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Abstract: Aluminosilicate source powder and various alkaline solutions can be combined to produce
three-dimensional eco-friendly materials known as geopolymers. Due to the presence of amorphous
aluminosilicate phases, fly ash powder, a byproduct of a thermal power plant, has the potential to serve
as a raw material for geopolymer synthesis. In this current investigation, geopolymers are prepared by
alkali activation of fly ash powder with an alkaline solution. Geopolymer samples were synthesized
using class F fly ash powder and a combination of 14 molar sodium hydroxide (NaOH) solutions and
sodium silicate (Na.SiOs) solutions, followed by ambient curing. After curing, the mechanical
properties, such as compressive strength, are determined. The specimen of geopolymer that has
undergone a 390-day ambient curing process has the maximum compressive strength, flexural strength,
and micro-hardness value of 89.47 MPa, 15.8 MPa, and 171.21 HV, respectively. To confirm
mechanical properties data, tested samples were further analyzed by field emission scanning electron
microscopy (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDS), high-resolution
transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR), respectively. Further, to test the durability, a water absorption test was conducted
where the immersion days were 7, 14, and 28 days, respectively. The lowest water absorption was
5.70% after exposure for 28 days.

Keywords: fly ash; industrial waste; environment; geopolymer; construction materials; waste.
Abbreviations: NH: Sodium hydroxide; NS: Sodium silicate; NTPC: National Thermal Power
Corporation Limited; BgTPP: Bongaigaon thermal power plant; N-A-S-H: Na;O-Al;0s-Si0,-H;0; C-
A-S-H: CaO-A|203-Si02-H20.
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1. Introduction

Alkali-activated materials are gaining much more attention due to their synthesized
techniques. They use industrial solid waste such as fly ash powder [1], red mud [2], ground
granulated blast furnace slag [3], LD slag [4], zinc slag [5], chromium slag [6], ferrochrome
slag [7], nickel slag [8], etc. which results in the environmental benefits. Due to urbanization
and the electricity demand, coal utilization in coal-based thermal power plants is increasing
daily to meet the issues. China is the top coal consumer in the world as of 2015. India is one of
the major fly ash producers among the world's top ten fly ash producer countries. Between
2015 and 2035, India's coal consumption for its different coal-based thermal power plants
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might double, from 407 to 833 mtoe (Millions of tonnes of oil equivalent) [9], which can result
in more fly ash. Fly ash powders are one of the solid industrial wastes left behind after coal is
burned in coal-based thermal power plants. After combustion, the particles that rise along with
the flue gases are called fly ash, and the particles that do not rise and settle down at the bottom
of the furnace are called bottom ash. The fine particles from the flue gases are removed by
filtration or electrostatic precipitators. Fly ash's constituents vary significantly depending on
the type of coal being burned as well as its origin and composition. It may contain a toxic
element (Cr, Se, B, Pb, As, Cd, Ni, Sb, Zn, and Sn) that depends on the coal bed [10]. Two
types of fly ash are available according to the ASTM C618, such as Class C and F type [11,12].
Fly ash powders are one of the major sources of aluminosilicate materials, making this
industrial solid waste suitable for utilization in the field of geopolymer. An abundant amount
of fly ash is generated globally annually, which results in various environmental issues such as
air, surface water, groundwater, and soil pollution, respectively [13-16]. Also, vast areas are
required for their disposal, so using these materials is gaining much more attention from
researchers by utilizing geopolymer technology.

The aluminosilicate source materials can be activated by alkaline solutions, such as
sodium or potassium hydroxide solutions, along with sodium or potassium silicate solutions.
Researchers have done many works on alkali-activated materials, which possess excellent
physical, mechanical, and durability properties in high-temperature conditions and acid
medium, respectively. Two curing methods are mainly used to develop fly ash-based
geopolymers' mechanical properties: ambient curing and high-temperature curing. The
geopolymer process is complex, and it involves several steps. Due to alkaline activation, the
dissolution of Al and Si takes place from the source materials and forms a geopolymer gel. The
next step involves hydrolysis, which entails breaking the bond and enabling silicate and
aluminate tetrahedral units to link with one another since water molecules are present. After
that, polycondensation occurs and forms an aluminosilicate network [17]. Sodium
aluminosilicate hydrate gel (N-A-S-H) is the primary reaction product for fly ash-based
geopolymers, mainly responsible for forming mechanical characteristics [18,19].

