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This paper presents a review on fly ash as prime materials used for geopolymer. Due to its advantages of
abundant resources, less in cost, great workability and high physical properties which lead to achieve high
mechanical properties. Fly ash is considered as one of the largest generated industrial solid wastes or so-
called industrial by products, around the world particularly in China, India and USA. The characteristics of fly
ash allow it to be a geotechnical material to produce geopolymer cement or concrete as an alternative of
Ordinary Portland cement. Many efforts are made in this direction to formulate a suitable mix design of fly
ash based-geopolymer by focusing on fly ash as the main prime material. The physical properties, chemical
compositions and chemical activation of fly ash are analysed and evaluated in this review paper. Reference
has been made to different ASTM, ACI standards and other researches work in geopolymer area.
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The production of Ordinary Portland cement (OPC)
contributes approximately 7% to the total of global
greenhouse gas emissions, this is considered as a serious
problem for the environment [1, 2]. Recently, much
research has been done to explore an alternative product
which could replace OPC. Geopolymer was firstly proposed
by Davidovits [3] as an alternative binder to OPC.
Geopolymer is defined as a chemical reaction of
aluminosilicate compounds, which have geological origins,
such as clay and metakaolin or from industrial by-products
for example, Fly Ash (FA) and ground granulated blast
furnace slag (GGBFS) [3-6].

The collection of FA from the coal-fired power plants is
based on different equipment and filtration processes. The
source and the structure of burned coal significantly
impacted on FA compounds. But, generally, all types of FA
contain a huge amount of silicon dioxide (SiO2) (both
amorphous and crystalline), aluminium oxide (Al2O3) and
calcium oxide (CaO) [7]. The typical chemical composition
of FA which is obtained from Manjung power plant at Perak
in Malaysia is presented in Table (1). It is classified as class
F fly ash, which will be detailed in the next section. FA with
high percentage of silica (SiO2) and alumina (Al2O3) (more
than 80%) could be appropriate in the production of
geopolymer as a raw material. According to Davidovits [3]
geopolymers are classified as binder materials, which
could be formed by the activation of aluminosilicate with
alkaline solutions. The term ‘Geopolymer’ was first
introduced by Davidovits and also well known as inorganic
polymers or alkaline activated binder material [7]. This
review paper evaluates the significant characteristics of
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FA and its advantages as raw materials in geopolymer
cement and concrete.

Classification
ASTM C618 classified FA into two main classes based

on the source of mineral coal, these categories are
appropriately considered as important classes in the uses
of concrete [9]. The named class F and class C of FA have
many similarities in terms of physical characteristics.
However, a chemical composition analysis is required to
distinguish between both classes. The total amount of silica
(SiO2), alumina (Al2O3), and iron oxide (Fe2O3) as the
constituents of FA will determine the type of class. Fly ash
is therefore classified as class F if the silica, alumina and
iron oxide content is at least 70% of the total mass, and
has a limited percentage of  calcium oxide (CaO) (content
no more than 10%). Class C FA constitutes at least 50% of
silica (SiO2), alumina (Al2O3), and iron oxide (Fe2O3) of the
total mass and the calcium oxide (CaO) content is high
(from 10 to 30%), with a high reactivity of almost all
constituents [10].

Recently, many studies have been attempted in analysis
and synthesis of geopolymer. Some challenges have been
faced in researching geopolymer process conditions and
trying to identify the main aspects that limit and determine
the reactivity of FA and geopolymers structure and its
characteristics. FA based geopolymer could be affected
by many parameters, these parameters are significantly
related to the primary materials and their characteristics,
such as size and distribution of particles, the glassy phase

Table 1
CHEMICAL

COMPOSITIONS OF FA [8]
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in the content, the reactivity of both silicon and aluminium,
constituent of iron, calcium and inert particles, and also
the type of activator solution and its concentration [11–
43].

Diaz et al. [21] supposed that the mechanical strength
of geopolymer could be affected by many parameters of
the mix design, for example the ratio of NaOH to Na2SiO3
and activator solution to FA ratio. In addition, other factors
could have significant impact on the behaviour of fresh
and hardened geopolymer, such as the physical and
chemical properties and also the crystallographic of FA.

