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INTRODUCTION

Fly ash is the industrial by-product obtained from the coal
based thermal power plant, collected as the fine particles that
are driven out of the boiler with the flue gases. The utilization
of fly ash has become a main concern in modern years due to
high landfill cost. The components of fly ash are depending
upon the type of coal being burned, but the considerable
amount of silicon dioxide (both amorphous and crystalline),
aluminium oxide is present in all fly ash. The disposal of fly
ash leftovers a foremost problem with only about 50-60 % of
the produced fly ash by the thermal power plant being consu-
med. In India, during the financial year 2013-14 around 173
million tonnes of fly ash was formed. The unutilized fly ash is
dumped into ash bonds, which is not well designed and main-
tained. As per estimated statistics, the pollution of land, water
and air happening by the dumping of fly ash of more than
billion tonnes. In 2021-22, the thermal power plant aims to
generate 300 million tonnes of fly ash per year and if that
happens, the consumption of the fly ash being produced will be
even difficult. Fly ash mainly contains Al2O3 and SiO2 as a signi-
ficant composition; it can be efficiently used as a precursor for
the preparation of alumino silicate polymer known as geopolymer.
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Geopolymer can perform as a binder in a way similar or
superior to the conventional binder portland cement. This
geopolymer was found to be ecologically and environmentally
friendly material because of the low energy consumption and
lower CO2 emission during the production process. In contrast,
the OPC binder requires high energy for the production emits
a lot of CO2 gas during the production and consumes the natural
sources, which are decreasing day by day. Inorganic alumino
silicate polymer is an amorphous material having 2-3 D struc-
ture of empirical formula Mn[-(Si-O)z-Al–O]n·wH2O, where
M stands for alkaline cation Na+ or K+ [1-6]. Geopolymers
can be prepared from the mixing precursors material such as
mineral, or any by-product containing SiO2 and Al2O3 coming
out of industries with a chemical reagent (alkaline activator
solution) under the low-temperature condition below 100 °C
which is known to had binding ability.

The main reason for the formation of stable geopolymer
is the reaction between the aluminosilicate materials, which
contains sufficient reactive SiO2 and Al2O3 content with the
alkaline solution of high pH. Alkali hydroxide (NaOH/KOH),
Alkali silicate solutions (Na2SiO3/K2SiO3) or a mixer of
hydroxide and silicates can be used as an alkaline solution in
geopolymer preparation process. When comparing the NaOH



and KOH, the potassium hydroxide shows a higher degree of
alkalinity; conversely, the reported literature reveals that NaOH
is having a better capacity to produce the individual molecules
of silicates and aluminates (monomer) during the termination
[7]. Geopolymer can become a replacement for ordinary cement
binder having the properties such as gaining of 90 % strength
at 3 days, whereas portland cement requires 28 days to obtain,
high resistance in an aggressive environment and fire tolerance;
the specific properties are based upon the type of raw materials,
proper mix design and curing regime.

The published papers dealt with geopolymer prepared
from fly ash and metakaolin (MK) and combination with other
industrial wastes such as ground granulated blast furnace slag
(GGBS), rice husk ash (RHA) etc. They have studied the strength
properties, durability studies and fire tolerance property, etc.,
[8-14]. Among the different source materials used in the
geopolymer preparation, the fly ash based geo-polymer was
found to give superior thermal resistance up to 800 °C whereas
other source materials does not. The main component, which
is giving the binding action in the geopolymeric binder is
sodium aluminium silicate hydrate. Meanwhile, the different
oxide in a varied composition is present in precursor materials
that lead to the formation of various alumino silicate hydrate
formation also structurally disordered with thermally disrupted
layer structure.

The geopolymerization reaction is yielding polymeric 3
dimensional structures consisting of -Si-O-Al-O- sialate bonds
(amorphous alumino-silicate gel). This gel formation depends
upon the capacity of aluminium ion [Al(VI) and Al(IV)] to
persuade crystallographic changes and incorporation of Al(IV)
in place of silicon in an alumino silicate framework.

For evaluating the reactivity of alumino silicate precursors,
the ATR FT-IR spectroscopy and solid-state NMR studies was
used in reported literature [15,16]. Fernandez Jimenez et al.
[17] have studied the relationship among the different alumino
silicates formed with the corresponding geopolymer binder
strength. Type of alumino silicate precursor we have taken
and potential variations in terms of reactivity and the activation
energy required for reaction may influence the final geopoly-
mer property. The most important reason for the variation in
the performance of geopolymer formed from time to time may
be the reactivity of the source material that is varying within
the same source materials [11-14]. Therefore the characteri-
zation technique is required for quality control of precursor if
geopolymers are to be applied alternative to portland cement
with the same quality and the proper mix design is needed as
cement has. This analysis links the characteristics of source
material obtained from industry to the performance of final
geopolymers prepared.

