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HEAT-TTREATED FLY ASH-CALCIUM HYDROXIDE GEOPOLYMERS: ENHANCING MECHANICAL
AND MORPHOLOGICAL PERFORMANCES

The combined effect of calcium hydroxide (CH) and heat treatment on mechanical and morphological performances of ge-
opolymer remains underexplored, presenting a critical gap in heat-resistance geopolymer research. This paper investigates the effect
of CH (0, 2, and 4 wt.%) and elevated temperatures (200-1000°C) on the mechanical and morphological properties of fly ash (FA)
geopolymers. The addition of 2 wt.% of CH enhanced compressive strength (35.8 MPa), attributed to coexistence of N-A-S-H and
C-S-H, which enhanced structural interlocking and reinforced the compactness. At 200°C, FA geopolymers developed a robust
structure due to further geopolymerization; however, structural deterioration occurred at 800-1000°C due to the melting of ge-
opolymer gels and further phase transformation. This study provided guidelines for synthesizing sustainable and thermally resistant
construction binders, particularly for applications in industrial flooring and thermal insulation structural walls.

Keywords: Calcium hydroxide; elevated temperature; compressive strength; morphology

1. Introduction

In recent years, production of ordinary Portland cement
(OPC) has drastically increased, contributing to 5%-8% of
worldwide carbon dioxide (CO,) emissions [1]. Geopolymers
are eco-friendly cementitious binders that serve as an alterna-
tive to OPC. The geopolymers are synthesized by polymerizing
aluminosilicate precursors with alkaline solutions. Specifically,
the aluminosilicate precursors dissolve in the alkaline solu-
tions, releasing silica (SiO,) and alumina (Al,05), which then
reorganize and undergo polycondensation to form a stable ge-
opolymer network. In comparison to OPC, geopolymers offer
more outstanding performance, including strength development
[2], thermal stability [3] and durability [4]. Besides, the produc-
tion of geopolymers significantly reduces CO, emission by
26%-45% [5]. Fly ash (FA), which is an industrial waste material
generated over 500 million tons annually from power plants [6],
is particularly suitable for geopolymer formation due to its high
Si0, and Al,O5 content [7].

Calcium (Ca) can act as a supplementary binder in ge-
opolymer formation since it can partially replace the alkali

cation in the geopolymerization reaction [8]. This substitution
favors the formation of Ca-based hydration products, refining
the lattice structure and strengthening the geopolymer matrix.
For instance, Janga et al. [9] reported that incorporating steel
slag, with high Ca content, into FA geopolymers led to the
formation of calcium-silicate-hydrate (C-S-H), enhancing
mechanical integrity. However, steel slag, an industrial waste
product, possessed a glassy structure with semi-crystalline phas-
es, resulting in partially stable state that restricts its reactivity
[10]. Therefore, calcium hydroxide (CH) is a highly promising
source of Ca for geopolymer formation. The inclusion of CH
accelerated the reaction kinetics of the metakaolin geopolymers,
resulting in a strength increment of 6% [11]. Borcato et al.
[12] synthesized a metakaolin geopolymers with the addition
of CH that exhibited a compressive strength of approximately
50.0 MPa. Hence, CH proved advantageous for enhancing the
performance of the geopolymers and was thus utilized in the
present study.

When temperatures exceeded 400°C, OPC undergoes
strength degradation. In contrast, heat-treated geopolymers ex-
hibited a smoother texture and greater strength. Samadi et al. [13]
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claimed that FA geopolymer concretes experienced a 31.8%
strength increment as temperatures rose to 200°C. Moreover,
Verma et al. [14] reported that FA geopolymers retained 60.0%
of their compressive strength without structural deterioration
even when exposure to 700°C. Geopolymers possessed better
spalling resistance, attributed to their interconnected pore chan-
nels that allowed internal pressure to escape and prevented stress
buildup within the matrix [15]. Apart from that, Alventosa et al.
[16] fabricated metakaolin geopolymers with 10 wt.% of CH
and reported that the addition of CH reduced porosity beyond
600°C due to extensive densification and phase transformation.
Yet, the mechanism underlying this behavior remains unex-
plored, with limited studies examining the combined effect of
CH incorporation and heat treatment on the mechanical and
morphological properties of geopolymers. Notably, CH incorpo-
ration significantly alters the microstructure, thereby impacting
mechanical performance, morphology, and thermal stability.
A comprehensive investigation into the relationship between
CH incorporation and heat treatment is crucial for enhancing the
heat resistance of geopolymers and advancing their real-world
applications.

