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INTRODUCTION

Cement plays an important role in construction and national
economic development and it is also considered as second to
the fresh water as the most widely used commodity [1,2]. An
alarming issue was identified with the cement-based material
for the development of sustainable infrastructure in a carbon
embarrassed society. About two billion tonnes of CO, emitted
from cement manufacturing process per year (which is around
5-7 % of the global anthropogenic CO, emission) including
emissions of harmful particulates [3-5]. In search for cement
less alternative binder which opens an opportunity for the
development of the alkali activated materials. Geopolymers,
a subset of alkali activated materials [4,6,7] are systems of
inorganic binders proposed by Davidovits in 1970’s [8]. The
geopolymeric main reaction product (N-A-S-H network forma-
tion) formed by treating industrial waste/by product with a
hybrid solution of NaOH and Na,SiOs solution. The industrial
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Geopolymers are a class of inorganic polymer that act as an alumino-silicate sustainable binder alternative to ordinary portland cement. |
The environmental impact of fly ash in terms of its immense production and dumping huge quantity of fly ash in land-living is the major |
concern for everyone. It is synthesized from the industrial waste or by-products like fly ash, ground granulated blast furnace slag, |
metakaolin, red mud, efc., mediated in alkaline environment. The alkali mediated fly ash is one of the ecologically benign process which
transforms partially/wholly vitreous structure into pozzolanic binder network. Geopolymer shows an excellent property in terms of early |
strength gain, resistant towards acid attack, sulfate attack, fire and maintains good performance when exposed to elevated temperatures. |
The chemistry of geopolymerization reaction is more complex and multi-phase nature of the precursor material shows disordered glassy |
layer network arrangement. The present article focused on the reactivity of fly ash, development of new NASH geopolymeric binder gel |
in alkaline environment were studied by X-ray fluorescence, X-ray diffraction, field emission scanning electron microscopy, transmission
electron microscopy, zeta potential, Si MAS-NMR and ATR FT-IR spectroscopies. Thermal steadiness of geopolymeric matrix was I
|
|

waste/by product used for the synthesis of geopolymer are fly
ash, ground granulated blast furnace slag (GGBS), copper slag,
red mud, rice husk ash, etzc.

The chemistry of geopolymerization reaction and strength
development of geopolymeric mortar (product) are influenced
by different features such as chemical composition of precursor
materials, activator solution, water content, type of aggregates,
additives and curing conditions [9]. Several studies have been
conducted to investigate fly ash based geopolymer concrete
properties [10]. The strength development of fly ash based geo-
polymer depend upon the particle size, glassy phase content,
amorphous silicon and aluminium, chemical composition, combi-
nation of activators, concentration of activator solution and
curing conditions [10]. The first phase of geopolymerization
reaction depends on the activator solution, Fly ash can be activated
by both NaOH, Na,SiO; or by using hybrid solution of NaOH
+ Na,Si0;. Sodium hydroxide activation results in increased
dissolution of aluminium monomeric species rather than silicon
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resulting in aluminium rich geopolymeric network formation
and its negative charge created by the aluminium was counter
balanced by sodium ions from the activator solution. The commer-
cially available sodium silicate (molar ratio:2.0,2.4,3.2) used
as an activator solution results in decrease in mechanical
strength due to presence of Q* and Q* structural unit in the acti-
vating solution. A hybrid solution of NaOH + Na,SiOj; results
in enhancement in the development of 3D sodium alumino
silicate hydrate gel (N-A-S-H) which reflects in the mechanical
strength. The second phase of reaction depends on the curing
temperature in the range 60-95 °C and curing time (24-48 h).The
curing condition alters the dissolution rate of monomeric species
from the precursor material followed by condensation, poly-
merization in terms of Si/Al over time which will change the
network formation of geopolymers. Many researchers reported
that the fly ash based geopolymer has significant resistance
towards acid, sulfate attack and fire resistant. Geopolymer can
be formulated any specific niche applications by optimizing
the influencing parameters [5,11,12]. Till now there is no simple
methodology or analytical tool for evaluating the chemical comp-
osition, network formation, amorphous content, degree of reaction
of the precursor material, activator solution and formed geo-
polymeric gel. Hence, it is understood that synthesized tech-
nique can be succeeded to produce the predicted fly ash based
geopolymer characteristics in the most practicable means possible.

