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Abstract

The research was carried out to develop geopolymers mortars and concrete from fly ash and bottom ash and compare the characteristics
deriving from either of these products. The mortars were produced by mixing the ashes with sodium silicate and sodium hydroxide as activator
solution. After curing and drying, the bulk density, apparent density and porosity, of geopolymer samples were evaluated. The microstructure,
phase composition and thermal behavior of geopolymer samples were characterized by scanning electron microscopy, XRD and TGA-DTA
analysis respectively. FTIR analysis revealed higher degree of reaction in bottom ash based geopolymer. Mechanical characterization shows,
geopolymer processed from fly ash having a compressive strength 61.4 MPa and Young's modulus of 2.9 GPa, whereas bottom ash geopolymer
shows a compressive strength up to 55.2 MPa and Young's modulus of 2.8 GPa. The mechanical characterization depicts that bottom ash
geopolymers are almost equally viable as fly ash geopolymer. Thermal conductivity analysis reveals that fly ash geopolymer shows lower thermal
conductivity of 0.58 W/mK compared to bottom ash geopolymer 0.85 W/mK.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Coal is the largest source of energy for the generation of
electricity worldwide accounting for approximately 36% of the
world′s electricity production. This situation is likely to remain
until at least 2020. A huge amount of fly ash and bottom ash is
produced during coal burning posing an increasing concern in
its recycling. The ashes are either dumped for the landfill
purposes or used in construction. One of the emerging
applications of ashes in construction nowadays is the manu-
facture of so called geopolymers binders as an alternative to
Portland cement. Geopolymer is an alkali-activated alumino-
silicates which is able to produce a Si–O–Al framework,
reacting at low temperatures. The name was given by Joseph
Davidovits in 1970s [1]. There are four steps in a geopolymer-
ization reaction: (i) dissolution of Al and Si oxides from the
ash aluminosilicate due to the strong alkaline liquid attack, (ii)
formation of oligomers by polymerization like Si–O–Si and
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Si–O–Al bonds, (iii) formation of three dimensional alumino-
silicate structures by polycondensation of the oligomers and
(iv) bonding of the remaining solid filler particles to the
aluminosilicate network for further enhancing the strength and
stability [2,3]. The whole process is helped by molecular
thermal agitation which can be successfully provided by
heating at 60–80 1C in the humid atmosphere for 24–48 h to
complete the reaction, although the strength continues to
increase as the time passes and the reaction goes to completion
[4]. There are evidences showing that same process can be
accomplished by microwave radiations for few minutes of
curing [5–6]. Temuujin et al. have reported preparing the
geopolymer at ambient temperature by slightly changing
the composition by introducing slag or high calcium source
[7]. In the entire process water mobilizes the ions and
reactants, and facilitates the mold ability of mortar, and
evaporates during curing and drying process [8]. The pre-
cursors of geopolymers are usually aluminosilicate source (fly
ash, clay), sodium silicate in aqueous solution (water glass),
sodium hydroxide and water. The concentration of sodium
silicate is found to be the best around 14 M in water [9–10].
Fly ash is not only a by-product that is produced in abundance
ghts reserved.
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but also creates better and high strength geopolymer as
compared to bottom ash. Although bottom ash and fly ash
have similar chemical compositions, bottom ash is found to be
less reactive compared to fly ash thus having little or almost no
use in the manufacturing of geopolymer [11]. The present
research is made to investigate and compare geopolymer
properties from bottom ash as well as from fly ash precursors.
Bottom ash is produced 10–20% during coal combustion in
power plants, and 80–90% product is fly ash. Temuujin et al.
and Sarker et al. have reported the best composition with
optimal properties of geopolymer mortar being 73% fly ash,
18% water glass, 7% 14 M sodium hydroxide solution and 2%
water [9,10]. In the present work, we used Sarker composition
to make fly ash and bottom ash geopolymer mortars and
investigated the changes in physical and chemical properties of
the materials being produced.

2. Materials and method

2.1. Materials

Bottom ash (BA) and fly ashes (FA) were provided by
ENEL (coal fired power plant Federico II, Brindisi, Italy). The
other raw materials used for the experiments were water glass
(sodium silicate solution with 9% Na2O, 30% SiO2 and 61%
H2O with specific gravity of 1.35 g/cm3) and 14 M sodium
hydroxide solution prepared by dissolving sodium hydroxide
pellets in water.