This work is intended to develop sustainable, thermally
resistant construction binders by incorporating CH in FA ge-
opolymers. This study primarily investigated the effect of CH
incorporation (0, 2, and 4 wt.%) and elevated temperatures (200,
400, 600, 800, and 1000°C) on the mechanical and morphological
properties of FA geopolymers. The bulk density and compressive
strength of untreated and heat-treated geopolymers were evalu-
ated. To gain deeper insights, the morphology and functional
groups of the untreated and heat-treated geopolymers were also
examined. This study provided a comprehensive understanding
of how CH changes the mechanical strength and microstructure
of the geopolymers under elevated temperatures. Moreover,
it offered valuable guidelines for synthesizing heat-resistance
construction binders, particularly for industrial stakeholders.

2. Experimental

FA was sourced from Tenaga Nasional Berhad (TNB) Jana-
manjung power plant in Perak, Malaysia. The FA was received
as a fine, dark grey color powder, with its chemical compositions
detailed in TABLE 1. The FA was predominantly composed of
Si0, (38.8%), Fe,05 (19.5%), CaO (18.1%), and Al,05 (14.7%),
which were classified as Class F according to ASTM C618. The
alkaline solution used was a combination of sodium silicate
(Na,Si03) and sodium hydroxide (NaOH). The Na,SiO; was in
liquid form, obtained from South Pacific Chemical Industries
Sdn. Bhd., Malaysia. It had an alkali modulus (SiO,/Na,0) of
3.2 and consisted of 39.5% Na,SiO; and 60.5% water (H,O).
Besides, the NaOH, provided by Formosa Plastic Corporation,
Taiwan, was in the form of caustic soda flakes with a purity
of 99%. The CH utilized in the present study was supplied by
Sigma-Aldrich Corporation. It demonstrated a powdered form
with a white appearance.
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TABLE 1

Chemical composition of FA

Chemical compositions Weight percentages (wt.%)
SiO, 38.8
Al, 04 14.7
Fe,04 19.5
CaO 18.1
SO, 1.5
K,0 1.8
Others 5.6

Initially, a 10 M of NaOH solution was prepared by dis-
solving NaOH pellets in distilled water and allowed to cool
down before use. The Na,SiO; solution was subsequently mixed
with NaOH solution to prepare an alkaline solution. The mix
proportions of CH-incorporated FA geopolymers are presented
in TABLE 2. The FA was mixed with the alkaline solution until
a uniform slurry was achieved. CH was incorporated into the
slurry at weight percentages (wt.%) of 0, 2, and 4, and stirred
continuously to produce a homogeneous geopolymer mixture.
The geopolymer mixture was cast into molds with a dimension
of 50%50x 50 mm® and compacted to remove the entrapped air
bubbles. The geopolymers were cured at room temperature and
demolded after 24 h. The geopolymers were then oven-cured at
60°C for another 24 h to ensure stability. After that, the geopoly-
mers were sealed and stored at room temperature for 26 days
prior to testing and analysis. The 28 days-aged geopolymers
were heat-treated in a muffle furnace at 200, 400, 600, 800, and
1000°C, with a heating rate of 10°C/min and a soaking period
of 2 h. A set of geopolymers with varied CH concentrations
remained untreated for comparison purposes.

