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a b s t r a c t

The influence of preliminary calcination of fly ashes on the geopolymerisation process has been studied.
Preliminary calcination at 500 and 800 ◦C causes decarbonation of the fly ash while it also leads to a
decrease of the amorphous content of the fly ashes from 60 to 57%. Geopolymer prepared using raw fly
ccepted 14 August 2008
vailable online 27 August 2008

eywords:
ly ash
alcination

ash exhibited a compressive strength 55.7(9.2) MPa, while for 500 and 800 ◦C calcined samples it reduced
to 54(5.8) and 44.4(5.4) MPa, respectively. The decrease in compressive strength of the geopolymers is
discussed in terms of partial surface crystallisation of the fly ash particles. Reactivity of the fly ash also
has been correlated with the shrinkage rate and presence of efflorescence on the surface of geopolymers.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

As demand for concrete as a construction material increases
he production of Portland cement will also increase. However,
roduction of Portland cement liberates a considerable amount of
reenhouse gas as a result of decarbonation of limestone in the
iln during manufacturing of cement and the combustion of fossil
uels. Furthermore, Portland cement is also among the most energy-
ntensive construction materials, after aluminium and steel [1].
herefore, the search for an alternative binder to replace Portland
ement binder is important endeavour. Initially, Glukhovsky fol-
owed by Davidovits suggested that artificially synthesised alkaline
ctivated aluminosilicate cementitious systems can have excellent
urability and may exhibit many other useful properties such as
igh compressive strength, low shrinkage, acid and fire resistance,
tc. [2,3]. Importantly, such so-called “geopolymer” materials not
nly have comparable or superior properties to traditional cemen-
itious binders, but also have low greenhouse emissions. In the
ast decade a large number of publications including many review
apers on geopolymer synthesis and characterisation have been
ublished [4,5]. Most of the researchers used metakaolin and fly
shes for source materials [4,5]. Fly ash is thought to be good can-

idate for source materials because it is the residue from coal burnt

n a thermal power plant and regarded as a waste product. Fly ash
as a complex microstructure comprising of a mixture of amor-
hous and crystalline components. The fly ash accumulates rapidly

∗ Corresponding author. Tel.: +61 8 9266 3673; fax: +61 8 9266 2377.
E-mail address: jtemuujin@yahoo.com (J. Temuujin).
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nd can pose serious disposal problems. It would be highly advanta-
eous to be able to use these by-products through resource recovery
rograms [6]. A moderate level of fly ash is utilised as a filler in the
roduction of the Portland cement. It is apparent that the chemical
nd mineralogical composition of coal varies significantly depend-
ng on its origin, thus it is expected that the chemical and miner-
logical composition of fly ash will also vary with coal source. The
omposition of fly ash, especially the content of the unburnt carbon
esidues is dependent on the performance of the thermal power
lant and its efficiency. Van Jaarsveld et al. have suggested that the
nal structure and physical properties of fly ash based geopolymers
re dependent upon a variety of material parameters including
ater content, thermal history, particle size, and degree of amor-
hicity [7]. Fly ash also contains different amount of unburnt carbon
hich may reach up to 17% [8]. The Portland cement concrete indus-

ry will use fly ash if the loss-on-ignition (LOI) values are less than
%. Unburnt carbon is responsible for ignition loss and is also an
ndesirable constituent of fly ash that causes the following effects:

increases the electrical conductivity of concrete;
changes colour of mortar and concrete (may appear black);
requires increased water and additives [9].

bviously all these effects manifest themselves in the fly ash based
eopolymer made from high carbon fly ash. Moreover, controlling

he water content in fly ash based geopolymer concrete is extremely
mportant because a high water to solids ratio results in deterio-
ation of mechanical properties [10,11]. Therefore, carbon free fly
sh based geopolymers are expected to have better mechanical
roperties than carbon containing fly ash based geopolymers [12].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jtemuujin@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.08.065
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Table 2
Chemical composition of the amorphous part of the fly ash, wt%

Al2O3 11.64 ± 1
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In this study we characterised geopolymer properties prepared
rom carbon free fly ash.

. Experimental procedures

Geopolymer samples were made from Collie fly ash supplied by
estern Power, Western Australia. The chemical composition of the

y ash as determined by XRF is shown in Table 1. The total carbon
as determined by total combustion analysis, prior to XRF analysis

nd it was equal to 3 wt%.
Major and minor elements in the ground bulk samples of the

y ash were determined using a Philips PW1400 XRF spectrometer
tted with a rhodium tube. The elemental composition was deter-
ined by comparison with certified reference materials and the

pectrometer drift corrected by regular measurement of an external
onitor sample. Matrix effects were corrected using �-factors pro-

ided by Philips and adjusted for this sample preparation procedure
13].