This paper aims to give insight on the precursor material
(fly ash) characterization to know the suitability to undergo
reaction and the performance of final geopolymer properties
(with varying alkali concentration Ms 0.8 and 1.15) such as
structural analysis and their mechanical properties.

EXPERIMENTAL

The low calcium class F fly ash was used as a precursor
in this study, which is obtained from the coal based Thermal

Power Plant in Ennore, India. The fineness of fly ash is 330
m2/kg (Blaine). This fly ash was characterized directly without
any processing. Alkali activator solution was prepared by
mixing the sodium hydroxide (50 % NaOH) with the sodium
silicate solution of molar ratio 2. The sodium silicate (Na2SiO3)
solution with 15 % Na2O, 33 % SiO2 and 52 % H2O was used
in the mixture. The modulus Ms (molar ratio of Na2O to SiO2)
of prepared liquid alkali activator is 0.8 and 1.15 and the final
SiO2, Na2O, H2O concentration and the molarity of a prepared
solution is given in Table-1. After that, the alkali activator
solution has to be kept for 24 h one-day prior use.

TABLE-1 
CHEMICAL COMPOSITION OF ALKALINE  

SOLUTIONS USED FOR THE PRESENT STUDY 

Wt (%) Na2SiO3 

(Ms:2) 
Final Na2SiO3 

(Ms:1.15) 
Final Na2SiO3 

(Ms:1.15) 
SiO2 15 12 21 
Na2O 30 13.75 18.25 
H2O 55 74.25 60.75 
Ms (Silica modulus) 2 0.87 1.15 
Alkali conc. (Molarity) – 5 10 

 
Synthesis of geopolymer: The trials were conducted to

optimize the procedure for the geopolymer synthesis. Sodium
silicate solution with two different concentration 5 and 10 M
(modulus ratio 0.8 and 1.15) were used as an alkaline liquid
solution and the corresponding geopolymer is named as FA1
and FA2 respectively. Geopolymer paste was prepared by
mixing fly ash with an alkaline solution using Digi mortar mixer
for 10 min. The liquid added was 45 % to the fly ash precursor.
After complete mixing the specimens were cast into the cubical
mould of 50 mm, kept at room temperature for 24 h then heated
at 80 °C for 24 h in a laboratory grade oven to get the hardened
sample for testing. For analytical characterization the crushed
powder sample was used.

Testing and characterization methods: The morphology
changes by scanning electron microscopy (SEM) was done using
high-resolution field emission electron microscope model
AEOS, 5600 Germany and the voltage used 24 kV. The ATR
FT-IR was done for geopolymer paste on a Bruker IFS 66v/S
FT-IR spectrometer the detector was DTGS and vertical ATR
accessory. The OPUS software was used for performing the
Data evaluation and spectra simulation from Bruker Optics.
XRD patterns of powdered samples were collected on a PAN-
alytical X’pert3 powder diffractometer with Cu Kα radiation
generated at 40 mA and 45 kV. Samples were step scanned
from 5° to 70 ± 0.01° 2θ steps integrated at the rate of 2 ° per
min. The XRD analysis was performed using the JCPDS ICDD
data 2003 using PCPDFWIN software.

The Bruker solid-state 29Si MAS-NMR of 79.46 MHz was
used and Bruker 7 mm probe, a 5 mm zirconia rotor and the
spinning speed of 10.0 KHz. The standard used for 29Si NMR
is tetra methyl silane (chemical shift 0 ppm). The solid-state
27Al MAS-NMR spectra were collected at 156.320 MHz using
a 2.5 mm HX-CPMAS probe, a 2.5 mm low-Al zirconia rotor
and a spinning speed of 22.0 kHz. The reference sample for
27Al is aqueous AlCl3.

TGA/DTA was done by simultaneous thermal analysis
(STA), NETSCH 2500 Regulus in the temperature range 30-
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1200 °C in floating air/nitrogen (60 mL/min) with the heating
rate of 10 °C/min.

The compressive strength measurement was performed
using AIMIL compression testing machine for geopolymer
paste with force applied at a rate of 2 KN/s at the age of 3, 7,
14 and 28 days. The results reported were the average of 5
replicates.

RESULTS AND DISCUSSION

Characterization of fly ash

Chemical and mineral composition: The chemical com-
position of fly ash was determined using energy dispersive X-
ray fluorescence spectroscopy (EDXRF) and the results are
shown in Table-2. The fly ash contains nearly 80 % of SiO2

and Al2O3 less than 5 % CaO and traces of other oxides in
addition to Fe2O3. The Si/Al ratio of fly ash is 4.2. The fly ash
satisfying the Class F according to the code IS 3812-1999.