TABLE 2
Mix proportions of CH-incorporated FA geopolymers
Mix proportions CH incorporated FA
geopolymers
NaOH concentration 10 M
Solid-to-liquid (S/L) ratio 2.5
Na,Si05-to-NaOH (SS/SH) ratio 2.5
CH content 0, 2, and 4 wt.%

The bulk density test was conducted by measuring the
volume and weight of both untreated and heat-treated geopoly-
mers, following ASTM C138. The compressive strength of the
geopolymers was tested using Instron series 5569 with a loading
rate of 5 mm/min, in accordance with ASTM C109. Three repli-
cates were carried out to obtain the average compressive strength
values for both untreated and heat-treated geopolymers. The
microstructure of untreated and heat-treated geopolymers was
examined utilizing a Scanning Electron Microscopy (SEM) mod-
eled JEOL JSM-6460LA. The geopolymer pieces were placed on
carbon tape and coated with platinum using an Auto Finer Coater.
Perkin Elmer Fourier Transform Infrared (FTIR) RXI spectros-
copy was used to analyze the functional groups of the untreated
and heat-treated geopolymers in the range of 500-4000 cm™'.
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3. Results and discussions

Fig. 1 illustrates the physical appearance of FA geopolymers
with varying CH content after heat treatment. A significant color
change was observed, as the geopolymers initially exhibited
shades of grey before heat exposure, ranging from dark grey
(2 wt.%) to light grey (4 wt.%). The darker tone was attributed
to the higher iron (Fe) content in FA, whereas the lighter shade
resulted from the white-colored CH [17]. As the temperature
rose, the color of the FA geopolymers changed to yellowish at
600°C, and then to brownish at 800 and 1000°C. These color
changes were accounted for the oxidation of Fe components and
phase transformation [18,19].

Moreover, the incorporation of CH substantially increased
pore formation in the FA geopolymers. This was ascribed to the
chemical reaction between CH, SiO, and Al,O3, which gener-

200 °C

400 °C

600 °C

800 °C

1000 °C

Fig. 1. Physical appearance of heat-treated FA geopolymers with (a) 0 wt.%, (b) 2 wt.%, and (c) 4 wt.% of CH contents
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ated additional H,O that became trapped within the structure and
subsequently evaporated upon heat exposure, leading to greater
porosity inside the matrix. As evidence, the geopolymers with
4 wt.% CH demonstrated significantly higher porosity, which
was visibly apparent. Regardless of the CH content, heat treat-
ment facilitated surface cracks in FA geopolymers, particularly at
800 and 1000°C. The FA geopolymers with 2 wt.% CH demon-
strated minimal cracking (Fig. 1b), likely due to the optimal CH
content promoting the compactness of the structure. However,
at 1000°C, the number and width of cracks gradually increased
with higher CH content (4 wt.%), indicating its detrimental effect
on the physical integrity of the FA geopolymers.

Fig. 2 depicts the bulk density of FA geopolymers with the
incorporation of CH before and after heat treatment. The bulk
density of untreated FA geopolymer was 1.7 g/cm? and increased
to 1.8 g/cm? as the CH content raised from 0 to 2 wt.%. This sug-

(b) (c)
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Fig. 2. Bulk density of untreated and heat-treated FA geopolymers with varying CH contents
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gested that an incorporation of CH can effectively improve the
bulk density of the FA geopolymers, as additional Ca enhanced
the hydration reaction, resulting in a denser structure [20]. Ma
et al. [11] reported that CH integration increased the density
of metakaolin-based geopolymers. The greater amount of CH
promoted the chemical reactions by converting free water into
bound water, reducing porosity. However, in FA geopolymers,
excessive CH content triggered rapid precipitation, hindering
geopolymerization and limiting geopolymer network forma-
tion, significantly lowering density. As a result, with a further
increase in CH to 4 wt.%, the bulk density of the FA geopolymers
dropped to 1.7 g/cm?.