As it mention in the introduction, the fly ash consists of the
rystalline and amorphous constituents and also unburnt car-
on. The amorphous component is the important part for fly ash
eactivity and a higher proportion amorphous equates to high
eactivity [7,14]. In order to determine the mineralogical compo-
ition of the fly ash the Rietveld method was used for quantitative
hase analysis with XRD patterns using Rietica 1.7.7 software (Riet-

ca Home, Retrieved 8th June 2006 from http://www.rietrica.org).
incite was used as an internal standard to enable absolute phase
bundance estimates to be obtained. The XRD patterns were col-
ected on a Siemens D-500 with Bragg-Brentano geometry using

Cu K� source, with a post sample K� filter. The angular range
ollected was 10◦ to 120◦ 2�, with a step size of 0.02◦ 2� and col-
ection speed of 0.4◦/min. Tube conditions were set at 40 kV and
0 mA.

Fly ash samples were calcined at 500 and 800 ◦C temperatures
or 20 h in order to remove the residual unburnt carbon. Fly ash
amples were calcined in a fired clay basket. Heating and cooling
ates were set at 5 ◦C/min. Calcination caused a partial crystallisa-
ion of the amorphous part into crystalline mullite and hematite.
TA–TG of the Collie fly ash shows an exothermic event around
00 ◦C (decarbonation) accompanied by a weight loss followed by
weight gain after 600 ◦C [15]. The Collie fly ash calcined at 800 ◦C

s considered to be carbon free [16]. DTA/TG measurements indi-
ate that the fly ash calcined at 500 ◦C is also carbon free. Therefore,
00 and 800 ◦C calcined fly ash can be considered as carbon free, but
ith slightly different amorphous and crystalline compositions.

Since the most reactive part of the fly ash is its amorphous

art, the main chemical composition of the amorphous part was
alculated by subtracting the crystalline component, as measured
y QXRD (quantitative X-ray diffraction), from the bulk compo-
ition, as measured by XRF. This is achieved by converting the

able 1
hemical composition of the fly ash, wt%

l2O3 23.63
aO 1.74
e2O3 15.3
2O 0.84
gO 1.2
nO 0.13
a2O 0.38
2O5 1.31
iO2 51.5
O3 0.28
iO2 1.32
OI 1.78
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iO2 26.49 ± 1
e2O3 12.7 ± 0.5
ll other oxides + carbon 9.2 ± 0.5

rystalline phase compositions to equivalent oxide composition to
ake them comparable to XRF results. The main chemical compo-

ition of the amorphous component in the raw fly ash is shown in
able 2.

To determine the correct amount of activator required to manu-
acture the geopolymer we have used the amorphous composition
f the fly ash, because if there is too much activator, the excess, after
issolution, would remain in the sample weakening the structure
17]. However, if there is not enough alkaline activator, not all the
luminosilicate material undergoes geopolymerisation. In princi-
le to cater for the reduced amorphous component in the calcined
amples less alkaline solution should be used. However for this
xperiment we have used same amount of the alkali assuming that
he newly formed crystalline compounds might exhibit the same
eactivity as untreated raw fly ash. Geopolymer compositions used
or the experiments are shown in Table 3.

For the geopolymer composition calculation we have used ratios
nown to give the highest compressive strength in Collie fly ash
ased geopolymer concrete, but recalculated for just the amor-
hous content of the fly ash. Therefore, the present research utilised

ess alkali than previous studies [10,11]. The alkaline compounds
sed were 14 M NaOH and D-grade sodium silicate solution from
Q Australia Pty Ltd.

Carefully weighed components were mixed and de-foamed in a
igh velocity centrifuge mixer (Thinkey mixer) and placed in cylin-
rical plastic moulds with 25 mm diameter. The closed moulds then
ured at 70 ◦C for 24 h. After curing, the samples were removed
rom the oven and kept in their moulds for 3 days before being cut
ith a diamond saw to a height of 50 mm. Compressive strength

esting was done 7 days after processing using a compression test-
ng instrument (Lloyds Instruments 6000R). The uncertainty in the

easurement was taken as the standard deviation of the compres-
ive strength of three samples. SEM examination was carried out
ith a Philips XL30 scanning electron microscope, incorporating

n energy dispersive spectrometer (EDS, Oxford Instruments) using
old coated samples. EDS analysis of efflorescence scratched from
he geopolymer surface was performed without coating.