2.2. Preparation of mortar

The mortars were prepared by mixing ashes (bottom ash or
fly ash), water glass, sodium hydroxide and water in a ceramic
jar and milling in a planetary ball mill for 10 min using
zirconia balls as grinding media to get homogenized slurry.
The composition of the slurries is shown in the Table 1. Water
may be added later in order to enhance the plasticity and
castability of the mixture during forming or casting according
to the best required amount but with much care because excess
water is detrimental for the properties of geopolymer. After
milling, the slurry was transferred to polyethylene cylindrical
molds of dimensions 3.6 cm diameter and 6 cm height and
closed using a lid to avoid the moisture loss during curing. The
samples were cured for 48 h at 65 1C, demolded and cured at
the same temperature for another 72 h to remove the moisture.
Then the samples were dried for another 96 h at ambient
temperature. The samples were named as FAG and BAG
respectively for fly ash and bottom ash derived geopolymer
Table 1
Composition of geopolymer used in this study.

Material Proportion by weight (%)

Fly ash or bottom ash 73
Water glass (Na2SiO3) 18
14 M NaOH 7
Water 2
mortars. After drying, the physical and chemical properties of
the geopolymer samples were characterized.

2.3. Samples analysis

Chemical compositions of both ashes were measured by
X-ray fluorescence spectrometer (Bruker M4 Tornado). Fly ash
particles specific surface area was measured using BET surface
area analyzer (Quantachrome NOVA). Apparent densities of
the ashes were measured using helium Pycnometer (Quanta-
chrome). Particle size distributions of ashes were evaluated
using particle size analyzer (Cilas 1190).
Thermogravimetric analysis (TGA) and differential thermal

analysis (DTA) were simultaneously performed on the geopo-
lymer samples from 25 1C to 1000 1C (Mettler Toledo).
Fourier transformation infrared spectroscopy was performed
using ATR spectrometer (Attenuated Total Reflectance; Per-
kin-Elmer) with diamond crystal as a probe. X-ray diffraction
(XRD) analysis was performed using a (Rigaku diffractometer,
with Cu Kα radiations generated at 40 kV and 20 mA). The
morphology of raw ashes and geopolymer mortars were
evaluated by scanning electron microscopy (Model: Zeiss,
Jena, Germany) analysis. Bulk density was measured by
simply measuring the weight and volume while apparent
density measured by using helium Pycnometer (Quanta-
chrome). Open porosity was calculated using apparent density
and bulk density by the following relation.

Porosity %ð Þ ¼ ð1�ρb=ρaÞ � 100

Where, ρb is the bulk density and ρa is the apparent density.
Thermal conductivity of geopolymer samples were measured
using a thermal conductivity analyzer C-Therm, SETARAM, a
modified transient plane source technology for thermal con-
ductivity measurements. After curing the samples were tested
for compressive strength using universal testing machine
(METROCOM) applying ASTM C109 standard protocol.

3. Results and discussion

3.1. Ashes analysis

Chemical compositions of both ashes, as determined on
X-ray fluorescence are presented in Table 2. The major part
includes SiO2, Al2O3, CaO and Fe2O3 in both types of ashes.
Calcium oxide is found to be higher in amount in fly ashes as
compared to bottom ash. Fly ash particles have specific surface
area of 10.14 m2/g whereas bottom ash has 2.43 m2/g. Particle
size distribution of both the ashes is presented in Fig. 1. The
mean diameter of the particles of the fly ash is 29 μm whilst for
the bottom ash is 121 μm. The bottom ash particles are coarser
as compared to fly ash particles also revealed in BET surface
area analysis.

3.2. XRD analysis

X-ray diffraction analysis was carried out to investigate the
different phases present in the ashes and geopolymers after



Table 2
Composition of fly ash and bottom ash as determined by XRF analysis
(mass (%)).

Composition (%) Bottom ash (BA) Fly ash(FA)

Al2O3 27 24.33
SiO2 46.2 42.72
K2O 1.41 2.24
CaO 9.07 15.14
TiO2 2.6 3.02
Cr2O3 0.03 0.09
Fe2O3 10.61 10.64
NiO 0.01 0.03
MnO 0.11 0.01
SrO 0.41 0.7

Fig. 1. Particle size distribution of fly ash and bottom ash.

Fig. 2. XRD pattern of fly ash and bottom ash (1¼Quartz, 2¼Calcite,
3¼Anorthite, Albite, 4¼Mullite, 5¼Hematite, 6¼Belite, and 7¼Wustite.).