Geopolymer concrete under ambient curing was studied by Rahman et al. [20], where
the raw materials were fly ash, micro fly ash, and slag. The increase in ambient curing days
was reported to enhance the compressive strength, where the highest compressive strength of
45 MPa was achieved. Verma et al. [21] studied the impact of NaOH on the mechanical
characteristics of a geopolymer based on fly ash and slag, where the specimen achieved the
highest compressive of 25 MPa under ambient curing of 56 days. Ambient cured fly ash-based
geopolymer prepared with only NaOH is studied by Somna et al. [22]. The compressive
strength increases with the increment of NaOH concentration, and the maximum compressive
strength of 25.5 MPa was attained after curing for 60 days with the NaOH concentration of 14
molars. Fly ash-based geopolymer concrete was prepared with 8 M, 10 M, 12 M, 14 M, and 16
M, respectively [23]. The increase in the concentration of geopolymer specimens from 8 M to
14 M enhances the mechanical properties, but after 14 M, the mechanical strength shows a
reverse direction. The highest compressive strength of 39.67 MPa was achieved within 28 days
of curing. Mudgal et al. [24] studied the geopolymer prepared with fly ash and red mud cured
under ambient curing conditions. a maximum compressive strength of 65 MPa within 28 days
of curing. One part of an alkali-activated fly ash-based geopolymer specimen was studied by
Masi et al. [25] under ambient curing and artificial curing, respectively. The specimens cured
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for 28 days under ambient curing show a compressive strength of 60 MPa. Ceramic waste and
fly ash-based geopolymer concrete were studied by Bhavsar et al. [26] under ambient curing.
It was reported that replacing 15% fly powder with ceramic waste powder shows excellent
mechanical properties, such as compressive strength of 35 MPa to 45 MPa under ambient
curing for 56 days. The ambient curing temperature was 35+2°C. The formation of C-A-S-H
gel with an N-A-S-H gel was confirmed by FESEM and XRD analysis, which was mainly
responsible for mechanical strength development. Nis et al. [27] studied the slag and fly ash-
based geopolymer, where different compositions were proposed. It was observed that the
specimens that are cured for 28 days and 90 days show the highest compressive strength.

Many researchers have reported that curing conditions and age (days) play an important
role in improving the mechanical properties of geopolymer specimens. Various researchers
have also reported that higher curing temperatures accelerate the geopolymerization process of
fly ash-based geopolymer and form the gel, which further results in excellent mechanical
properties. Geopolymer materials are termed green materials, but when we apply the external
curing process, they consume high energy and result in CO2 emission to the environment. Very
limited studies on the long-term curing of geopolymer specimens have been reported. The
current study aims to utilize fly ash to develop geopolymer specimens, where the specimens
are cured under ambient conditions. The geopolymer specimens’ curing ages (days) are 3, 30,
90, 150, 210, 270, 330, and 390 days, respectively. After ambient curing, the cured specimens
are tested using the universal testing machine for mechanical properties such as compressive
strength, flexural strength, and Vickers microhardness tester for the hardness value of the
geopolymer specimen. The fractured specimens are characterized by using field emission
scanning electron microscopy (FESEM) equipped with energy-dispersive X-ray spectroscopy
(EDS), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR), respectively. The water absorption test
was also conducted to check the durability of the geopolymer specimens, followed by a residual
compression test and FESEM analysis.

2. Materials and Methods

The fly ash powder from NTPC BgTPP was used to synthesize the geopolymer
specimen. A thorough characterization of the as-received fly ash has been previously published
by Das et al. [28]. The alkaline activators NH in the form of flakes with a minimum purity
level of 97 % and NS solutions with the composition of SiO2 and Na20 of 25-28% and 7.5-
8.5% are purchased from LOBA Chemie Private Limited (India). The flakes of NH are mixed
with distilled water at an appropriate weight. The concentrations of NH were maintained at 14
molars, which was chosen on the basis of a literature study [29,30]. Since the mixing process
of adding NH flake in distilled water produces heat, the prepared NH solutions of the desired
concentration are kept at room temperature for 24 hours to obtain a stable and homogeneous
mixture. The combination of NH and NS was used to synthesize the specimen, where the ratio
of NS/NH was 1, and the ratio of liquid to solid was 0.3. The fly ash powder was first mixed
with NH solutions, followed by adding NS solutions manually for 3 to 5 minutes. The fly ash
and alkaline solutions are mixed in a jar, and the pastes are cast in the mold and kept at room
temperature for 24 hours. After 24 hours, the specimens are demolded from the mold and cured
under ambient conditions (24+5°C) for various days, such as 3, 30, 90, 150, 210, 270, 330, and
390 days. The cured specimens are tested under universal testing machine. The experimental
procedure for synthesis of geopolymer specimens is depicted in Figure 1's flow chart and the
https://biointerfaceresearch.com/ 30f 22
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detail mix designs of geopolymer paste are tabulated in Table 1. Table 2 shows the geopolymer
samples ID before and after curing.

Experimental
Process Curing

(Ambient)

Geopolymer

Testing and
characterization

Figure 1. Flow chart of experimental process of geopolymer specimen preparation.

Table 1. Mix design of geopolymer paste for natural curing specimen.

Molarity (M) NazSiO3 Liquid (activator)/ . -
Sl Sample ID Ravy of NaOH solution/NaOH Solid (Fly ash curing andltlon and
No. materials . . . . time
solution solution ratio powder) ratio

Curing condition: Room

temperature (24+5°C)

and curing time: 3 days,

1 GP14MAC Fly ash 14 1 0.3 30 days, 90 days, 150
days, 210 days, 270 days,

330 days, 390 days

Note: GP14MAC indicates a geopolymer prepared with 14 molar NaOH and NazSiOs solutions.

Table 2. Descriptions of geopolymer samples ID before and after curing.

Sl. Sample ID Curing age Sample ID

no. (Before curing) (days) (After curing)
1 GP14MAC 3 GP14MAC3D
2 GP14MAC 30 GP14MAC30D
3 GP14MAC 90 GP14MAC90D
4 GP14MAC 150 GP14MAC150D
5 GP14MAC 210 GP14MAC210D
6 GP14MAC 270 GP14MAC270D
7 GP14MAC 330 GP14MAC330D
8 GP14MAC 390 GP14MAC390D

Note: Sample ID GP14MAC3D, GP14MAC30D, GP14MAC90D, GP14MAC150D, GP14MAC210D, GP14MAC270D,
GP14MAC330D, GP14MAC390D indicate a geopolymer prepared with a 14 molar NaOH; NazSiOs solutions followed by
cured under ambient condition for 3, 30, 90, 150, 210, 270, 330, and 390 days, respectively.