To sightsee the probable utilization of industrial by product
form the thermal power plant, fly ash in geopolymer technology
were evaluated after chemical characterization and fly ash reacti-
vity. The present study focused on the chemical, mineralogical
and microstructural description of fly ash based geopolymer
using NMR, FTIR, TGA/DTA, zeta potential, FESEM and TEM
techniques.

EXPERIMENTAL

Raw materials: Fly ash from Ennore thermal power plant,
India was used as the precursor material and its chemical compo-
sition was determined by means of energy dispersive X-ray
fluorescence spectroscopy (EDXRF) and its physico-chemical
properties is tabulated in Table-1. Sodium silicate solution was
used as alkali activator (AS) (15 % Na,0O, 33 % SiO, and 52 %
H,0). Starting sodium silicate was further adjusted by adding

lye (50 % NaOH). An hybrid activator solution obtained by
mixing of sodium hydroxide (50 %) and final modulus of the
activator solution is 1.1 and it comprises SiO, content of 26.5
+0.8 %, Na,O: 18.9 £ 0.6 %, residual H,O and kept at 24 h prior
to use.

Geopolymer synthesis: The geopolymer paste and mortar
was synthesized by mixing alkali activator solution (Na,SiOs/
NaOH = 1.1) with the calculated quantity of precursor material
(Table-2). All the dry samples were mixed for 4-8 min in the
DIGI mortar mixer machine followed by activator solution.This
paste mixture was transferred into the cubical moulds (50 mm
x 50 mm x 50 mm) vibrated for compaction and sealed with a
plastic cover to minimize loss of evaporable water followed
by heat curing at 60 °C for 24 h. A 28 days, cured specimens
are further used for the microstructural analysis.

Natural sand obtained from the river bed is used as a granular
filler material (fine aggregate) with the specific gravity 2.58
and finess modulus 3.01 is used as fine aggregate and confirmed
by Grading Zone II of IS 383: 1970. The geopolymer mortars
were prepared by mixing the siliceous sand with the binder
(2:1) and homogenization of the material is obtained at a speed
of 110 rpm in the DIGI mortar machine for 5 min and casted
in cylindrical mould with the size of 75 mm diameter x 150 mm
height are used to study mechanical strength property. After 24 h
of casting, cylindrical moulds containing geopolymer mortar
matrix were kept for heat curing at 60 °C for a period of 24 h in
a hot air oven. To study the compressive strength of specimen
the wet matrix casted into the cylindrical tube (75 mm dia. x
150 mm height).

¥Si-NMR spectroscopy: High resolution MAS-*Si NMR
performed on powder sample at room temperature on Brucker
ADVANCE-400 spectrometer operating at 72.18 MHz with.7
mm probe, a 5 mm zirconia rotor. Typically 500-600 scans
with a pulse width of 2.2 us and the relaxation delay of 22 s
for data collection of each sample and the standard used is TMS
(0 ppm).

ATR FT-IR: The bonding nature of geopolymer paste,
precursor material and activator solution was characterized using
ATR FT-IR technique. The spectra were recorded on a Bruker
IFS 66v/S FT-IR spectrometer equipped with a DTGS detector
and a vertical ATR accessory. The vertical ATR accessory consi-
sted of a trapezoidal-shaped ZnSeIRE (45°, 50 mm x 20 mm