Fig. 3. Thermogravimetric analysis of ashes and geopolymer.
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seven days of processing according to the schedule. The X-ray
diffraction patterns of raw ashes as well as their respective
geopolymers are shown in Fig. 2. For the fly ash a hump,
under the quartz peak, indicates the presence of relatively more
amorphous phase compared to bottom ash displaying higher
amount of crystalline phases. The major crystalline phase
observed in ashes as well as their geopolymers is quartz phase
(JCPDS 5-0490). Along with quartz phase, other phases
present in ashes as well as in their respective geopolymers
are mullite (JCPDS 15-0776) and hematite (JCPDS 33-0664).
Apart from these phases, XRD pattern of fly ash and its
geopolymer shows peak corresponding to calcite phase
(JCPDS 86-2334). Calcite in the FAG is lower than the fly
ash because some of this was converted to other compound
like C3AH6 and C4AH13 as will be realised in DTA analysis.
On the other side, instead of calcite peak, anorthite (JCPDS 89-
1462) and albite (JCPDS 20-0554) (plagioclase feldspar
member) are present in the XRD pattern of bottom ash as
well as in its geopolymer [12,13]. FeO is present in the form
of wustite (JCPDS 43-1312) while belite (Ca2SiO4) (JCPDS
9-351) peaks were also detected [14,15]. C3AH6 and C4AH13
peaks are very low in the geopolymer XRD, indicating that
minute amounts were produced during geopolymerization.

3.3. Thermogravimetric analysis

Thermogravimetric results show different trends in weight
loss of fly ash and bottom ash as reported in Fig. 3. Fly ash has
less water contents and this little amount of water is because of
the moisture absorbed during handling and transportation. The
TGA curve of fly ash shows a gradual weight loss from 100 1C
to 450 1C because of absorbed moisture during handling and
transportation. A major weight loss is observed from 450 1C to
750 1C, attributed to oxidation and combustion of unburnt coal
entrapped inside the fly ash particles. From 750 1C onward
weight loss is reduced although it continues to decrease up to
1000 1C and beyond. On the other hand TGA of BA shows
quite different behavior as compared to FA because of the



Fig. 4. Differential thermal analysis of ashes and geopolymer.
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inherent presence of excess of water; absorbed during cooling
with water at power plant. Bottom ash loses 8% of weight just
at 70 1C, which is due to evaporation of water. From 70 1C to
around 430 1C, there is a gradual weight loss, which is due to
evaporation of physio-chemically bonded water molecules
with the bottom ash particles. Further from 430 1C to 730 1C
there is another visible loss which is due to burning of the
organic contents. The weight loss from 430 1C to 730 1C is
around 2% while for fly ash is around 7%. This shows that fly
ash contains more amount of unburnt carbon compared to
bottom ash. Consequently TGA of (FAG) shows different
thermal behavior compared to raw fly ash. A weight loss of 5%
up to 300 1C is observed for FAG sample because of higher
water content that loses up to 300 1C whereas for raw fly ash
the weight loss is just 2% upto 450 1C, where almost all the
water is lost. This is because the fly ash contains physically
absorbed water or moisture which is lost at lower temperature
whilst its geopolymer (FAG) has chemically bonded hydroxyl
group to silicon (Si–OH), which is released at higher tempera-
tures and gives Si–O–Si structure [16].

2Si�OH -Si�O�SiþH2O↑

This reaction played a vital role in the present research because
during post curing for 72 h at 65 1C, the Si–OH bonds were
transformed to Si–O–T(T:Si or Al) form; increasing the
connectivity, strength and stability. The weight loss behavior
of (BAG) is similar to (FAG) upto 300 1C. The geopolymers
continue to lose the weight till 300 1C and then the rest is
similar to TGA of their respective ashes because after
geopolymerization the carbon content remains the same [17].

