroxide with
97-98% purity is also recommended. The
concentrations of the sodium hydroxide solution that
can be used range from 8 to 16 M.

In our study, we found that the 12 M NaOH solu-
tion gives the highest compressive strength. This
result is supported by past studies [13] that also
found that a 12 M NaOH solution produced better
results than the corresponding 18 M NaOH solution.
However, other researchers [14] found that
increasing NaOH molarity increases the
compressive strength of the geopolymer. According
to findings [15] reported in such studies, when the
activator concentration is above a 10 M NaOH
solution, a lower rate of polymer formation is
produced due to the high concentration of NaOH,
resulting in a decreased strength. However, the study
carried out by Tushar et al. [16] stated that the
highest compressive strength of geopolymer was
affected when a 16 M NaOH solution is used.

3.2. Various fly ash/alkaline activator
ratios and Na2SiO3/NaOH ratios

Previous researchers [14,17] have stated that the
compressive strength increases as the fly ash
content and activator solution increase. Some
researchers [10,13] have stated that geopolymer fly
ash with a fly ash/alkaline activator ratio of 3.3-4.0
can be used. However, other researchers [13] have
stated that the fly ash/alkaline activator ratio is not
a relevant parameter influencing the compressive
strength. This conclusion has been contradicted by
other researchers. Previous research [9] has
concluded that the use of an Na2SiO3/NaOH ratio of
1.0 gives a strength of up to 70 MPa. One study
[14] indicated that the use of an Na2SiO3/NaOH ratio
of 2.5 gives the highest compressive strength
compared to the use of an Na2SiO3/NaOH ratio of
0.4. Sathonawaphak et al. [18] further stated that
geopolymer with a fly ash/alkaline activator ratio of
1.4-2.3 showed a high compressive strength of 42-
52 MPa. In addition, the optimum Na2SiO3/NaOH
ratio was 1.5 while the maximum strength of 48 MPa
was obtained in their study. However, in our study,
the highest compressive strength - up to 71 MPa -
was observed at the 2.0 fly ash/alkaline activator
ratio and 2.5 Na2SiO3/NaOH ratio.

4. CURING PROCESS

The curing temperature is the most important factor
for the geopolymer. When the curing temperature
increases, the setting time of the concrete
decreases [19]. During the curing process, the
geopolymer concrete experiences the
polymerization process. Due to the increased
temperature, polymerization becomes more rapid,
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Chemical    Fly ash component (wt. %)
 Kong et al. [32]   Temuujin and    Thokchom  Hardjito     Mustafa

Riessen [33] et al. [34] et al. [35]    et al. [36]

    Al2O3 27.0 23.63         29.8    26.49       23.59
SiO2 48.8   - 56.01    53.36       52.11
CaO  6.2 1.74         2.36     1.34 2.61

Fe2O3 10.2 15.3 3.58    10.86        7.39
K2O 0.85          0.84         0.73 0.80        0.80
MgO  1.4 1.2         0.30 0.77        0.78

    Na2O 0.37          0.38         0.61 0.37        0.42
P2O5  1.2          1.31 0.44 1.43 1.31
TiO2  1.3          1.32         1.75 1.47        0.88

     BaO 0.19   -  -        - -
MnO 0.15 0.13  -        -        0.03
SrO 0.16   -  -        - -
SO3 0.22 0.28          Nil      0.20        0.49

     ZrO2 -   -  -        -          -
LOI  1.7 1.78 0.40      1.39          -

Table 1. Chemical composition of fly ash.

and the concrete can gain 70% of its strength within
3 to 4 hours of curing [1].

Generally, heat-curing is recommended for fly-
ash-based polymers. Rangan [4] stated that heat-
curing (steam curing or dry curing) can assist in the
chemical reaction that occurs in the geopolymer
paste. The results demonstrate that the compressive
strength of dry-cured geopolymer concrete is 15%
higher than that of steam-cured geopolymer
concrete. Nuruddin et al. [20] found that externally
exposed curing is better than hot gunny and ambient
curing. Both curing time and curing temperature
influence the results for compressive strength of
geopolymer concrete. A higher curing temperature
results in a higher compressive strength. However,
4�6HE<A:�G8]C8E4GHE8�58L_A7��
�N��7_8F�A_G�<A6E84F8
the compressive strength [4]. Our research found
G;4G�G;8�_CG<]H]�6HE<A:�G8]C8E4GHE8�_9��
�N��:<I8F
the highest compressive strength. Meanwhile, the
�
�N��6HE<A:�G8]C8E4GHE8�J4F�4?F_�E86_]]8A787
in manufacturing fly ash and kaolinite geopolymer
[4,10].

5. CHARACTERIZATION OF
GEOPOLYMER

5.1. X-ray fluorescence (XRF)

The chemical composition of the aluminosilicate
precursors was determined using XRF. Table 1
shows the chemical composition of fly ash
(determined by researchers using different sources).