TABLE-1
PHYSICAL AND CHEMICAL PROPERTIES OF FLY ASH
Chemical .
oy SiO, Al O, CaO Fe,0, K,O MgO Na,O
Fly ash 44.98 24.45 3.599 18.17 4.65 0.5 0.015
Physical proverties Specific Fine modulus Bulk density Residue on 45- Cementing efficiency Loss on
Y prop gravity (Blaine) (m*/kg) (kg/m’®) micron sieve factor at 28 days ignition (%)
Fly ash 2.15 330 1005 35 0.93 1.4
TABLE-2
MATERIAL DESIGN OF GEOPOLYMER PASTE, MORTAR
Mi tity (Mortar-22 P
Sample type Mix ID : X quantity (Mortar-2200 g/m.)
Fly ash GF Na,SiO; NaOH Na,SiO,/NaOH L/B AS
Paste FG 650 - 50 1.5 0.4 248
Mortar FGm 650 1209 69 1.5 0.6 341

GF = Granular filler, Na,SiO; = Sodium silicate solution, NaOH = Sodium hydroxide, L/B = Liquid/Binder, AS = Alkaline solution.
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x 2 mm) with totally 25 internal reflections mounted in a ~ 3.5
mL flow-through stainless steel cell. Data evaluation and spectra
simulation were performed with OPUS software from Bruker
Optics.

Mechanical strength: Mechanical strength property was
tested using compression testing machine with a loading rate
of 100 kg/min (ASTM C109 M). Mechanical properties were
tested on the hardened mortar sample after 1, 3,7, 28, 60, 180
and 365 days. The strengths results reported were the average
of five samples.

Mineralogical composition: X-ray diffraction was
carried out using PANalytical X'pert Pro X-ray diffractometer
with CuKot 1.542 A, 30 Ma with 40 kV with step size 0.017
degree/s on the powdered sample of raw material and 28 days
of cured fly ash based geopolymer sample.The data obtained
from X-ray diffraction studies were interpreted using PCPDFWIN
software and reitveld analysis.

Surface morphology: Transmission electron micro-
scopy) was conducted on a JEOL 2010 electron microscope, fitted
with a energy dispersive X-ray spectrometer (EDS). Selected
area diffraction patterns (SADP) were collected from regions
of interest first, followed by image acquisition and finally micro-
analysis. This order was chosen due to decreasing sensitivity
to beam damage through the sequence. Field emission scanning
electron microscopy (FESEM) was performed using high reso-
lution field emission electron microscope FEI's Quanta 200
FEGFESEM. The specimen fragments for geopolymer paste
mounted in epoxy resin, further vacuumed, operative at an accel-
erating voltage 24 kV and test was carried out using back scatt-
ered electron detectors.

Thermogravimetric analysis: To investigate the strength
degradation mechanism of geopolymer binder at high temp-
erature, TGA/DTA were conducted by simultaneous thermal
analysis (STA), NETSCH 2500 Regulus in the temperature
range 30-1200 °C in floating air/nitrogen (60 mL/min) with
the heating rate of 10 °C/min.

Zeta potential: Malvern Zetasizer (nano series) was used
to measure the zeta potential. Geopolymeric matrixes of 0.5
weight % in deionized water against standard potassium tungsto-
silicate solution and calculations were made through Zetasizer
software.

RESULTS AND DISCUSSION

¥Si-NMR spectroscopy: Fig. 1 shows *Si MAS-NMR
spectra of fly ash, alkali activator (AS) and fly ash based geo-
polymer paste. A wide spectrum signal ranged between -80 to
-108 ppm of precursor material (FA) depicts the heterogeneous
distribution of silicon structural units due to presence of glassy
phase material (mullite, quartz). Spectrum of AS shows an intense
peak around -72, -80 and -88 ppm corresponds to Q°, Q' and
Q?, respectively. It is observed that there is an absence of bridging
oxygen atom between the tetrahedra silicate crystal, Q* [13-18].
Upon activation of fly ash using alkaline solution, the geopoly-
meric gel with low calcium aluminosilicates i.e. N-A-S-H is
formed. The main shift is -94 and -66 ppm indicated the presence
of Q* (2Al) and Q* (3Al) unit. The shift around -104 ppm is
less represented which corresponds to Q* (OAI) during geopoly-
merization, Al get penetrated [SiO,]* skeleton. General structure
of geopolymer depicted as Si** and Al** tetrahedrally bonded
through sharing of oxygen atoms and the extra negative charge
on AlO4 group is balanced by the alkaline cation (typically
Na® or K*). The signal above 108 ppm are allotted to different
crystalline phases of silicon Q* (OAl) (-113 ppm) [19,20].