TABLE-2 
CHEMICAL COMPOSITION OF FLY  

ASH FROM EDXRF ANALYSIS 

Chemical 
composition 

CaO SiO2 Al2O3 Na2O K2O MgO Fe2O3 

(%) 2.09 55 26 0.4 1.65 0.8 10.17 

 
SEM analysis: The SEM images of different magnifi-

cation and EDAX of original fly ash are shown in Figs. 1 and
2, respectively. The morphology of raw fly ash indicates that
the fly ash particles are sphere-shaped. Vitreous particles of
different sizes with deep spheres may hold some other particles
also in their interiors. The EDAX of fly ash also represents the
presence of higher amount of Si and Al element without any
calcium.

Characterization of fly ash and synthesized geopolymer

FT-IR spectroscopy: Fig. 3 presents the FT-IR spectrum
of fly ash. The fly ash shows the sharp band at 1093 cm-1 and
a weak band near 908 cm-1 (high Al) attributed to the asym-
metric stretching of (Si, AlIV)-O-Si in glass and asymmetric
stretching of (Si, AlIV)-O-Si in amorphous phases, respectively.
Which is composed of higher Al concentration both bands are
active in nature [18]. The weak band occurred at around 793 and
555 cm-1 corresponds to the symmetric stretching of Si-O-Si
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Fig. 2. EDAX of original fly ash
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Fig. 3. FT-IR spectrum of original fly ash and their respective geopolymers
FA1 and FA2

in quartz and stretching AlVI-O of Mullite like structure both
bands are inactive or less active for geopolymerization reaction.
These active bonds are readily undergoing polymerization in
alkaline condition by leaching out of Si and Al from fly ash.

Referring to the literature, the assignment of frequency
observed in the samples can be explained. Around 1100-1000
cm-1, T-O (T = Si/Al) asymmetric stretching vibrations is
considered to be the combination of Si-O and Al-O symmetric
stretching. Shifting to lower wave number is an indicative of
the formation Al-rich silicate gel during the activation of fly

Fig. 1. SEM images of original fly ash
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ash [19]. The more considerable shift in the vibration spectrum
means greater intrusion of Al3+ into the [SiO4]4-. In the present
case, the shift in frequency is observed from 1093to 1080
cm-1 for the geopolymer prepared with the Ms of 0.87 (5 M)
FA1 from the original fly ash and shifted to 967 cm-1 for FA2
(Ms 1.15, 10M). When increasing the alkali concentration the
Al incorporation is greater ultimately the sodium alumino
silicate hydrate gel (N-A-S-H) formation is also higher and
binding action will be more. This observation coincides with
the compressive strength results. The broad absorption band
appeared after alkali reaction at around 3459 cm-1 is attributed
to the -O-H stretching coming from the water present in alkali
solution and 1600 cm-1 is due the H-O-H bending vibration
this band does not appear in anhydrous fly ash. The band at
1440-1470 cm-1 could be assigned to the stretching bond of
O-C-O, it indicates the presence of sodium carbonate which
is formed by the reaction of unreacted Na with the atmospheric
CO2.

Solid state 29Si and 27Al MAS-NMR analysis: 29Si MAS-
NMR spectra of fly ash and geopolymer paste (FA1 and FA2)
are presented in Fig. 4(a). The spectrum of the original fly ash
has a broad signal in the range of -80 to -108 ppm indicates the
heterogeneous distribution of silicon structural units and mainly
associated with the resonance of initial glassy phase. The original
fly ash showed peaks representing aluminium framework silicates,
namely Q4(-113 ppm), Q4(1Al) (-104.9 ppm), Q4 (2Al) (-101.2
ppm), Q4 (3Al) (-94 ppm) and Q4 (4Al) (-88 ppm). After the
alkali reaction incorporation of aluminium in the framework,
silicate phases with average to high amounts are observed
shifting of signals towards positive values indicate that the
formation aluminium rich network. In other words, aluminium
penetration in original silicate bone structure occurred during
the alkali reaction by disrupting the bonds [20,21]. Also, the
peaks for different Qn (mAl) are found to be more predominant
and increasing intensity in both FA1 and FA2. However, the
FA2 experiencing more shift with higher intensity represents
the more Al intrusion and formation of more alumino silicate
gel.