5.2. X-ray diffraction (XRD)

The basic material of the geopolymer-based fly ash
is of a prevailingly amorphous character only seldom
containing needle-shaped minority crystals. The X-
ray diffraction (XRD) pattern of fly ash in its as-
received condition is shown in Fig. 1, which also
<??HFGE4G8F�G;8�C;4F8F�CE8F8AG�<A�G;8�9?L�4F;R
namely, silica (SiO2), alumina (Al2O3), and quartz
[21,22].

5.3. Scanning electron
micrograph (SEM)

Fig. 2a is a SEM image showing the characteristic
morphology of the original fly ash. The majority of
the fly ash particles are spherical in nature and are
precipitator type fly ash [21]. This ash consists of a
series of spherical vitreous particles of different sizes
(diameters ranging from 200 to 10 Am). Although
usually hollow, some of these spheres may contain
other particles of a smaller size in their interiors.
Fig. 2b highlights the first changes detected in the
microstructure of the fly ash system as a
consequence of the caustic dissolution attack and
C_FG8E<_E�G;8E]4?�6HE<A:� ��;_HEF�4G����N�����8E8�
the spheres seem to be almost intact or appear
within other spheres, depending on the degree of
local reactivity. Indeed, in the early stages of the
process, the alkaline dissolution dissolves part of
the shells of the spheres, exposing the smaller
particles (trapped inside the larger ones) to the
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Fig. 1. X-ray diffractogram of fly ash.

Fig. 2. SEM pictures: (a) original fly ash, (b) fly ash
activated with alkaline activator [37].

Fig. 3. Appearance of fly ash-based geopolymer
[37].

alkaline attack as well. At this particular reaction
time, the reaction product is a sodium silicoaluminate
[23].

The process of geopolymeration causing the
hardening of the material is different from the
processes of hydration of the inorganic binders, such

(a)

(b)

(a)

(b)
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Fig. 4. FTIR of fly ash and fly ash-based geopolymer.

as in Portland cement. This process is primarily
EHA�5L�4�SG;E_H:;�G;8�F_?HG<_AT�]86;4A<F]��J;8A
parts of the fly ash are initially dissolved in strong
alkali-surrounding solution and then a new
geopolymer structure is developed in this solution
(see Fig. 3). The gel produced was in a colloid form
varying in size from less than 1 �m to about 20 �m.
As more gel was formed, it overwhelmed the fly ash
particles and formed a continuous mass of alumino-
silicate [9].

5.4. Fourier transform infrared
spectroscopy (FTIR)

The FTIR spectra for both raw fly ash and geopolymer
paste demonstrated remarkable differences (see Fig.
4). The vibration at 1020 cm-16_EE8FC_A7<A:�G_�)<Q
O 4A7��?Q&�<A�G;8�E4J�9?L�4F;�J4F�F;<9G87�G_�?8FF
than 1000 cm-1. Such a shift is understood to be a
penetration of Al4+ atoms into the original
4EE4A:8]8AG�_9�G;8�)<Q&Q)<�F>8?8G4?�FGEH6GHE8���
similar phenomenon appears in a zeolite structure.
The greater the shift of the vibration spectrum, the
greater the intrusion of Al4+ from raw fly ash into the
[SiO4]

4- [24]. The line obviously corresponds to the
�Q)Q��C;4F8�9_E]87����6?84E�7<998E8A68�8K<FGF
among original fly ash and geopolymer paste on
the FTIR spectra [24,25].

5.5. Differential scanning
calorimetry (DSC)

DSC was used to measure a number of
characteristic properties of the geopolymer pastes.
Using this technique, it is possible to observe
exothermic and endothermic events as well as glass
transition temperatures (Tg). The range of
<AI8FG<:4G<_A�<F�58GJ88A��

�4A7��

�N��1��2���)�
thermograms (exothermal up) of the geopolymer
studied by Chindaprasirt and Rattanasak [26] are
shown in Fig. 5. As this figure indicates, the DSC
thermogram of fly ash is smooth, with no sign of

reaction. The fly ash geopolymer demonstrated
some peaks in the matrix. When the Na2SiO3/NaOH
ratio is 0.5, the exothermal peaks occurred at a
G8]C8E4GHE8�58GJ88A��
�4A7��
�N�����F<:A<9<64AG
C84>�_9�G;8�J4G8EUF�]8?G<A:�C_<AG�J4F�_5F8EI87�<A
4??�:8_C_?L]8E�F4]C?8F�4G�
�N��1�2�

5.6. Thermal gravimetric
analysis (TGA)

In this TGA test, the mass loss was measured while
the specimens were gradually exposed to increasing
temperatures. Powdered specimens were used in
TGA to ensure the achievement of thermal
equilibrium during transient heating [1]. Fig. 6 shows
the results of the TGA/DTG analysis of the
:8_C_?L]8E�C4FG8�9E_]�"_A:�4A7�)4A=4L4AUF�FGH7L
1��2��*;8�F;4EC�786E84F8�<A�J8<:;G�589_E8���
�N�
as recorded in the TGA thermogram is attributed to
the loss of evaporable water in the geopolymer. The
786E84F8�<A�J8<:;G�C84>87�4G�����N���4F�<A7<64G87
by the DTG curve. After the initial rapid decline, the
:8_C_?L]8EUF�E4G8�_9�J8<:;G�?_FF�FG45<?<M87�58GJ88A
��
�N��4A7��

�N���#<GG?8�6;4A:8�_66HEE87�<A�G;8
percentage of weight remaining beyond 700 NC. The
average total percentage of weight remaining after
�

�N��8KC_FHE8�J4F�����

6. PROPERTIES OF GEOPOLYMER

6.1. Workability of fresh geopolymer

Water plays as an important role in geopolymer
concrete as it does in normal concrete. Water is
used in geopolymer to improve the workability, but
it increases the porosity in concrete due to the
evaporation of water during the curing process at
the elevated temperature [17]. Chindaprasirt et al.
[27] discovered that an increase in sodium hydroxide
and sodium silicate concentration reduces the flow
of mortar. The workable flow of geopolymer mortar
_66HEE87�<A�G;8���
�P���G_��
��P 5% range. To improve
the workability of mortar, superplasticiser or extra
water can be added. However, the use of
superplasticiser has an adverse effect on the strength
of geopolymer. As such, extra water gives greater
strength than the addition of superplasticiser. Reddy
et al. [28] stated that, as the molarity of the NaOH
solution increases, the workability of concrete
decreases.

6.2. Compressive strength

Compressive strength is an essential property for
all concrete as it also depends on curing time and
curing temperature. When the curing time and
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Fig. 5. DSC Thermogram geopolymer paste with fly ash.

Fig. 6. TGA of fly ash geopolymer paste.

temperature increase, the compressive strength also
increases. With curing temperatures ranging from
�
�G_��
�N��J<G;<A�4�G<]8�E4A:<A:�9E_]����G_���
hours, the compressive strength of concrete can be
obtained at approximately 400 to 500 kg/cm2 [19].
In addition, the compressive strength of
geopolymers also depend primarily on the content
of fine particles of fly ash (smaller than 43 mm). The
compressive strength increases as the finest of fly
ash increases. Hence, the nature and concentration
of activators are dominant factors in the reaction of
alkali activation. The highest compressive strength
was obtained using a solution of sodium silicate as
an activator (n = 1.5; 10% Na2O). Sodium silicate is
most suitable as an alkaline activator because it
contains dissolved and partially polymerized silicon,

which reacts easily, incorporates into the reaction
products, and significantly contributes to improving
the mortar characteristics [29].

6.3. Resistance to aggressive
environment

The durability of concrete is an important
requirement for the performance of the structure in
aggressive environments throughout its design life
period. The durability of concrete primarily depends
upon its permeability characteristics. Impermeable
concretes can resist the ingress of aggressive ions
into the concrete, thereby reducing the damage
occurring due to the deterioration of concrete and
the corrosion of steel in concrete.
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Fly ash-based geopolymer has been shown by
many studies to provide better resistance to an
aggressive environment. As such, this advantage
can be used to construct a structure exposed to a
marine environment [19]. The exposure of the
geopolymer in the acid solution shows that the
weight loss due to the exposure is only 0.5%
compared to normal concrete when immersed in
3% sulfuric acid. [17] According to Bakharev [30],
in acidic exposure, high-performance geopolymer
materials deteriorate with the formation of fissures
in an amorphous polymer matrix whereas low-
performance geopolymers deteriorate through the
crystallization of zeolites and the formation of fragile
grainy structures. The formation of aluminosilicate
gel is important for determining the stability of the
geopolymer. Crystalline geopolymer material
prepared with sodium hydroxide is more stable in
the aggressive environment of sulfuric and acetic
acid solutions than amorphous geopolymers
prepared with a sodium silicate activator.

Thokchom et al. [31] exposed the geopolymer
mortar to 10% sulfuric acid and found specimens
that were still intact and did not show any
recognizable change in color after 18 weeks. When
observed under an optical microscope, the exposed
surface revealed a corroded structure that
progressed with exposure over time. In addition, the
weight loss results obtained in this study showed
better performance than OPC; specimens with a
higher alkali content were observed to lose more
weight than specimens with a lower alkali content.
At 18 weeks, the specimens were fully dealkalized
by the sulfuric acid, but they still had substantial
residual compressive strength to prove the higher
resistance against acid exposure [31].

7. CONCLUSION

Investigations about fly ash-based geopolymer have
found a potential material for replacing the used of
OPC in infrastructure development. However, it must
be noted that different samples of fly ash may give
different reactivity due to their varying chemical
compositions. The current knowledge shows that
the influence of NaOH molarity, fly ash/alkaline
activator ratio, Na2SiO3/NaOH ratio, and curing
temperature are essential for achieving the optimum
strength of geopolymer. Moreover, the durability of
the fly ash-based geopolymer is better than OPC
when exposed to an aggressive environment.
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