ATR FT-IR: Fig. 2 shows an ATR FT-IR spectrum of fly
ash, alkali activator and fly ash based geo-polymer paste.
The band at 1093 cm™ (s) 1 are corresponds to T-O (Si, A1™)-O-
Si) asymmetricstretching vibrations and represent the fusion
of both Al-O and Si-O symmetric stretching. The vibrational
frequency at 908 cm™ (m) corresponds to the asymmetric stret-
ching of (Si, AI")-O-Si in amorphous glasses, which could be
composed of higher Al concentration [21,22]. The Q" distri-
bution of siliceous species in the alkaline solution was in the
range of 1300-700 cm™. The band around 1000, 1160 and 820
cm’ are assigned to the asymmetric stretching vibration of
Si-0-Si (Q%), Si-O-Si (Q*) and Si-O-Si (Q°), respectively [23-
26] (Table-3). The silicooxygen ring absorption band was found
in the range of 800-500 cm™. The distinct band at 579 and 643
cm’' exhibit cyclic ring structure in the fly ash based geopolymer
(FG) matrix. A strong shift of band from 1093 to 1003 cm™ is
due to the formation of sodium aluminosilicate gel. The band
around 797 and 857 cm’ are due to incorporation of Al in -Si-O-
Si- network and -C-O- stretching from carbonates [19,21,26].

FA

AS FG

-60 -80 -100 -120 -140 80 90
Chemical shift (ppm)

-100 -110
Chemical shift (ppm)

L} L) L) AJ L)
420 70 -80 -0 -100 -110 -120 -130
Chemical shift (ppm)

Fig. 1. *Si NMR spectrum of fly ash, alkaline solution (AS), fly ash based geopolymer (FG)
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TABLE-3
MAIN ABSORPTION BANDS (cm™) OF FLY ASH, ALKALINE SOLUTION, FLY ASH BASED GEOPOLYMER SAMPLES

Wavenumber (cm™)

- - Attribution
Fly ash Alkaline solution Fly ash based geopolymer
650-500 800-500 600-500 Silico-oxygen bond of three, four membered rings
790-730 800-750 800-750 Symmetric band of -Si-O-Si-/-Si-O-Al
1250-950 1250-950 - Asymmetric Si-O-Si and/or Al-O-Si stretching
- 1480-1350 1480-1350 C-O stretching (carbonates)
— — 1050-900 Sodium alumino silicate gel (NASH)
570 - : : Mineralogical composition: XRD pattern of fly ash shows
; : i : crystalline phases like mullite (alumina silicate) shows peaks
: : i at 25.82° 27.20° of 26 values (d spacing of 3.45 and 3.4 A)
1003 i : :

1514

! FA

L)
1000 1200
Wavenumber (cm™')

Fig. 2. ATR FT-IR spectrum of fly ash (FG), alkaline solution (AS) and fly
ash based geopolymer (FG) samples

L] : L
600 800 1400 1600

Mechanical strength: Fig. 3 shows the compressive
strength of fly ash based geopolymer at different ages of curing.
The trend is increasing with respect to age of curing. This indi-
cated that long period of curing does not affect the mechanical
strength due to the continuous formation of NASH gel. The
one-day strength of fly ash based geopolymer specimen is
around 8-10 Mpa, which is sufficient for handling and trans-
portation. The fly ash based geopolymer specimen has a bound-
less implication in the construction sector because of its high
mechanical strength and early strength gain property [27].
Abdulkareem et al. [28] reports that 20.3Mpa achieved on the
fly ash based geopolymer on 60 days cured samples.