Particles size of FA could have a significant impact on
the strength development in two ways. Firstly, when the
particles are up of 45 µm, this has an influence on the
water requirement in an adverse way. Particles sizes have
an important effect on the reaction rate of FA at early
stages. Secondly, once diffusion and dissolution of
materials occur in concentrated pastes, surface area of
the particles might play a considerable role in determining
the kinetics of different processes [10]. Salloum [22]
concluded that, form a study of 36 different concrete
mixtures, there was a relationship linked to the fineness of
FA and strength development in concrete. Due to the
fineness of ash particles the reactivity level increases, this

could appear in the case of low-calcium ashes compared
to those of higher in calcium content.

Physical characteristics
The performance of concrete is significantly impacted

by the physical characteristics of FA, these characteristics
could be the volume, rheology and water content in the
slurr y, pore distribution and also the reactivity of
constituents. Table 2 presents different standards of
pulverized FA (PFA) and its uses in concrete [10].

Brahammaji et Muthyalu [44] claimed that, the
production of optimal properties of a geopolymer binder,
class F fly ash should contain less than 5% of unburned
material, no high than 10% of Fe2O3 and lower in CaO
content. Also the reactive silica amount should be between
40 to 50%, and 80 to 90% of particles should be smaller or
in the range of 45µm. A high amount of CaO leads to
produce higher compressive strength, due to the formation
of calcium-aluminate-hydrate (C-A-H) at the early age. The
other characteristics which could influence the suitability
of FA as a source material for geopolymers are, amorphous
content, this means the amount of SiO2, Al2O3 and Fe2O3
and also the morphology of FA.  Other researchers [39]
have reported that the amount of CaO+MgO could controls
the characteristics of surface and the degree of progress

Table 2
COMPARISON OF SOME

STANDARDS ON PFA
FOR USE IN

CONCRETE a [10]

a The individual standards may be referred for more details.
b The 28 day compressive strength (N/mm2) of blended cement mortar is expressed as the percent of that of the control
Portland cement (PC) mortar. The ASTM standard for the purpose: ASTM C311: Standard test methods for sampling and
testing fly ash or natural pozzolans for use in Portland-cement concrete.
c Not specified but generally below 10% when FA is produced from burning of anthracite or bituminous coal.
d The equivalent alkali content, expressed as Na2O, is obtained as: Na2O + 0.658 K2O.
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of mortar and concrete carbonation. This occurs by
providing anions and controls dosage requirements of
water-reducing agents.

Particle shape and form
Particle distribution and their size are considered the

main physical factor for the geopolymerization process [23,
25]. Komljenovic et al. [26] stated that, the reactivity of FA
increases with increasing its fineness, which leads to an
improvement of geopolymer properties. Basically, the
formation of ash particles occurs during the condensation
and liquefaction process of incombustible inorganic matter,
which is remained after coal combustion [27–29]. The
shapes of FA particles depend on the combustion
conditions and condensation process. In general, there are
two major combustion processes. The first process occurs
when the temperature ranges from 1204 to 1727°C, this
process is called the pulverized coal firing system. The
second process is known as fluidized bed combustion
which could be peaked at temperature ranged between
827 and 927°C. Typically, the first process is the most
common used one in the large thermal plants [20].

Surface tension of the melt plays a significant role in the
formation of spheroidization of pulverized FA particles. Two
types of particles could be formed, cenospheres form which
are ash particles hollow from the inside, and plerospheres
which are hollow ash particles but including smaller
particles inside as is shown in figure 1. Brouwers and Eijk
[30] suggested that, the formation of plerospheres is as a
result of the cracking or puncturing of the primarily hollow
particles during handling work, but not related to the
melting process. Jayant [10] reported that the shape and
surface characterization of FA particles have an impact on
concrete in terms of water demand, in particular at the
desired slump stage. The spherical forms of FA particles
minimize inter-particle friction and leads to the creation of
a dynamic system between particles in a concrete. This
process improves the flow properties of the concrete. An
experimental study was carried out by Atis et al. [31] on
the properties of different types of FA. Their results showed
that there is many similarities between the chemical and
mineralogical composition of all types of FA and also the
physical properties such as specific surface area, particles
shape and their distribution. To explain the performance of
concrete from the strength and workability point of view,
some authors proposed a new parameter called ‘Shape
factor’ which is mainly based on the specific surface area
of FA particles [10].