Densities and apparent porosities of the sectioned geopoly-
ers were measured by the Archimedes principle using de-ionised
ater. However, saturation with water was considered inappro-
riate because of possible leaching in water for ions such as Na
18]. Therefore, measured densities and apparent porosities are
ot regarded as absolute values but relative values. Shrinkage of
he samples was evaluated by measuring dimensional changes.
imensions of the samples were measured after demoulding and
hen again after 3 days. Values in brackets for either mechanical
roperties or porosities indicate the standard deviation of repeated
easurements.

able 3
eopolymer composition of this study

ly ash Si/Al (molar) Na/Al (molar) Water/geopolymer
solid (mass)

aw 2.3 0.88 0.19
00 ◦C calcined 2.3 0.88 0.19
00 ◦C calcined 2.3 0.88 0.19

http://www.rietrica.org/
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Table 4
Mineralogical composition of the fly ashes

Amorphous (%) Quartz low (%) Mullite (%) Hematite (%) Maghemite Q (%)
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aw fly ash 60 (1) 20 (1)
00 ◦C calcined fly ash 59 (1) 20 (1)
00 ◦C calcined fly ash 57 (1) 20 (1)

. Results and discussion

.1. Effect of calcination on fly ash

Table 4 shows mineralogical composition of the raw and cal-
ined fly ashes.

As shown in Table 4, calcination caused approximately a 3%
ecrease of the amorphous component of the fly ash while at same
ime increasing the crystalline phases mullite and hematite. As dis-
ussed before, DTA–TG of the Collie fly ash shows a weight gain after
00 ◦C. The weight gain of the fly ash can be explained in terms
f hematite crystallisation from the amorphous part of the fly ash
nvolving the oxidation reaction Fe2+ to Fe3+. Therefore, LOI of the
y ash (1.78%) was lower than total carbon content (3%). However,
onsidering the time allocated for calcination the crystallisation
ate of the fly ash is rather low. Fig. 1 shows SEM micrographs of
he raw and calcined fly ash. There are almost no changes in terms
f morphology.
There are some ceno spheres with crystallised surfaces in the
00 and 800 ◦C calcined fly ashes which may indicate some degree
f higher crystallisation. With calcination the original grey colour
f the fly ash changes to a red brown colour possibly caused by
ematite crystallisation.

a
s
p
a
m

Fig. 1. SEM micrographs of the raw and calcined fl
17 (1) 0.9 (0.5) 1.7 (0.5)
18 (1) 1.3 (0.5) 1.8 (0.5)
19 (1) 2.8 (0.5) 1.2 (0.5)

.2. Effect of the calcination on the microstructure of geopolymers

After 3 days the geopolymer samples show different volume
hrinkages. Geopolymer prepared using raw fly ash shows 0.54
0.1)% volume shrinkage while for the 500 and 800 ◦C calcined fly
sh samples the shrinkage was 0.83 (0.25) and 5.45 (0.40)%, respec-
ively. Calcination of the fly ash thus caused increasing shrinkage of
he prepared geopolymers which is unusual as geopolymers gener-
lly exhibit little drying shrinkage. In fact for the 800 ◦C calcined fly
sh geopolymer the large shrinkage resulted in the samples crack-
ng. Density of the 800 ◦C calcined fly ash geopolymer was little
it higher (1.98 (0.14) g/cm3) than those calcined at 500 ◦C (1.97
0.03) g/cm3) and raw fly ash based geopolymer (1.94 (0.01) g/cm3).
pparent porosities of these samples were 14.7 (0.6)%, 14.1 (0.95)%
nd 10.2 (2.1)% for the raw, 500 ◦C and 800 ◦C calcined fly ash
ased geopolymers, respectively. However, the small difference
etween the densities and apparent porosities of the present sam-
les suggest that the high shrinkage of the 800 ◦C calcined fly

sh based geopolymer does not correlate with the density of the
amples. It is possible that the shrinkage could be related to the
resence of the chemically bound water with the geopolymer gel
nd higher shrinkage may be an indication of insufficient geopoly-
erisation reaction. Because geopolymer gel retains water in its

y ashes. (a) Raw, (b) 500 ◦C, and (c) 800 ◦C.
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Table 5
Summary of shrinkage, density and apparent porosity measurements

Sample Drying
shrinkage (%)

Density (g/cm3) Apparent
porosity (%)

Raw fly ash based 0.54 (0.1) 1.94 (0.01) 14.7 (0.6)
500 ◦C calcined fly 0.83 (0.25) 1.97 (0.03) 14.1 (0.95)
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ash based
00 ◦C calcined fly
ash based

5.45 (0.4) 1.98 (0.14) 10.2 (2.1)

tructure within cavities the drying shrinkage will be small. Collie
y ash based geopolymer showed approximately 2% linear shrink-
ge upon heating to 550 ◦C and this shrinkage is mainly due to
he water content in geopolymer [15]. Therefore the high drying
olumetric shrinkage of the 800 ◦C calcined fly ash based geopoly-
er is an indication of a low geopolymerisation rate. Since, there
as insufficient geopolymerisation, the excess solution migrates

o the surface causing high shrinkage and cracks. It is apparent
hat lower apparent porosity of the 800 ◦C calcined fly ash based
amples result from high shrinkage. Shrinkage, density and appar-

nt volume measurements of the geopolymers are summarised in
able 5.