3. Result and Discussions

The color of the source materials is light grey. The density of the received fly ash
powders is 0.85 g/cm? (bulk density) and 2.1 g/cm? (true density), respectively. The chemical
compositions of the as-received source materials are listed in Table 3. It is clear from the table
that SiO2 and Al20s3 are the main constituents of the source materials, and there are also other
minor constituents like CaO, Fe203, TiO2, and MgO, respectively. SiOz2 and Al.O3 together
make up 85.4 % of the material, where the percentage of CaO is 1.59 %, which shows that the
as-received source materials come under the type of class F fly ash as per ASTM C618 [31-
33].
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Table 3. Major chemical compositions (%) of fly ash powder.

SI. No. Oxides FA powder (%)
1 SiO2 55.60
2 Al20s3 29.80
3 CaO 1.59
4 Fe203 5.91
5 TiO2 1.63
6 MgO 1.08

SEM micrographs of as-received raw fly ash powders are shown in Figure 2, which was
observed by using the Carl Zeiss make Sigma 300 FESEM equipped with EDS. To analyze the
powder samples, the powders are coated with gold (Au) with a sputter coater. The micrograph
(Figure 2a, 2b) shows that most of the particles are spherical. All the particle's size is less than
100 microns. Along with spherical particles, a few non-spherical, irregular, and angular
particles are observed. The agglomeration of fly ash particles is also seen in Figure 2(a,b). A
porous particle of size ranges 15to 65 microns is present in Figure 2(b)

@ (b)

Figure 2. Representative SEM images of raw fly ash powder.

EDS spectra of porous particles marked in Figure 2(b) are shown in Figure 3. The
porous particle contains various elements such as C, Ti, O, Fe, Al, Si, and Fe, respectively.
From elemental tables, it can be observed that the maximum amount of the element present in
this is carbon (C). The weight % of C, O, Al, Si, Ti, Fe, and Au is 49.93%, 21.37%, 5.03%,
8.06%, 0.94%, 0.98%, and 13.69%, respectively. Fly ash with significant levels of unburned
carbon generally has lower market demand. The presence of more carbon particles (38.8%) in
the fly ash reduces its use for Portland cement concrete as per ASTM C618 [34]. However,
poorly controlled coal combustion processes may cause a lot of unburned carbon production in
the fly ash. Unburned carbon can slow down reactions by absorbing alkaline solutions, impede
the precursor's ability to dissolve, and reduce the workability of the paste [34,35]. The presence
of gold (Au) in the EDS spectra (Figure 3) is due to the coating of gold on the particle surface,
which improves the conductivity of the fly ash particles.

C Elements Weight % Atomic %
351K CK 49.93 68.45
2 22
513 OK 21.37 22.00
AIK 5.03 3.07
273K SiK 8.06 4.73
TiK 0.94 0.32
234K FeK 0.98 0.29
195 AuL 13.69 1.14
Total 100.00 100.00
156K
117K
078K
0.39K fe e A
0,00 —— |
0% 00 100 200 300 400 500 6.00 7.00 8.00 9.00

Lsec: 943 0Cnts 0.000 keV Det: Element-C2B

Figure 3. EDS spectra of porous particles marked in Figure 2(b).
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The elemental mapping of raw fly ash powder is shown in Figure 4, where Figures 4(a-
i) show the electron image in BSE mode, Si distribution, Al distribution, Ca distribution, Fe
distribution, Ti distribution, Mg distribution, Mn distribution, and O distribution, respectively.
It displays about eight elements (Si, Al, Ca, Fe, Ti, Mg, Mn, O) in the corresponding area of
mapping. The color indicates the presence of single elements on the surface. Figure 4 shows
that the presence of Si, Al, and O elements on the surface is greater than that of the other
elements

(a) Electron |mage

(d) cak

(@9 MgK (h) MnK (i) OK
Figure 4. SEM and element mapping of fly ash powder (a) SEM micrograph in BSE mode; (b) Si
distribution; (c) Al distribution; (d) Ca distribution; (e) Fe distribution; (f) Ti distribution; (g) Mg
distribution; (h) Mn distribution; (i) O distribution.

The bulk density and shrinkage of ambient cured geopolymer specimens are shown in
Table 4. By dividing the specimen's mass by its volume, the bulk densities of geopolymer
specimens are determined. The highest bulk density of geopolymer is 2.01 g/cc, achieved by
the specimen ambient cured for 390 days. The drying shrinkage (%) of geopolymer specimens

is calculated by using the formula:

(D‘ Df) % 100

Where Di is the initial diameter of the spemmen, Ds is the final diameter of the
geopolymer specimen. From the drying shrinkage (%) data in Table 4, it can be observed that
with the increase of curing age (days), the shrinkage (%) increases due to the water loss of the
geopolymer specimen during the drying process. A minimum of three specimens were taken
for the calculation of bulk density, and the shrinkage of geopolymer specimens and their
average were reported.

Drying shrinkage (%) =
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Table 4. Bulk density (g/cc) and shrinkage (%) of the geopolymer specimens.