3.4. Differential thermal analysis

The DTA behavior of ashes and their respective geopoly-
mers are shown in Fig. 4. Differential thermal analysis was
carried out simultaneously with the TGA, revealing some
interesting results that not only confirm the TGA results but
also evidences the presence of different compounds or phases
in the ashes and geopolymers. There are many peaks indicating
the presence of different transformations among different kinds
of compounds present in fly ash and bottom ash. The DTA
curve of bottom ash shows a big endothermic peak around
70 1C due to evaporation of water whereas fly ash does not
show such a peak. The DTA of geopolymers show entirely
different behavior compared to their respective ashes. The
curve does not have any sharp peak instead it shows long
sagging because of heat absorbance by chemically combined
Si–OH form instead of free water molecule. Hence it takes
higher level of heating and time to evaporate. At around
222 1C, both geopolymers show two identical but smaller
peaks indicating the dehydroxylation of C4AH13

(4CaO �Al2O3 � 13H2O). Upon further heating similar peaks
are observed at 310 1C due to the dehydroxylation of C3AH6

(3CaO �Al2O3 � 6H2O). These cementing compounds are
formed by calcium present in the ashes during geopolymeriza-
tion [18–20]. From 500 to 700 1C, FA and its geopolymer
(FAG) show a big exothermic hump because of the larger
amount of unburned carbon present [17,21]. The hump for the
fly ash is lower compared to its geopolymer because carbon in
fly ash was encapsulated by a layer of aluminosilicate whereas
in its geopolymer it is exposed due to removal of the alumina
silicate layer during its activation. Later a kink in the fly ash
curve is observed at around 700 1C indicating the decomposi-
tion of CaCO3 (calcite), and not present in the bottom ash. This
decomposition kink is absent in the FAG because some
calcium has been transformed to C4AH13 and C3AH6. The
reason being, whenever the amount of sodium hydroxide
activator solution is higher than 4 wt%, the decomposition
peak of calcite in DTA is covered by the big exothermic hump
produced by the oxidation of free carbon exposed to air due to
dissolution of surface layer of the cenosphere during activation
by sodium hydroxide solution [19].

3.5. Infrared spectra

FTIR was used to study the effect of geopolymerization on
both types of ashes, qualitatively and quantitatively. For
bottom ash, typical bands of –OH bending and stretching of
absorbed water are at 1640 and 3340 cm�1 respectively as
shown in Fig. 5. Whereas these bands are almost absent in fly
ash. The presence of excess water in bottom ash as compared
to fly ash has also been observed in TGA and DTA analysis.
In geopolymers, this –OH stretching and bending are very low
because of removal of water during post heat-treatment. For
the ashes there are very small bands present around 1040–
1080 cm�1 which is due to small level of Si–O–Si stretching
vibrations. On the other hand these stretching vibrations
are to a greater level present in both geopolymers. For both
geopolymers, these Si–O–T (T: Si or Al) asymmetric stretch-
ing vibrations appear to be around 1000 cm�1 [22]. A band
corresponding to Si–O–Al vibrations is present at 771 cm�1 in
both geopolymers. A band around 1440 cm�1 is due to the
presence of sodium carbonate. Shoulder between 810 and
1000 cm�1 is due to the presence of quartz, which is higher in



Fig. 5. FTIR of ashes and geopolymers.

Table 3
Inverted peak areas and peak heights' ratios of geopolymers at Si–O–Si
stretching vibrations from IR spectra.

Sample
ID

Wave number of Si–O–Si
(cm�1)

Ratio of peak
heights

Ratio of peak
areas

FA 1035 1 1
FAG 1001 4.57 5.85
BA 1080 1 1
BAG 990 2.42 4.28
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geopolymers compared to ashes, due to use of sodium silicate
in geopolymer processing [23–25]. The degree of geopoly-
merization can be quantitatively indicated in terms of height
ratios and area ratios of the Si–O–Si stretching peaks' present
in the FTIR spectra of geopolymers to their corresponding
ashes peaks. Calculated ratios are given in the Table 3. The
ratios of peak heights and areas to their respective ashes are
significantly higher, indicating the higher degree of geopoly-
merization in the samples. The geopolymerization level is
lower in BAG compared to FAG, but still the polymerization
level is higher than previous achieved results till date for BAG
[26].
3.6. Morphological characterization by SEM