Fig. 2 shows how the compressive strength of the geopolymer
educes with increase in calcination temperature of the fly ashes.

b
o
s
a

Fig. 3. Microstructure of the raw and calcined fly ash based geopolymers. (a) Raw fly
ig. 2. Influence of fly ash calcination temperature on compressive strength of the
eopolymers.

Generally, in most ceramics strength decreases with increas-
ng porosity. However, for geopolymer samples described here the
pposite trend occurs which may be related to cracking of samples
fter demoulding in conjunction with a lower geopolymerisation
ate in the calcined fly ash based samples.

Fig. 3 shows SEM micrographs of the samples. For the raw fly ash

ased samples the microstructure appears homogeneous and more
f the fly ash has reacted while for the 800 ◦C calcined fly ash based
ample there are more cracks and less fly ash has reacted. It would
ppear that the structural integrity of 800 ◦C calcined fly ash based

ash based, (b) 500 ◦C calcined, and (c) 800 ◦C calcined fly ash based samples.
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the amorphous and crystalline components is only ≈3 wt%. But
there are very large differences in terms of geopolymerisation. The
reason for this behaviour is believed to arise from changes of the
fly ash’s surface. During the combustion of coal, minerals impuri-
Fig. 4. SEM images and EDS spectra of efflorescence products. (a) 500 ◦C an

eopolymer has been compromised. Efflorescence can be observed
thin crystals) in micrographs (Fig. 3b and c) of the geopolymers
ased on calcined fly ash.

.3. Characterisation of the efflorescence

Visible surface efflorescence was observed on the surface of the
00 ◦C calcined fly ash sample, while for the 500 ◦C calcined fly ash
ample it could only be observed by SEM. However, no efflorescence
as observed in raw fly ash based samples. The presence of efflo-

escence in calcined fly ash samples is clear evidence that excess
lkali was used to create the geopolymer.

The efflorescence product was characterised to enable a better
nderstanding of the geopolymerisation process. SEM micrographs
nd EDS spectra of the efflorescence are shown in Fig. 4. For the
00 ◦C calcined fly ash based geopolymer the efflorescence was
haracterised by collecting EDS spectra directly from the fractured
urface, while for 800 ◦C calcined sample there was sufficient mate-
ial for it to be scratched off the surface and then analysed.

The spectra strongly suggest the presence of sodium carbonate.
he spectra from the 800 ◦C calcined fly ash sample contained some
l and Si peaks believed to arise from scratching of the geopoly-
er surface. X-ray diffraction of the efflorescence crystals shows

he presence of the sodium carbonate hydrate (Na3H(CO3)·2H2O)
Fig. 5). Also there is a halo around 2� 15–25◦, indicating either an

morphous constituent of the efflorescence or amorphous geopoly-
er constituent from the surface.
The present study suggests that the geopolymerisation reaction

epends strongly on the surface conditions of the fly ash. The dif-
erence between the raw and 800 ◦C calcined fly ash in terms of

F
c

800 ◦C calcined fly ash based geopolymers (backscattered mode at 15 kV).
ig. 5. XRD pattern of the efflorescence removed from the surface of the 800 ◦C
alcined fly ash based geopolymer.
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ies partially melt and form fly ash particles in which crystalline
hases such as quartz and mullite remain in the core; while glassy
luminosilicates covers the surface [6]. It is also likely that a pro-
ortion of the amorphous iron oxide also covers the surface. The
eat treatment or calcination causes crystallisation of the alumi-
osilicates and hematite on the surface of the spherical particles.

t is very likely that such crystallised aluminosilicate (mullite) and
ematite prevent dissolution of the aluminate and silicate species
y the activating alkali [19], consequently there is excess alkali
hich is able to migrate to the surface of the geopolymer dur-

ng curing which then crystallises as sodium hydrate carbonate.
learly crystallisation of this compound occurs after demoulding
hen excess alkali is able to react with air. Since there was insuf-
cient dissolution of the aluminate and silicate species no zeolitic
ompounds were formed. Based on the fly ash calcination exper-
ments presented here it is suggested that removal of unburnt
arbon from fly ash by calcination is counter productive. The cal-
ination may remove the carbon but the concomitant changes to
he surface of the fly ash limit the degree of polymerisation that is
ossible.

. Conclusions

Calcination of the fly ash at 500 and 800 ◦C causes crystallisa-
ion of the mullite and hematite on the fly ash surfaces, lowering
he reactivity of the fly ash and decreasing the level of geopoly-

erisation. Calcination of the fly ashes also results in a decrease
f the compressive strength of the samples from 55.7(9.7) MPa in
on-treated fly ash based geopolymer to 44.3(5.4) MPa for 800 ◦C
alcined fly ash based samples.
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