Sl. no. Sample ID Bulk density (g/cc) | Drying shrinkage (%0)
1 GP14MAC3D 1.90 0.81
2 GP14MAC30D 1.93 0.89
3 GP14MAC90D 1.95 0.97
4 GP14MAC150D 1.95 1.00
5 GP14MAC210D 1.98 121
6 GP14MAC270D 1.99 143
7 GP14MAC330D 2.00 149
8 GP14MAC390D 2.01 1.50

The development of mechanical properties is being studied as an ongoing experiment
for up to 390 days. The mechanical properties such as compressive strength, flexural strength,
and Vickers microhardness value of geopolymeric specimen ID GP14MAC cured under
ambient conditions (room temperature- 24+5°C) for various days such as 3 days, 30 days, 90
days, 150 days, 210 days, 270 days, 330 days, and 390 days are plotted in Figure 5.
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Figure 5. Mechanical properties of geopolymer specimens after ambient curing: (a) compressive strength;
(b) flexural strength; (c) hardness.

At least three specimens are tested for reproducibility, and their average values are
reported. Figure 5 shows that with the increase in curing days, the mechanical properties of
geopolymer specimens are enhanced, which implies that curing time plays an important role in
strength development. The specimen which is cured for 3 days shows a compressive strength
of 4.86 MPa, and the specimen cured for 30 days, 90 days, 150 days, 210 days, 270 days, 330
days, and 390 days shows a compressive strength of 55.93 MPa, 58.66 MPa, 62.53 MPa, 65.86
MPa, 70.43 MPa, 77.66 MPa, and 89.47 MPa respectively. The maximum flexural strength of
a geopolymer specimen cured for 390 days is 15.8 MPa. The Vickers microhardness values of
geopolymer specimens are taken on the leveled exposed surface prepared by emery paper. The
geopolymer specimen, cured for 3 days, shows the lowest Vickers microhardness value of 9.89
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HV and cured for 390 days, which shows the highest Vickers microhardness value of 171.21
HV, respectively. Sodium aluminosilicate hydrate gel (N-A-S-H) is the main reaction product
for fly ash-based geopolymers, which results in mechanical properties [36].

Cai et al. [37] studied the fly ash, slag, and metakaolin-based geopolymer, where the
potassium hydroxide was used as an alkaline activator. It was observed that the geopolymer
specimen cured under-ambient curing conditions for 28 days increased the compressive
strength. The fly ash and GGBFS-based geopolymer concrete was investigated under ambient
curing by Nath et al. [38]. The mechanical properties, such as the compressive strength of the
geopolymer concrete specimen, were tested after the ambient curing age of 28 days and 90
days, respectively. The geopolymer concrete specimen, which was cured for 28 days and 90
days, shows a compressive strength of 25-46 MPa and 53 MPa, respectively. The increment of
strength is due to the addition of GGBFS, which ascribes to the formation of the C-S-H gel and
the N-A-S-H gel. The flexural strength of concrete specimens also increased, similar to the
compressive strength trend. However, adding up to 10% GGBFS shows an increase in flexural
strength, which shows reverse trends after that. Vijai et al. [39] studied the effects of curing
methods, such as ambient and hot curing, on fly ash-based geopolymer specimens. The
specimen that was cured under ambient curing showed an increase of compressive strength
after 7 days to 28 days, but for the hot air oven-cured specimen, the strength did not increase
after 7 days. Hassan et al. [40] studied the fly ash-based geopolymer concrete, where the
specimen was cured under ambient curing and heat cured for 26 hours at 75°C. It was reported
that the temperature and curing process is important in the geopolymerization process. The
increase in curing age increases the geopolymer specimen's compressive strength and flexural
strength. Shekhawat et al. [41] studied the fly ash and egg shell based geopolymer, where the
specimen was cured under ambient curing for 7, 28, and 56 days. The highest compressive
strength of 2149 kPa was achieved with the specimen FA50:ESP50 (Fly ash 50: Egg shell
powder 50) specimen.

A few representative SEM micrographs of fractured geopolymer specimens ID
GP14MAC after compression testing are shown in Figure 6, Figure 7, Figure 8, and Figure 9,
respectively. Geopolymer specimens are nonconductive in nature, which can result in the
surface of the materials to act as an electron trap. When the electron beam from the electron
gun hits the non-conducting nature specimen, it accumulates electrons on the surface, which is
called “charging”. It also creates extra white regions on the specimen's SEM image. So before
loading to the FESEM instrument, the geopolymer specimens are coated with (gold) to improve
their conductivity. The image instability and arching during the image collection can be
eliminated by gold (Au) coating, which improves the conductivity of the specimen surface.
Figure 6 (a,b,c) shows the micrographs of fractured specimens cured for 3 days. From Figure
6, it can be observed that few particles are defused and start forming N-A-S-H gel due to high
alkaline activation. Most particles do not participate in the geopolymerization process due to
less activation curing time. A significant amount of fly ash is still present. Few unreacted,
partially reacted particles and micro-cracks, along with geopolymer gels, can also be observed
in the fractured specimen. The reaction mechanism of the source materials by high alkaline
solution is very slow due to the less curing time and temperature, which results in low
mechanical strength. Figure 6(c) shows that the starting raw materials, i.e., fly ash powders,
are covered with sodium aluminosilicate gels.
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2pm EHT= 5004V Signal A= InLens. Date 20 Jun 2022 ZEISS]
| WD = 44 mm Mag= S500KX Time 15:29:43
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WD= 45mm Mag= 500X Time :17:00:29 Wo= 46 mm Mag= 100KX Time :17.02:54

) - (b)

EHT = 500kV Signal A= InLens Date 117 Jan 2022 x|
WD= 46 mm Mag= 5.00KX Time 17.04:07

Figure 7. (a-c) FESEM fractograph of geopolymer specimen cured for 30 days under ambient curing.