Compressive strength (MPa)

1 3 7 28 60 180 365
Different ages of curing (days)

Fi

=

g. 3. Compressive strength of FG specimens cured at 1, 3, 7, 28, 60, 180
and 365 days of curing at room temperature

and the quartz exhibits peaks at 20.73°, 26.52°, 26.66°, 40.66°,
49.96° of 20 values (d spacing of 4.28, 3.36, 3.34, 2.21, 1,82
A) in Fig. 4. There is a broad hump which denotes the presence
of amorphous (vitreous) phase in the region between 26 = 20-
25°. The original fly ash contains quartz (Q) and mullite (M)
as a main crystalline phase that is about ~ 6 % (Q) and 16.52 %
(M) in weight percent as obtained with reitveld method [29]
and were neglected for Si/Al calculation, since these phases
are insoluble during alkali activation. The other phases present
in small amounts (~ 5 %) are hematite (2.98 %) and magnetite
(1.99 %).

Q - Quartz
M - Mullite
S - Hydroxysodalite

Geopolymer

—
%)
Q
o
=
.4? Amorphou
8 silicate phase
o | AS
=
< :
+ Amorphous
: silicate
i phase
FA M

20 (°)
Fig. 4. XRD pattern of fly ash (FA), alkaline solution (AS) and fly ash
based geopolymer (FG) samples

The intense peak around 26 = 20-30° was attributed to the
presence of amorphous silicate phase containing SiQ4 in the
alkaline solution [30]. The quantity of non-bridging oxygen
(NBO) in alkaline solution is the function of Si0O,/Na,O and
the structure of siliceous species will be SiQ3 and SiQ4. The
hump present in fly ash and alkali activator shifted to the 20 =
25-30°in fly ash based geopolymer pattern is due to formation
of N-A-S-H (alkaline aluminosilicate hydrate gel) as the
primary reaction product of geopolymerization reaction in the
diffraction patterns of geopolymeric materials [31-34]. During
activation of the original fly ash the crystalline phase remains
unreactive and the amorphous (glassy) phase results in NASH
gel as a main reaction product.

FESEM: The original fly ash contains a spherical particle
during coal combustion process as shown in Fig. 5a. On activ-
ation of fly ash a dense continuous gel like structure is formed
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Fig. 5. FESEM micrograph of (a) FA (b) FG specimen at 24 h (c) FG specimen at 28 days (d) EDAX of FG specimen at 28 days of curing

over the surface of fly ash. Fig. 5b shows some unreacted fly
ash at 24 h of curing with the formation of NASH gel. The number
of unreacted particle is decreased on increasing the curing time
due to formation dense gel structure with micropores. The form-
ation of needle like structure adhered to the surface of gel may
be due to high concentration of activating solution represented
in Fig. 5c. The primary reaction product contains a dense contin-
uous gel over the surface of fly ash with micro-pores and needle
like structure leads to fire resistant application. Fig. 5d shows
the EDAX of fly ash mediated by alkaline solution and Si/Al
is found to be 1.386.

TEM analysis: Fig. 6 shows TEM images of micro-sectioned
fly ash based geopolymer. Fig. 6a shows the spherical fly ash
particle undergoes a geopolymerization reaction process under
alkaline environment for 28 days of curing and it is well ordered
in hexagonal array. In addition to main geopolymeric gel product
there will be some weakly crystalline NASH geopolymeric
particles will be formed. These particles were found to be crysta-
lline or semi-crystalline and observed in the diffraction patterns.
Amorphous NASH geopolymeric gel was to be no regular shape.