The bulk density of the CH-incorporated FA geopolymers
shows an increasing trend when subjected to 200°C. As shown,
those with CH content of 0, 2, and 4 wt.% displayed density gains
0f 16.2%, 12.8%, and 18.0%, respectively. This densification was
related to the moisture loss and the continuous geopolymerization
reaction. In contrast, the further increase in temperatures reduced
the bulk density of the CH-incorporated FA geopolymers. Above
400°C, the bulk density of the FA geopolymers with and without
the incorporation of CH significantly decreased, except for those
with 2 wt.% CH. The decrement was attributed to the diminish-
ment of physically bonded water and the phase transformation
of the geopolymer structure.

Moreover, the FA geopolymer with 2 wt.% CH retained the
highest bulk density after heat treatment. This was attributed to
the presence of Ca** ions from CH, which polymerized with Si**
from FA, facilitating C-S-H formation, as aforementioned. This
C-S-H enhanced structural compactness by refining the pores
inside the FA geopolymers [21]. Meanwhile, Si** and AI** from
FA reacted with Na* from the alkali activators (Na.SiO; and
NaOH), promoting the formation of sodium-aluminosilicate-
hydrate (N-A-S-H), a typical gel phase in FA geopolymers [22].
The coexistence of N-A-S-H and C-S-H gels resulted in a highly
densified geopolymer matrix, thereby reinforcing thermal stabil-
ity of the CH-incorporated FA geopolymers.

The compressive strength of FA geopolymers, both with and
without the incorporation of CH, after being subjected to heat
treatment is shown in Fig. 3. The compressive strength of the
untreated FA geopolymer increased by 78.0%, from 19.9 MPa
(0 wt.% CH) to 35.8 MPa (2 wt.% CH), which aligned with the
bulk density result (Fig. 2). Incorporating 2 wt.% CH into FA
geopolymers significantly improved compressive strength due
to the presence of more OH ions, which encouraged the dis-
solution of FA, and led to the formation of more active species
beneficial for polycondensation. The results were consistent with
the study of Kim et al. [23], who concluded that the addition
of 2 wt.% of CH was advantageous to the compressive strength
of the metakaolin geopolymers.

Additionally, the compressive strength of FA geopolymers
declined to 28.0 MPa with the increase of CH content up to
4 wt.%. The strength degradation was accounted to the delayed
degree of reaction. According to Ilcan et al. [24], the inclusion
of CH beyond 4 wt.% is not considerable. This is because the
excess CH disrupted the reaction, suppressing the FA dissolution
and limiting the availability of Si*" and AI**. Consequently, the
reduced reactivity led to a non-homogeneous structure, ulti-
mately deteriorating the mechanical strength.

The compressive strength of CH-incorporated FA geopoly-
mers increased at 200°C, regardless of the CH contents. The
increase in compressive strength (19.0%-35.9%) was attributed
to the continued reaction of unreacted particles during the heating
process. Besides, the addition of CH improved the mechanical
performance by producing C-S-H in conjunction with N-A-S-H,
resulting in a stable binary network capable of resisting high
temperatures [22]. The compressive strength gradually reduced
at 400-1000°C. The strength decrement at 400-600°C was due
to the dehydration process, where progressive heating resulted
in water evaporation within the FA geopolymers, inducing
structural shrinkage and deterioration, such as cracks and pores.

The FA geopolymers began to melt and undergo phase trans-
formation at 800°C, resulting in a weakened microstructure and

Untreated 200 °C 400 °C 600 °C 800 °C 1000 °C
45 -
:
Il
40 -
35 - T i
£ | T
an 30 I
5 I T
=
o 251 i T T —
I :
; T T I
204 — = | : i
a il l T I .
£ |5 Il 1 I
o
O Il [
10
5 -
0 T T T T T T T T T T T T T T T T T T
0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4

CH contents (wt.%)

Fig. 3. Compressive strength of untreated and heat-treated FA geopolymers with varying CH contents
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a subsequent decrement in compressive strength [25]. At 1000°C,
the non-uniform transformation of the amorphous phase into the
crystalline phase possibly caused disruption of the geopolymer
network. This phenomenon facilitated stress concentration at
the interface between the original amorphous phase and newly
formed crystalline phase. As the stress intensified, cracks were
initiated and propagated along the interface, leading to a col-
lapsed microstructure [26], as shown in Fig. 4. Consequently,
the compactness of the CH-incorporated FA geopolymers was
compromised, and their compressive strength diminished.