Figure 7 (a-c) shows the FESEM fractograph of a geopolymer specimen cured for 30
days under ambient curing. In contrast to the geopolymer specimen that was cured for three
days (Figure 6), it is evident from the fractograph that most of the particles reacted. A few

https://biointerfaceresearch.com/ 9 of 22


https://doi.org/10.33263/BRIAC152.020
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC152.020

unreacted particles, partially reacted particles, pores, and micro-cracks can also be observed.
Figure 7(c) shows a few unreacted, partially reacted particles and fly ash powder covered with
geopolymer gel.

Figure 8 (a-c) elaborates the FESEM fractograph of geopolymer specimen cured under
ambient curing conditions for 330 days. Figure 8(a-b) elaborates that very few undissolved,
partially dissolved, and fully dissolved particles can be observed through the action of a highly
alkaline solution along with cracks on the surface. Pores generated due to absorbed air in the
specimen can also be observed. Figure 8(c) shows the aluminosilicate hydrate gel and compact
structure.

A

20pm EHT = 500kV Signal A= InLens Dato :8 Apr 2022 — 10 pm EHT= 500k Signal A= InLens Date :8 Apr2022 ZEINY|
| — WD= 5.3 mm Mag= 500X Time 153627 F— Wo= 5.2mm Mag= 100KX Time :15:37:11

(@) \ | ___®

EHT= 500KV Signal A= inLens Date 8 Apr 2022 —
[l wo= 52mm Mag= 500KX Time :15:38:47

(©)

Figure 8. (a-c) FESEM fractograph of geopolymer specimen cured for 330 days under ambient curing.

Figure 9(a-c) shows the micrographs of the geopolymer specimen, which was cured in
ambient curing conditions for 390 days. Figure 9(a-b) shows that most of the particles
participated in the geopolymerization process due to more curing time than Figures 6, 7, and
8, respectively. Few unreacted particles are observed, along with few pores, micro-cracks, etc.
The curing time plays an important role in the geopolymerization process, which results in
strength development. The formation of N-A-S-H gel and its solidification results in a
hardened, compacted structure that is responsible for excellent mechanical strength. The
amorphous components of the fly ash particles are mostly dissolved, leaving behind needle or
rod-like crystal phases typical of mullite and quartz, which can be observed in Figures 8(c) and
9(C). Identifying needle or rod-like features is consistent with other researchers' findings [42-
44]. Bhavsar et al. [26] also observed a needle-like structure on the surface of the particles,
where the size of the needles is 2 pm.

Energy dispersive X-ray spectroscopy of fly ash-based geopolymer specimens cured
under ambient curing of 3 days, 30 days, 330 days, and 390 days, respectively, are shown in
Figure 10(a-d). The EDS graph of the geopolymer specimen shows the presence of various
major elements in the geopolymer specimen.

https://biointerfaceresearch.com/ 10 of 22


https://doi.org/10.33263/BRIAC152.020
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC152.020

EHT= 500 k¥ Signai A= InLens Date :20 Jun 2022 B EHT= 500KV Signai A = inLens Date :20 Jun 2022 p—
WD = 56 mm Mag= 500X Time :15.31:23 WD= 5.7 mm Mag= 100KX Time :15:32:53

@ i B )

oo el o - e
EHT = 500 kv Signal A= InLens Date 20 Jun 2022
| WD= 58 mm Mag= 5.00KX Time :15:34:46

Figure 9. (a-c) FESEM fractograph of geopolymer specimen cured for 390 days under ambient curing.

From the graph, we can observe that Si, Al, Na, and O are the major elements that are
present, which implies that the formation of sodium aluminosilicate hydrate (N-A-S-H) gel in
the geopolymer gel, which was also observed by other researchers also [45-48]. The formation
of this gel results in the mechanical characteristics of the geopolymer specimen. Table 5 lists
the major element details from the EDS spectra of one selected area of geopolymer specimen
ID GP14MAC, which was cured for 390 days.

440K @
396K
o
352
A
308K
264K
220K
176K
13
0.88K i 2 i
K e
o W il A - r-d
=
0.0%00 100 200 3.00 400 500 6.00 7.00 8.00 9.00

Lsec: 93.8 0Cnts 0.000 keV Det: Element-C28

10.0K]

%00 100 200 3.00 4.00 500 6.00 7.00 800 9.00

Lsec: 922 0Cnts 0.000 keV Det: Element-C2B

(b)

https://biointerfaceresearch.com/ 11 of 22


https://doi.org/10.33263/BRIAC152.020
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC152.020

7.74K

6.88K

6.02K

5.16K|

4.30K]

344K

258K

1.72K|

0.86K]|

0.00,

Lsec: 928 0Cnts 0.000 keV Det: Element-C2B

8.90K 5
801K
7.12K
623K A
5.34K]
4.45K]
3.56K

267K

1.78K| Na

Au

089K KT pe K i Fe

0.0%00 100 200 300 4,00 500 6.00 7.00 8.00 9.00

Lsec: 93.1 0Cnts 0.000 keV Det: Element-C2B

(d)
Figure 10. EDS spectra of geopolymer specimen cured under ambient curing for (a) 3 days; (b) 30 days; (c)
330 days; (d) 390 days, respectively.