Another study shows that, around 90 % of tested FA could
reduce water requirement of mortar mixtures. A correlation
has been proposed to show the relationship between water
demand and fineness and also water requirement and loss
on ignition. Further, the addition of FA has a significant effect
on the rheological properties of cement paste and
workability of concrete, due to the small spherical particles
of FA. Givi et al. [32], believed that, the proportion of coarse

material in the ash usually (up to 45 µm) is mostly the
main parameter affecting the workability of concrete. A
study carried out by Feng and Clark [33], confirmed that
the water requirement has been effected by both sieved
residue and loss on ignition (LOI), where the LOI has
impacted on water demand, due to the absorption of water
molecules by porous carbon particles.

Particle specific gravity
According to ASTM C188 the specific gravity of FA

particles can be determined by the same method that is
used for hydraulic cement [34]. If there is a water-soluble
molecule in FA, it is recommended to use non-aqueous
solvent as a replacement for water. ASTM C188 classified
the specific gravity of various and common mineral
admixtures such as FA, PC and GGBFS as follows; 2.0 -
2.7, 3.0 - 3.20 and 2.9 - 3.0 respectively [10]. Sabat [35]
assumed that FA could be the most suitable geotechnical
material, due to its resistivity in terms of high shear strength,
low specific gravity, less compressibility and good physico-
chemical properties. FA mainly contains silica, alumina,
iron and calcium, with less quantity of magnesium, sulphur,
sodium, potassium and carbon. The density or specific
gravity of FA depends on its chemical compounds and
typically ranges between 1.9 and 2.8 [36].

Size and fineness of particle
As mentioned before, FA particles have spherical solid

forms with hollowing inside as cenospheres or plerospheres
form. FA particle sizes vary from 1µm to more than 100
µm. In general, 10% to 30% of particles are larger than
45µm, with 300 to 500 m2/kg of surface area. However,
some types of FA have low or high surface area between
200 m2/kg and 700 m2/kg respectively [36-54]. There are
two ways to measure the particle size and fineness of FA:

-Specific surface area by Blaine apparatus: This
method is based on the time passing through a bed of FA
and correlated with its specific surface area in m2/kg.

ASTM does not exaggerate any specific requirement for
the surface area of FA, which could be used in concrete.
Whereas, the Indian Standard IS 3812 Part 1 [37] specifies
320 m2/kg of FA as a minimum Blaine area for use in
concrete.

-Residue on 45 µµµµµm sieve by wet-sieve analysis: This
method is used to measure the percentage of particles in
FA bigger than 45 µm as is referred to in ASTM430 [38].
Many countries follow this method for their national
standards [10].

Fig. 1. Scanning electron microscope of FA: (a) cenospheres and
(b) plerospheres particles [10]

Fig. 2. Scanning electron
microscope (SEM)

micrographs of fly ash
particles [48]

Some research showed that, particles of raw FA mostly
range from 1 to 100 µm in figure 2. The particles less than
10 µm are the ones that react and contribute in the
formation of early strength (7 and 28 days). Whereas, the
particles between 10 and 45 µm react slowly and lead to
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the formation of a late strength (up to 1 year). The particles
higher than 45 µm could be considered as inert and largely
act as fine sand (filler) [10, 36].

Colour
FA from bituminous coal has a darker grey colour which

comes from lignite or sub-bituminous coal and also can
be buff to tan in colour. It is thought that the grey colour
could be explained by the presence of unburned carbon
(UBC). If the percentage of carbon is low or absent in ash,
then the colour might be brown, due to the presence of
iron (+3) compounds. The colour changes to bluish grey
to grey if the iron compounds are (+2) [10].