Further phase transformation

3

Crystal Fly ash
\ d/
O
: o O <>
/ Crack propagation
Geopolymer

"

Microstructure collapsed

Fig. 4. Mechanism of strength reduction during non-uniform phase
transformation

In the present study, FA geopolymers incorporating 2 wt.%
CH demonstrated optimal mechanical performance under heat
exposure, particularly at 200°C. This characteristic is highly
beneficial for industrial flooring application. In practical sce-
narios, the ability of building materials to withstand heat remains
critically dependent on their mechanical strength. According
to ASTM C1157 [27], the optimal geopolymers in this study
achieved a compressive strength of 43.0 MPa, exceeding the
minimum requirement of 28.0 MPa. Moreover, they attained
peak compressive strength around 200°C (Fig. 3) and exhibited
no spalling or physical damage (Fig. 1). Therefore, these ge-
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opolymers are well-suited for heat-load environments. However,
for applications involving exposure beyond 200°C, additional
reinforcement or additives may be necessary to maintain the
structural integrity and thermal stability.

Fig. S displays the SEM micrograph of the 200°C-treated
FA geopolymer with varying CH contents at x1000 magnifica-
tions. The FA geopolymers without CH incorporation showed
amicrostructure with spherical particles, identified as unreacted
FA (yellow-circled region) and pores. When CH was added
(2 wt.%), the microstructure appeared more homogeneous with
a minor amount of unreacted FA particles. This implied that the
geopolymer effectively geopolymerized and densified when
exposed to 200°C. The incorporation of CH triggered the chemi-
cal reaction between FA and alkaline solution, leading to the
formation of micropores. In the meantime, the reaction products
also filled the pores, resulting in a denser and stronger matrix
(Fig. 2 and Fig. 3).

The red-circled regions suggested the plate-like structure
recognized as C-S-H, which formed by the reaction of Ca
(from CH) and the reactive Si, Al, and Na (from FA and alkali
activators). A similar observation was reported by Pawluczuk
et al. [28], where the plate-like C-S-H was found to improve
the mechanical properties of the geopolymers. Additionally, the
C-S-H interacted with AI’" and Na' [29], which are released
during the continued geopolymerization process under heat ex-
posure, contributing to the formation of hybrid network known
as C,N-A-S-H that beneficial the mechanical properties [30,31].
Yet, C,N-A-S-H cannot be conclusively proven in this study and
should be further investigated through X-ray Diffraction (XRD)
in future research.

The microstructure of FA geopolymer with 4 wt.% CH
(Fig. 5¢) was smoother and the CH particles were evenly distrib-
uted (blue-circled region). The excessive CH particles functioned
as obstacles that interlocked the geopolymer gel structure, result-
ing in a low compressive strength of FA geopolymer. The inert
particles acted as stress concentrations or weak points, promot-
ing crack development and propagation in geopolymer matrix.

Fig. 6 demonstrates the SEM micrograph of FA geopoly-
mers with 4 wt.% CH at 200, 800, and 1000°C. A loosen mi-
crostructure was observed in FA geopolymer when subjected to
800°C. This was caused by the melting and phase transformation
of the geopolymer networks at higher temperatures, as afore-
mentioned. Despite the color changes, as previously mentioned,

Fig. 5. SEM micrograph of FA geopolymers with (a) 0 wt.%, (b) 2 wt.%, and (c) 4. wt.% at 200°C
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Fig. 6. SEM micrograph of FA geopolymers with 4 wt.% CH at (a) 200°C, (b) 800°C, and (c) 1000°C

the geopolymer does not melt completely, showing that the CH
addition is still favorable for high-temperature stability. How-
ever, the microstructure of the geopolymer began to disintegrate
around 1000°C where the amorphous gel started to break down
(green-circled region) attributed to further crystallization, as
aforementioned. The phase transformation results in structural
deformation, reducing the compressive strength (Fig. 3).