The fly ash powder shows low reactivity under ambient temperature, but sufficient
curing age (days) dissolves maximum fly ash particles and forms a hardened matrix. It can be
observed that the weight % of elements, namely Si and Al, are increased with the curing time
(days), which implies that more N-A-S-H gel forms with curing age (days), resulting in
excellent mechanical properties.

Table 5. Element details from EDS spectra of geopolymer specimen.

Sl. no. Specimen 1D EDS Figure No. Major elements Weight % Atomic %

Na 3.57 3.98

_ Al 14.67 13.07

1 GP14MAC3D Figure 10(a) Si 20.44 18.22
Fe 6.98 313

Na 4.92 4.83

) Al 15.02 13.52

2 GP14MAC30D Figure 10(b) Si 20.90 16.24
Ee 2.59 1.01

Na 6.78 7.10

) Al 15.71 13.94

3 GP14MAC330D Figure 10(c) Si 2118 18.13
Fe 3.44 1.48

Na 6.53 6.57

] Al 16.55 14.34

4 GP14MAC390D Figure 10(d) Si 22 64 18.65
Fe 3.70 153

In order to see the distribution of elements on the GP14MAC390D geopolymer
specimen, the fractured geopolymer specimens are analyzed through SEM analysis. The
electron images of geopolymer specimens are shown in Figure 11(a), and the mapping results
of geopolymer specimens are shown in Figure 11(b-j), respectively. The major distributions of
https://biointerfaceresearch.com/ 12 0f 22
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elements on the geopolymer surface are Si, Al, Na, and O, respectively. It can be observed that
the distribution of Si, Al, and Na elements is near to homogeneous distribution. So, the main
reaction product for the geopolymer specimen is the resulting bonding of Na, Al, and Si atoms,
respectively, which implies the formation of N-A-S-H gel over the surface of the geopolymer
specimen. The formation of these gels resulted in the mechanical properties of the specimen.
Similar results are also observed by Somna et al. [22]. Azimi et al. [49] studied the fly ash and
dolomite-based geopolymer composites under elevated temperature, where it was reported that
the distributions of elements in the geopolymer composites are homogeneous and the presence
of Na, Si, Al, and Ca elements C-(N)-A-S gel. It was also reported that one of the most
significant linkages that affected the strength of the geopolymer was Si-O-Al, which was
demonstrated by the combination of Si and Al maps. Kranzlein et al. [50] studied the fly ash-
based geopolymer foam.

‘ -
(a) Electron image b) SiK
e) FeK () ZnK

(99 MgK () Mn K _ (i) NaK

i) OK
Figure 11. SEM and element mapping of geopolymer specimen ID GP14MAC390D: (a) SEM micrograph in
BSE mode; (b) Si distribution; (c) Al distribution; (d) Ca distribution; (e) Fe distribution; (f) Zn distribution; (g)
Mg distribution; (h) Mn distribution; (i) Na distribution; (j) O distribution.
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The elemental mapping shows the few unreacted fly ash powders and the needle-shaped
crystals due to more Na* ions in the geopolymer specimen. It was also reported that geopolymer
gel (C, N)-A-S-H has been developed, which was observed by the element distribution of the
gel phase. Shekhawat et al. [51] studied the fly ash and eggshell powder-based geopolymer
specimens. The presence of Na, Ca, Si, Al, and O element distribution in the geopolymer
specimen is higher as compared to the other elements, which represents the formation of
bonding between the Na, Al, and Si atoms forms the geopolymerization product along with the
formation of C-S-H gel in a small amount. Both the gel co-exist with each other and form a
hybrid gel. Kumar et al. [52] developed the red mud and fly ash-based geopolymer paving
blocks. The main constituent of red mud is Fe, so the mapping of the geopolymer specimen
shows the Fe elements. It was reported that Fe is distributed in two ways: the Fe is embedded
in the geopolymer gel, and the other is distributed in a few locations of the specimen.

Transmission electron microscopy was used to look more closely at the geopolymer
sample's microstructural characteristics. Figure 12(a-b) displays the distinctive transmission
electron microscopy bright field (BF) image and selection area electron diffraction (SAED)
pattern of the geopolymer sample with the identification code GP14MAC390D. The activation
of fly ash powders with an alkaline activator of NaOH, along with Naz2SiOs solutions, forms a
geopolymer gel. The lighter part in Figure 12(a) is the N-A-S-H gel, and the darker parts are
the dense, compacted geopolymer matrix. Other researchers have also confirmed the formation
of geopolymer gel [53,54]. The whitened part in the HRTEM images of the geopolymer
specimen GP14MAC390D is the porosity.

(@) (b)
Figure 12. Transmission electron microscopy bright field (BF) image (a) and selection area electron
diffraction (SAED) pattern (b) of geopolymer specimen ID GP14MAC390D.