Unreacted
fly ash |

N o aiii

; Unreacted
| flyash

Element Wt % At %

Si 11.63 7.75

Al 8.39 4.23

Ca 13.38 6.08
gy ey T
15 20 25 30

keV

The distance between two consecutive corners of the pores were
calculated using TEM image is 0.34 nm (Fig. 6b). The diffraction
pattern shows highly diffused with short range order and repres-
ented as two ring electron diffraction patterns.The diffraction
pattern of Fig. 6¢ shows semi-crystalline and amorphous geo-
polymeric gel in it. The diffraction pattern with cloudy ring
represent the presence of amorphous geopolymeric binding
gel and with dotted ring shape denotes the semi-crystalline/
crystalline particles like quartz, mullite, efc. Fly ash mediated
in alkaline environment shows the dissolution of silicate and
aluminate species on its surface followed by polymerization
resulting in geopolymeric binding gel (amorphous NASH
network formation).

Thermogravimetric analysis: TGA is used to measure
the weight loss as function of increasing temperature. Fig. 7
depicts that fly ash based geopolymer sample has a weight
loss of 13 % at 1200 °C. A sharp decrease is weight before 200
°C is attributed to the loss of both physically and part of chemi-
cally bound water molecule present in the product alumino-
silicate polymer. There is no appreciable weight loss in between
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Fig. 7. TGA/DTA of FG specimen

200 to 1200 °C. First endothermic peak around 50-150 °C, a
sharp decrease in weight attributed to the loss of evapourable
water content from the binder gel N-A-S-H . The endothermic
peak from the ambient temperature to 180 °C centred at approxi-
mately 67 °C, correspondingly the weight loss of approximately
13 % of fly ash based geopolymer specimen.

Zeta potential: Zeta potential is a scientific term for electro-
kinetic potential and a measure of magnitude of the electrostatic
or charge repulsion/attraction between particles.A negative zeta
potential was observed for fly ash, which contains reactive
Si and Al groups.The highest negative value of zeta potential
(-18.8 mV) indicates the steadiness of geopolymer suspensions.
On activation of original fly ash by alkali activator, hydroxyl
group in alkali activator reacts with Si and Al to form either
[SiIO(OH);]™ or [SiO,(OH),]*” and [A1(OH),]” [34]. The Na*
ions in alkali activator react with negatively charged species
to form a sodium aluminosilicate hydrate gel layer, [Na,(AlO,),
(810,),.nNaOH.mH,0] results in decrease in zeta potential
values (- 41.8 mV).The result obtained in the present study
agrees with Gunasekaran et al. [35].

Conclusion

Chemical analysis through XRF, % amorphous and cryst-
alline phases through XRD and microstructural analysis of
precursor and hardened matrix were carried out. Key spec-
troscopic techniques viz. ATR FT-IR, XRD, TGA/DTA, zeta

Fig. 6. TEM (a) FG specimen (b) short ordered NASH gel of (c) diffraction pattern of FG specimen

dotted ring

Cloudy ring

potential and nuclear magnetic resonance spectroscopy were
used to understand the network structures of gels formed during
the reaction. The products formed were found to exhibit amor-
phous character with minor crystalline phases. The ATR FT-
IR spectra revealed the differences between fly ash before and
after alkali activation. The main band corresponding to Si-O
and Al-O vibrations of original fly ash was found to be displaced
towards the lower values after reaction, besides showing the
presence of active amorphous bonds in a major level for acti-
vation. In *Si MAS-NMR spectrum, the reaction products
exhibited a 3D glassy structure with evidence of penetration
of Al atoms into the original polymeric silicate structure of fly
ash during activation reaction. The decrease in zeta potential
value of fly ash based geopolymer indicates high chemical
stability of fly ash in alkaline environment to form a primary
reaction product (NASH gel) was reflected in the XRD phase
change. A continuous dense gel structure with micro-pores
with the decreasing rate of unreacted fly ash by increasing the
curing period well agrees with the compressive strength of fly
ash based geopolymer specimens. The properties of fly ash
based geopolymer can be exploited for their application in the
manufacture of cement, concrete, refractories, bricks, ceramics,
thermal insulating material, sleepers of railway, structures
restoration and in several fields of civil engineering.
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