The FTIR spectra of the heat-treated FA geopolymer are
shown in Fig. 7, while TABLE 3 summarizes the main absorp-
tion peaks. The main band of the FA geopolymers was located
around 970.0 cm™!, which designated as the asymmetric vibration
of Si-O-T bonding (T is Si or Al) [32].The intensity of the band
reflected the formation of the geopolymer framework. When
the FA geopolymers incorporated to 2 wt.% CH, the intensity
increased, indicating a large number of AI** was reacted with
Si0, tetrahedral species. When treated at 800 and 1000°C, the in-

o

0 wt.% - 200 °C

2.0 wt.% - 200 °C

4.0 wt.% - 200 °C
4.0 wt.% - 800 °C .

4.0 wt.% - 1000 °C
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tensity decreased due to the destruction of geopolymer network.

The FA geopolymers showed a comparable absorption
band to each other’s. The absorption peak at approximately
3700.1-2300.2 cm™! corresponded to O-H and H-O-H stretch-
ing vibration [33] due to the presence of minor moisture within
the FA geopolymers. However, the intensity of the peak at 800
and 1000°C decreased, implying the diminish of moisture at
elevated temperatures. The band of stretching vibration O-C-O
was observed at ~2170.1 cm™' and ~2020.0 cm™' [34] due to
the atmospheric carbonation of geopolymers. The band located
at roughly 1650.4 cm™' corresponded to the chemically bound
water molecules (bending vibration O-H) [35]. In summary, the
FTIR spectra indicated that the incorporation of CH did not lead
to the presence of a new absorption peak, proving that CH was
inert to the geopolymer formation. Nonetheless, heat treatment
only altered the intensity of the existing peaks.
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Fig. 7. The IR spectra of the heat-treated FA geopolymer with varying CH contents
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Y
TABLE 3
Absorption band of heat-treated FA geopolymers
Symbol Wavenumber (cm™) Absorption band

a 3700.1-3740.6 O-H stretching vibration

b 2300.2-2352.3 Physical bound H-O-H

c 2170.1-2175.6 0-C-O stretching vibration

d 2020.0-2025.7 0-C-O stretching vibration

e 1650.4-1690.7 O-H bending vibration

¢ 970.0-980.2 Si-O-Si or.Al a§ymmetr1ca1

vibration

4. Conclusion

This study investigated FA geopolymers with 0, 2, and 4

wt.% CH, evaluating their mechanical and morphological proper-
ties under heat exposure. The key findings are:

The bulk density of FA geopolymers peaked at 1.8 g/cm?
with 2 wt.% CH but decreased to 1.7 g/em® at 4 wt.% CH
due to excessive CH disrupting the reaction and causing
rapid precipitation.

FA geopolymers with 2 wt.% CH obtained the highest
compressive strength (35.8 MPa), which was attributed to
the coexistence of N-A-S-H and C-S-H, promoting their
structural integrity.

CH-incorporated FA geopolymers exhibited 12.8%-18.0%
gains in bulk density when exposed to 200°C, but beyond
this temperature, the bulk density gradually decreased.
The compressive strength of CH-incorporated FA geopoly-
mers increased to 43.0 MPa at 200°C due to the further ge-
opolymerization but declined to 16.8 MPa at 1000°C due to
moisture loss, structural cracking, and phase transformation.
Morphological analysis revealed that the CH-incorporated
FA geopolymers underwent structural deformation, in-
cluding melting and phase transformation, disrupting the
microstructure at 800-1000°C.

Considering all of these factors, 2 wt.% CH incorporation

and 200°C heat exposure were optimal for enhancing the me-
chanical and morphological performances of FA geopolymers.
This study provided a guideline into developing sustainable
and thermally resistant construction binders, such as industrial
flooring and thermal insulation structural walls.
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