SEM micrographs were evaluated to investigate microstruc-
ture of the ashes and their geopolymers as shown in Fig. 6. Fly
ash micrograph (Fig. 6a) shows numerous tiny spheres known
as cenospheres, perfectly round smooth and intact. These
spheres due to their higher surface area to volume ratio are
more prone to move with air blast hence called fly ashes. On
the other hand bottom ash particles are much larger, irregular
and porous with many tiny pores visible in the microstructure
(Fig. 6b). These are those tiny pores which contain absorbed
water where water is not only adhered to surface but also
absorbed because of its comparative porous nature. This water
was detected by DTA, TGA and FTIR analysis. Since excess
water might be detrimental to the geopolymers properties, care
should be taken while using bottom ashes. They should either
be dried prior to use or less amount of water should be used in
the slurry. SEM image of FAG (Fig. 6c) reveals a relatively
smooth structure compared to fly ash. This is because of full or
partial dissolution of the spherical particles and regeneration of
new microstructure during geopolymerization. But still many
fine round particles, not attacked or partially attacked by the
activating sodium hydroxide solution can be seen in the
micrograph. Microstructure of BAG (Fig. 6d) shows much
smooth and uniform surface as compared to FAG, because the
whole mass was majorly composed of irregular particles and
the reaction after activation produces a much more uniform
structure. Besides uniform structure, small cracks are also
visible in the microstructure of BAG which could be due to the
shrinkage after loss of water during drying.

3.7. Density, porosity and thermal conductivity analysis

The bulk and the apparent densities were evaluated to
investigate the porosity in both types of geopolymers. FAG
samples are found to be more porous 37.5% than BAG with
33% porosity. Porosity values are considerably high, not only
because of entrapped air during milling, but also due to post
heat-treatment where water molecules create micropores dur-
ing escape through the network. The bulk densities achieved
for both geopolymers are lower than the previously reported
values for the same composition [9]. Thermal conductivities of
both types of geopolymers were measured using modified
transient plan source techniques. FAG exhibits higher thermal
insulation compared to BAG due to the presence of unreacted
or partially reacted cenospheres and also because of higher
porosity. Other factors like uniform microstructure (SEM
analysis) and more crystallinity (XRD analysis) of BAG may
influence its thermal conductivity properties. Bulk and appar-
ent densities, percentage porosities and thermal conductivities
of both types of geopolymers are given in the Table 4.

3.8. Compressive strength

The mechanical properties of geopolymers were evaluated
through compression test, stress–strain curves are reported in
Fig. 7. One of the interesting outcomes of this research is the
high compressive strength (55.2 MPa) exhibited by the BAG,
which is usually not comparable to FAG because of its low
chemical reactivity. In our work the strength of BAG is near to
FAG compressive strength (61.4 MPa) and is higher compar-
ing to previously reported strength for BAG [11,12]. But still
the strength for BAG is lesser than FAG perhaps because of
inherent microcracks revealed in SEM analysis; produced
during evaporation through uniform dense structure of BAG.
Young's moduli are calculated by measuring the slopes of the
uniform elastic regions on the stress–strain curves and the
values are given in Table 4. Young's moduli for both BAG and



Fig. 6. SEM micrographs of ashes and respective geopolymers' microstructures.

Table 4
Physical and mechanical properties of geopolymers.

Sample
ID

Apparent
density
(g/cm3)

Bulk
density
(g/cm3)

Porosity
(%)

Thermal
conductivity
(W/mK)

Compressive
strength
(MPa)

Young's
modulus
(GPa)

FAG 2.45 1.454 37 0.58 61.4 2.9
BAG 2.48 1.65 33.5 0.848 55.2 2.8

Fig. 7. Compressive strengths and Young's moduli of FAG and BAG.
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FAG are in the range 2.8–2.9 GPa and these values are higher
than the previously reported results [9,27]. The dehydroxyla-
tion during post heat-treatment creates micropores due to the
escape of water molecules. This does not decrease the
compressive strength instead the strength is increased due to
formation of new Si–O–Si bonds.

4. Conclusion

Heat treatments and humidity content have significant effect
over the mechanical and functional properties of geopolymers
derived from fly and bottom ash. With the post heat-treatment,
the Si–OH bonds transform to Si–O–T (T:Si or Al) type which
give more stability, higher strength and rigidity. The higher
Young's modulus is achieved using thermal curing due to
higher degree of geopolymerization.
TGA, DTA and FTIR analyses show that similar kind of

reactions and microstructures are formed during geopolymer-
ization of fly ash and bottom ashes. FTIR analysis indicates the
higher geopolymerization ability of fly ash but still the
difference is not so significant. The same comparison we get
in SEM analysis and compression test analysis. The FAG
exhibit lower thermal conductivity because of the unreacted
tiny spherical particular structure and also because of the larger
porosity compared to BAG. The compressive strength of the
BAG is 55.2 MPa while FAG exhibits 61.4 MPa which are
close to each other. Having almost similar composition, fly ash
and bottom ash can be equally valuable for the production of
geopolymer mortar and concrete provided that process para-
meters are controlled in a proper way.
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