27Al MAS-NMR spectra of fly ash and geopolymer paste
(FA1 and FA2) are presented in Fig. 4(b). The peak at around
60 ppm is due to the presence of Al(IV) whereas chemical
shift at 0 ppm, is due to the Al(VI). After alkali reaction, the
peak intensity at 0 ppm has decreased in FA1 and FA2 and
some remnant Al(VI) is also observed in both cases however
the unreacted Al(VI) is less in case of higher alkali concen-
tration (FA2). The broad peak at 60.8 ppm becomes narrower
and slightly shifted towards the lower chemical shift of 59 ppm
in both cases. It implies that the formation of geopolymeric
binder gel.

SEM analysis: SEM images of FA1 and FA2 showed in
Fig. 5(a) and 5(b), respectively. The geopolymer was prepared
under two condition were examined to know the extent of
leaching process. The FA1 shows the gel formed over the
spherical particle and the unreacted fly ash particles also exist.
In FA2 the more gel was formed and overwhelmed the fly ash
particles as seen in Fig. 5(b). Fewer unreacted particles are
also observed. FA2 shows relatively more gel and dense
alumina-silicate geopoly-mer proved that the reaction of fly
ash increases with the alkali activator concentration increases.
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Fig. 4. MAS-NMR spectrum of original fly ash and their respective
geopolymers FA1 and FA2 (a) 29Si NMR (b) 27Al NMR

XRD analysis: The fly ash contains the peaks which were
assigned to Quartz (SiO2, PDF #00-046-1045) and Mullite
(Al4.44Si1.56O9.78, PDF #01-074-4143) and these peaks represent
the unreactive crystalline phases (Fig. 6). The fly ash is having
the amorphous alumino silicate hump at approximately 22-
30° 2θ. After the alkali reaction, the new peak appeared at 24°
2θ value which corresponds to hydroxysodalite and nepheline
in addition to the crystalline peaks of original fly ash (Fig. 6).

Mechanical strength: Fig. 7 shows the compressive strength
results of geopolymer FA1 and FA2 at different curing ages.
A comparison of the strength of FA1 and FA2, the geopolymer
prepared with 10 M (FA2, Ms = 1.15) showed the better beha-
viour at all curing ages studied compared to FA1 (5 M, Ms =
0.87) and approximately 50 % higher than the FA1. It was
also observed that the increasing the reaction time also tends
to progress the reaction thereby improving the compressive
strength property. When comparing the curing ages from 3 days
to 28 days the remarkable increase in strength was observed
that is 350 % and 160 % in FA1 and FA2 respectively. From
the FT-IR analysis and MAS-NMR studies, it was found that
the higher alkali concentration (FA2-Ms 1.15 and 10 M)) leads
to the formation of more binding gel (N-A-S-H) by increasing
the Al intrusion into the silicate backbone of original fly ash
thereby increasing the strength properties too.
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Conclusion

This study is a part of the research on the development of
high-temperature resistant geopolymer composites using 100 %
fly ash as a binder investigated the suitability of fly ash obtained
from Ennore thermal power plant and the effect of alkali
concen-tration and curing ages of alumino silicate gel paste.
The extent of the reaction was examined through analytical
techniques such as SEM, FT-IR, XRD and 29Si and 27Al MAS-
NMR analysis. We also evaluated the mechanical strength at
different curing ages with a diverse alkali solution.

• The SEM analysis of fly ash shows that the morphology
of the fly ash is spherical in nature and forms more sodium
alumino silicate gel in high alkaline condition (Ms 1.15) com-
pared to lower silica modulus (Ms:0.87).

• The XRF analysis reveals that the fly ash contains more
than 80 % of SiO2 and Al2O3.

• The relationship between the compressive strength and
alkali concentration performed using analytical techniques
such as XRD solid-state NMR and FT-IR.

• The higher molarity (modulus SiO2/Na2O 1.15) of alkaline
solution appeared to provide higher compressive strength together
with the considerable effect of curing period.

• The spectroscopic techniques FT-IR and MAS-NMR
spectroscopy helped to understand the network structures of
gels formed during the reaction. The FT-IR spectra of fly ash
before and after alkali activation showed obvious changes in
the active bonds of fly ash corresponding to Si-O and Al-O
vibrational frequency. Displacement towards the lower values
of frequency confirms the activation of fly ash particles during
the reaction. From the 29Si MAS-NMR spectral studies evident
the penetration of Al atoms into the original polymeric silicate
structure of the fly ash during activation reaction. The intrusion
of Al into the Si-O skeleton is more in case of high alkaline
concentration observed through FT-IR and 27Al MAS-NMR
studies. It coincides with the compressive strength properties.

Hence advanced analytical techniques are considered to
be valuable quality indicators in the preparation of geopolymers
regarded as a future sustainable alternate binder.

Fig. 5. SEM images of geopolymers FA1 and FA2
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