Al-O and Si-O bonds in aluminosilicate source materials can be revealed at the atomic
level with great accuracy using Fourier transform infrared spectroscopy (FTIR). Figure 13
shows the FTIR spectra of fly ash powders and the geopolymer specimen, which shows
maximum compressive strength. Pu et al. [55] depict FTIR spectra into two primary spectrum
sections, such as the high-frequency region, where the wavenumbers range from 400 cm™ to
1400 cm™, and the low-frequency region ranges from 1400 cm™ to 4000 cm™. The spectra of
asymmetric stretching vibrations of Si-O-T (T= Tetrahedral Si or Al) show at 1071 cm™ in fly
ash powders, whereas in geopolymer specimen ID GP14MAC390D cured under ambient
curing condition for 390 days shows the intense peak at 1085 cm™. The characteristic band in
the 900 cm-1 to 1300 cm-1 ranges is subjected to the asymmetric stretching vibrations of Si-

https://biointerfaceresearch.com/ 14 of 22


https://doi.org/10.33263/BRIAC152.020
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC152.020

O-Si or Si-O-Al [55-57]. Due to alkaline activation, the peak of fly ash at 1071 cm! shifted to
1085 cm, which implies that some chemical changes occurred in the structure and formed
three-dimensional geopolymeric structures. One additional peak at 562 cm™ that represents the
symmetric stretching of Al-O-Si after the geopolymerization process is seen in the geopolymer
product but was not particularly noticeable in the fly ash powder. Another two intense peaks
of the geopolymer specimen at 1645 cm™ and 3433 cm™ ascribe the bending vibrations of H-
O-H and stretching vibrations of OH, respectively. The weak peak at 1645 cm™ is a result of
the water molecules being absorbed, causing H-O-H bending vibrations. The presence of
structural water is related to changes in the intensity of geopolymer peaks. Figure 13 also
depicts the zoomed part of FTIR spectra of geopolymer specimens in the ranges between 900-
1200 cm™, 1500-1800 cm™, and 3300-3600 cm?, respectively. Toniolo et al. [58] reported that
a peak in fly ash at 790 cm™ and 800 cm™ indicates the presence of quartz or mullite. Das et
al. [59] reported that the presence of a symmetric band at 778 cm™ ascribes to the quartz, which
was also reported by other researchers [60,61]. Table 6 displays the presence of various peaks
in the fly ash powder and geopolymer specimen ID GP14MAC390D, respectively, along with
their possible assignments.

40
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Figure 13. FTIR spectra of fly ash and GP14MAC geopolymer specimen.

Table 6. FTIR wavenumbers and their possible assignments: (a) Fly ash; (b) GP14MAC390D.

(a) Fly ash (b) GP14MAC390D
W .
ave . . Wave numbers Possible
numbers Possible assignments | References 9 ; References
4 (cm™) assignments
(cm™)
Bending vibration of . N
463 Si-O-Si (For 470 Bending vibration [56,63,64]
- of Si-O-Si
amorphous silicate).
Symmetric stretching Bending vibration
733 vibrations of Si-O-Al 564 of Si-O-Al [58]
. . Symmetric
799 symmetric Sretching | o 5q 67 64) 725 stretching vibrations [65]
vibrations of Si-O-Si -
of Si-O-Al
Asymmetric As_ymm_e trlc_
stretching vibrations stretching vibrations
1071 ng 1085 of Si-O-T (T= [56,63,64]
of SI-O-T (T= Tetrahedral Si or
Tetrahedral Si or Al)
Al)
Stretching vibration Bending vibrations
1553 of (0-C-0) [66] 1645 of H-O-H [56,58]
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(a) Fly ash (b) GP14MAC390D
Wave . . Wave numbers Possible
numbers Possible assignments | References 4 . References
1 (cm™?) assignments
(cm™)
Infrared band
Bending vibrations of position of HCO3”/
1ea7 H-O-H [56] 2345 stretching vibration [67.68]
of KBr
Infrared band position
2355 of HCOgs/ stretching [67,68] .
vibration of KBr 3433 _ Stretching [56]
Stretching vibrations vibrations of OH
3428-3442 of OH [56]

X-ray diffraction analysis of fly ash and the geopolymer specimen ID GP14MAC390D
was performed to identify the mineralogical characteristics. Figure 14 shows the x-ray
diffraction pattern of fly ash powder and the geopolymer specimen id GP14MAC390D, which
was cured for 390 days, respectively. In Figure 14, Q and M indicate the quartz and mullite,
respectively. The major crystalline peaks that are present in the fly ash are mullite and quartz.
The same diffraction pattern and phases are also observed on the fly ash-based geopolymer
specimen, which was cured under ambient conditions for 390 days. The broad hump in fly ash
ranging between 12°- 31°, indicates the presence of an amorphous phase in the materials. It
can also be seen that the hump in geopolymer specimen ID GP14MAC390D is slightly
flattened in comparison to the x-ray diffraction pattern of starting raw materials, i.e., fly ash.
So, we can conclude that the increase in curing days (390 days) changes the amorphicity
slightly but does not change the crystalline phases, which was also observed by Arioz et al.
[69]. Xie et al. [70] reported that the presence of amorphous phases in the geopolymer
specimen may be due to the combination of newly formed geopolymer compounds and the
unreacted amorphous oxide from the fly ash, respectively. Comparing the peak intensity of
both the fly ash and ambient cured geopolymer specimen (GP14MAC390D), it was observed
that the intensity of the peaks decreased. Cristelo et al. also observed a decrease in the peak
intensity [71].

400
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350 - Q M- Mullite
300 Q
Q M Q
] M 1
= zsn-w A M Q  GPI14MAC390D
-~
£ 200
z.'
£ 150
= ]
100 Fly ash
30

1
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20 (Degrees)
Figure 14. X-ray diffraction pattern of fly ash and the GP14MAC30D geopolymer specimen.