Tanosaki, Yu and Nagataki (2011) have reported that
the use of colorimetric methods or as is known as the
Munsell system to identify colours by following the next
three dimensions, Hue, Value (lightness), and Chroma
(colour purity). In 1905, Professor Albert H. Munsell created
the Munsell system [39]. According to Malacara [40] figure
3, describes the colour circle system. The system is divided
into five principle hues: Red, Yellow, Green, Blue, and Purple,
along with five intermediate hues halfway between
adjacent principle hues. Each of these ten categories is
used to divide into other ten sub-categories, so that 100
hues are given integer values [40].

that a strong correlation exists between the glass content
and the ratio of potassium to aluminium oxides (K2O/
Al2O3). ASTM classification shows that, the composition of
glass in class F fly ash is different from that in class C. A
high polymerized glass network is observed in class F FA,
but the glass matrix depolymerizes when the CaO
increases in comparison with Al2O3 content [10, 30, 44].

Setting time
The addition of FA or other raw material such as GGBFS

generally delays the setting time of concrete. The initial
and final setting time averages of class F and class C FA
are 4:50, 4:40 and 6:45, 6:15 (h:min) respectively. Setting
time could be affected by different factors, for example
the amount of Portland cement, water demand, the
reactivity of the pozzolan dosage or FA and the temperature
of concrete. Hot weather plays a positive effect on setting
times and is considered as an advantage, by giving enough
time for placing and finishing the handled work. On the
other hand, if the weather is cold, setting time could be
controlled by additives, which delay the finish operation.
Some of accelerating admixtures and calcined shale or
clay could be used to decrease setting time [36].

FA might have an influence on the rate of hardening of
cement [46, 48] for the following reasons:

-FA is considered as cementitious and contains high
calcium (class C FA).

-FA could containing sulphates which leads to a reaction
with cement in the same way as when gypsum added to
Portland cement.

-The fly ash cement mortar might contain less water
and this has a significant effect on the rate of stiffening.

-The surface-active agent which could be added to
modify the rheology (water reducers) of concrete, could
be absorbed by FA and this leads to an influence on the
stiffness of mortar.

-FA particles could act as nuclei for crystallization of
cement hydration products [45-48].

Physical treatment
A study carried out by Barry [49] shows that the CSA

(Canadian Standards Association) standard A23.5-M1982
on plant scale gets an advantage by improving the quality
of use FA with high finer size of particles. The results
showed an improvement in terms of reactivity and activity
of FA, reducing water requirement and resulting in an
enhanced the ability to control alkali-aggregate reaction.
It is observed that the particle size (or the particle surface
area) and the size distribution have a significant role in
determining the activity of FA. Therefore, FA with finer
particles size could replace a high proportion of cement
without affecting the strength [10].

However, Adam [59] and Ramezanianpour [48], have
performed more than 340 tests of 14 sources of FA [48-
64]. Their results showed that there is no correlation
between fineness and compressive strength at the ages of
7 and 28 days for mortars, but a minor correlation was
found at 90 days. Joshi [63] and Ravina [64] have exploited
a new phenomenon which is called ‘particle-size
segregation phenomenon’. Electrostatic precipitators’
method was used to obtain FA fractions of different fineness
from a particular source. Another experiment was carried
out by Joshi [63] by investigating the proportion of particles
of four types of FA, which are up to 45µm from a modern
power plant. The retained percentages of 45 µm sieve for
each type of FA are 5, 16, 32 and 38%. The results indicated
that replacing 10 and 20% of finer FA in concrete leads to
develop a significant strength. These results have been
supported by those found by Ravina [64], when the

Fig. 3. Munsell colour
circle [40]

Unburned carbon
Unburned carbon (UBC) is mostly the significant affecting

particles on the loss on ignition (LOI). During hydration
process the carbon particles do not have any part in the
chemical reactions. However, they have an impact on the
water requirement in concrete. Carbon particles have a very
strong affinity and attraction to the organic chemical
admixtures. For example, air-entraining agents (AEA), this
chemical agent has absorbed on the carbon and negatively
effects the hardened concrete. In general, the absorption
degree depends on many factors, such as surface area, and
type of carbon in terms of its polarity and particles size. An
experimental study showed that FA with less than 3 to 4%
of carbon not have a greater effect on the performance of
organic chemical admixtures [10]. On the other hand, Ha
et al. [41] reported that the use of FA as raw material, which
contains around 8% of UBC could accelerate the corrosion
of reinforcement steel.

Chemical and mineralogical composition of FA
FA has varieties of chemical compositions, the averages

of the main elements of  FA in some European countries
(France, UK, Germany), USA and far Asian countries (Japan,
China, India) are given as follow 53.05 %, 27,24 %, 5.50 %
for SiO2, Al2O3 and Fe2O3 respectively [10]. However, another
study reported that FA consisted of a heterogeneous mixture
of complex aluminosilicate glasses and other crystalline
elements [42]. The structure of aluminosilicate glass is an
amorphous form, but it could be modified due to the addition
of alkaline and metal oxides such as Na2O, K2O, MgO, CaO,
and FeO. A study carried out by Das and Yudhbir [43] showed
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pozzolanic activity index of low calcium FA from the same
precipitator, was used for testing.

 Effect of FA on workability and water requirement
In general, rheological properties of cement pastes could

be impacted by the morphology and the small size of the
spherical particles of FA. The amount of calcium in FA
particles (low calcium) has a significant influence on the
rheology of pastes by reducing the amount of water demand
and increasing workability. According to Davis et al. [50],
FA is considered as a particular material comparing with

temperature 600oC on concrete with a mix of Portland
cement, slag and FA, as is illustrated in Figure 5. Under a
high temperature, the addition of FA has no effect on the
behaviour of the concrete, however the changes in
concrete properties or decreasing of strength could be
observed at the same range of temperatures [46].

Fig. 4. Influence of
coarse-particulate
content of FA on

water requirement
for equal workability

in concrete [51]

Fig. 5. Compressive strength of concretes after 1 month of
exposure to various elevated temperatures [58]

other pozzolans by leading to the increased water
requirement of concrete mixtures. Owens [51] believed
that the main characteristic of FA, which has a significant
effect on workability of concrete, is the proportion of coarse
material (up to 45 µm) which could exist in FA. The effect
of coarse particles on the water requirement is shown in
figure 4.

Much research has been carried out by Lloyd and Rangan
[52] on the use of FA in geopolymer concrete. It is
investigated that not only compressive strength could be
affected by the characteristics of initial materials, but also
workability of geopolymer concrete. However, other studies
have shown that workability might be related to; the ratio
of alkaline activator solution (AAS) to binder, and
composition and nature of the chemical admixture which
has been used [57].

Sathia, Babu Ganesh and Santhanam [68] have reported
that the ratio of H2O to Na2O of 10-14 is only used when FA
content is about 408 Kg/m3 in a designed concrete, this
ratio could be changed depend on FA content [64-73]. Thus,
Siddique and Iqbal Khan [73] stated that  for an equal w/c
ratio and depending to the spherical shape and glassy
phase on the FA particles surface a greater workability
could be achieved.

Ramezanianpour [48], stated that, due to the necessity
of mixing and placing concrete in a reinforced fromwork,
it is necessary to maintain its workability. This could be
determined by  the rheological properties of the system,
which are in turn impacted by all the components. Thus, it
is important to understand the rheological behavour and
the main role of FA in the fresh concrete, which leads to
exploit the potential role of FA for improving concrete [48].

The impact of FA on durability of concrete exposed
to elevated temperatures

Recently, the requirement of infrastructure and its
development such as in nuclear reactor containment
structures exaggerates the use of concrete, which could
withstand high temperatures. Many researchers have
studied the effect of elevated temperature on FA concrete
in the range of 230oC [54-57]. Another study was carried
out by Carette et al. [57] which showed the influence of a

In addition, degradation of concrete structures is strongly
affected by the chemicals attack. For example, the
penetration of chloride ions into the concrete lead to
chemical reactions which could help in the formation of
corrosion around reinforcement. This could be the reason
of early end to a structure’s life cycle. Other studies have
carried out by Thomas et al., [66], Uddin and Shaikh, [67]
have reported that resistance of concrete to the
immigration of chloride ions is mainly controlled by porosity
and inter-connectivity of pores system and also depends
to the chemical binding capacity of cement.