It is crucial to calculate the amount of water absorbed by the geopolymer specimen to
examine the geopolymer specimen's resistance to rain penetration. The water absorption
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analysis table for the geopolymer specimen with ID GP14MAC390D is displayed in Table 7.
The water absorption percentage was calculated using the following formula:

=) % 100 [72]
Where Ww is the wet weight, and Dw is the dry weight of the geopolymer specimen.

Water absorption(%) =

Table 7. Water absorption test of geopolymer specimen.

. . Average water
Sl no. sC;)ee(;EJr?]lé/r:nleDr Cu(rcigss)age Water absorption (%6) absorption (%)
Sampleno 1 | Sampleno2 | Sample no 3
1 GP14MAC390D 7 7.86 7.98 8.24 8.02
2 GP14MAC390D 14 6.56 6.11 6.78 6.48
3 GP14MAC390D 28 5.54 5.87 571 5.70

The visual examination revealed that after water absorption, the color of the
geopolymer specimen changed from grey to light white. The curing age (days) for geopolymer
specimens are 7 days, 14 days, and 28 days, respectively. The geopolymer specimen shows
water absorption rates of 8.02 %, 6.48 %, and 5.70 % after water absorption for 7 days, 14
days, and 28 days, respectively. Over time, the reduction in pore size in the geopolymer
specimen may account for the decrease in water absorption. The same observation was reported
by other researchers also [73,74]. Mastura et al. [75] studied the fly ash-based geopolymer
bricks where the specimen was water-cured for 1 hour, 6 hours, and 24 hours. A decrease in
water absorption was observed with the curing hours, which increased mechanical properties.
The increase in strength indicates that the specimen is durable. The fly ash-based geopolymer
was studied by Alehyen et al. [74], where the water absorption tests of geopolymer paste and
ordinary Portland cement paste were conducted for 7, 14, 28, and 90 days. It was observed that
with the increase of curing days, the water absorption rate decreased, and the lowest water
absorption of 7.2% was achieved with geopolymer paste for 90 days of curing. The decrease
in pore size is the main reason for the lowest water absorption, which is related to improving
mechanical properties. Thokchom et al. [76] studied the durability of fly ash-based geopolymer
mortar underwater, where it was observed that the specimen whose water absorption is high
shows the lowest compressive strength. The GM3 specimen shows the lowest water absorption

of 6.42%, where the maximum residual compressive strength was 54.8%.
92.0 u

90.5
90.0

89,5 - ]

Compressive strength (MPa)

T T
GPI4MAC390D GPIMACISDWC
Sample ID

Figure 15. Residual compressive strength of geopolymer specimen.

The residual compressive strength of geopolymer specimen ID GP14MAC390D is
tested after the water absorption test, which is shown in Figure 15. After water absorption of
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28 days, the specimen ID is changed from GP14MAC390D to GP14MAC28DWC for better
understanding. It was observed that the geopolymer specimen, which was ambient cured for
390 days, showed a compressive strength of 89.47 MPa, but after water absorption of 28 days,
the specimen ID GP14MAC28DWC showed residual compressive strength of 91.92 MPa. The
reduction of pore size may result from the residual compressive strength.

Figure 16 (a-b) shows the SEM fractograph images, and Figure 16 (c) shows the EDS
analysis of the geopolymer specimen after immersion in water for 28 days. Visual inspection
reveals that specimens undergo a color change from grey to light white after being submerged
in water, although the geopolymer specimens are structurally unaltered. Cevik et al. [77] also
observed the change of color in geopolymer specimens after water absorption. From Figure
16(a-b), it is evident that pores are present in geopolymer specimens, which are further related
to the water absorption of the specimens. The reduction of pore size is the main reason for
decreased water absorption with curing time. The EDS analysis of geopolymer specimen 1D
GP14MAC390D shows the formation of N-A-S-H gel, and its presence indicates that the
specimens are structurally unaltered
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Figure 16. (a-b) SEM fractograph images; (c) EDS analysis of geopolymer specimen after immersion in water for
28 days.

4. Conclusions

The fly ash-based geopolymer specimens cured under ambient conditions are studied.
After testing and characterizations, the following conclusions are drawn: the compressive
strength of geopolymer specimen ID GP14MAC is enhanced by the curing time (days);
therefore, the curing process and the length of the curing time are crucial; the highest

https://biointerfaceresearch.com/ 18 0f 22


https://doi.org/10.33263/BRIAC152.020
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC152.020

compressive strength flexural strength, and Vickers microhardness value of 89.47 MPa, 15.8
MPa, and 171.21 HV is achieved with the geopolymer specimen cured for 390 days under
ambient curing conditions; the major reaction product, which is primarily accountable for the
growth of mechanical strength, is the production of sodium aluminosilicate gel. FESEM
analysis of fractured geopolymer specimens cured for 390 days shows that most of the particles
are diffused due to high alkaline activation as compared to the geopolymer specimen cured for
3 days only. EDS analysis also confirms the formation of sodium aluminosilicate gel; the FTIR
analysis confirms the formation of new reaction products by shifting the asymmetric stretching
vibrations of Si-O-T (T= Tetrahedral Si or Al) in the geopolymer specimen compared to the
starting raw materials; the ambient cured geopolymer specimen ID GP14MAC (390 days)
shows the lowest water absorption of 5.70% with the curing age (days) of 28 days. The
geopolymer specimen ID GP14MAC390D (390 days) shows a residual compressive strength
of 91.92 MPa after water absorption of 28 days.
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