FA requirements for geopolymer
In order to achieve an efficient geopolymer synthesis, it

is required that silica (SiO2), alumina (Al2O3) and iron
(Fe2O3) should be in high proportions [69]. Further, the
activity of FA or the formation of aluminosilicate gel is related
to the nature of environment, which could be acidic or
basic [70] and also high concentration of calcium has an
important effect on the reaction, by accelerating its rate.
Komljenovic, Basc and Marjanovic [26] reported that, the
reactivity of FA could be influenced by many factors which
inturn effects the characteristics of FA-based geopolymer,
such as glassy phase, particle size distribution, the presence
of iron, calcium, and  inert elements. However, the reactivity
of FA is not depending only to the glassy phase, but to the
whole FA, this means that the glassy phase has a limitation
degree. Therefore, the reactivity of FA is usually depends
on the dissolution level of FA in the alkaline activator [20].
As aforementioned, Loss on ignition (LOI) is defined as
the unburned carbon presents in FA and how that affects
the quality of paste or concrete by increasing the water
requirement and reducing the reactivity of pozzolanic
constituents. ASTM C618 (2008) has reported that, the
required percentage of LOI is limited to 6% maximum [59].
Another study showed that a high proportion of SO3 in
concrete could lead to instability in volume, which in turn
has an impact on durability. However, it is reported that,
about 5% of SO3 of FA could be used as a concrete binder
[76-84].
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Chemical activation
Blanco et al. [71] have proposed a procedure of using of

wet milling and leaching with sulphuric acid to activate
FA. One of the main applications to use the activated FA is
to substitute silica fume in concrete, which could lead to
achieve a high strength, due to the decrease of pore size in
the hardened concrete. The addition of a limit amount of
sodium sulfate or potassium sulfate (Na2SO4 or K2SO4)
mixed with calcium hydroxide (Ca(OH)2) has a substantial
effect on acceleration of hydration and compressive
strength. A study carried out by Görhan and Kürklü [65]
investigated that the activation of mortar samples by using
NaOH of 6M leads to increase in compressive strength
values by 21.3 MPa and 22 MPa, compared to those samples
which activated by 9M NaOH. Therefore, it has reported by
other authors [60, 72]  that, to achieve a great reactivity of
FA particles within the activator solution, the liquide phase
plays a significant role as a transport meduim and a less
smoothly gel is formed, due to the  faster reaction of NaOH.

Addition of FA to cement and concrete
FA is classified into two classes by ASTM C618. Class F

FA is as pozzolanic, with minimum or no cementing value,
whereas class C FA has cementitious as the same as
pozzolanic properties [9]. The main parameter to formulate
a concrete mix design with addition of FA is the proportion
of the mix under consideration of the variation of water-
cementitious ratio. This could lead to achieve the
requirements for compressive strength at different ages,
air content and workability. ACI 211.1 or 211.2 has
determined the procedures for the mix design in details, in
terms of proportioning of water, cement (or cement plus
FA), and aggregate materials [71].

However, the specific gravity of FA is lower than PC,
which needs to be taken into consideration in the mix
proportioning process. Other standards such as the
European standard BS EN206 provides some requirements
for the use FA in concrete [10, 36, 62]. Further study has
been carried out by Horpibulsuk, Rachan and Raksachon
[74], reported that FA could consider as a dispersing
material, when it is mixed with cement. This in contrast
when FA is used in concrete as a pozzolanic material. Due
to the pozzolanic reaction which lead to consum of Ca(OH)2
during the hydration process.

Conclusions
This paper reviews FA as basic raw materials for

geopolymer concrete and its properties in terms of micro-
structure, reaction mechanism and characterization. From
the review, it can be concluded that many studies have
been done on the use of FA as a prime material in the
production of geopolymers. Substantial results show that
including FA in geopolymerization provides a greater
performance and acid resistance, due to its physical
characteristics compared to that given by OPC. These
findings make the use of FA of particular interest to
researchers. As a result of the excellent properties,
geopolymers based FA have been successfully applied in
various traditional and new applications. Other applications
are yet to be discovered in future.

List of notation
FA   is the Fly Ash
PFA   is the Pulverized Fly Ash
GGBFS  is the ground granulated blast furnace slag
OPC    is the Ordinary Portland cement
PC   is the Portland cement
CSA  is the Canadian Standards Association

AEA    is the air-entraining agents
UBC  is the unburned carbon
LOI   is the loss on ignition
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