Available online at www.CivileJournal.org CiviL ENGINEERING
ES1|  JOURNAL

Voll 11 2No07
12025,

Civil Engineering Journal

(E-ISSN: 2476-3055; ISSN: 2676-6957)

Vol. 11, No. 07, July, 2025

The Influence of Precursor to Activator Ratio and Curing
Temperature on Geopolymer Paste with One-Part Method

Ari Widayanti o, Januarti J. Ekaputri 2e, Iglima N. Amini 3, Himawan T. B. M. Petrus *®,
Anandita Ade Putri °, Ria A. A. Soemitro 2», Anjas Handayani ®

! Department of Transportation Engineering, Universitas Negeri Surabaya, Kampus UNESA Ketintang, Surabaya 60231, Indonesia.

2 Department of Civil Engineering, Faculty of Civil, Planning and Geo Engineering, Institut Teknologi Sepuluh Nopember, Kampus ITS,
Sukolilo, Surabaya 60111, Indonesia.

3 Department of Civil Engineering, Universitas Negeri Surabaya, Kampus UNESA Ketintang, Surabaya 60231, Indonesia.
4 Department of Chemical Engineering, Faculty of Engineering, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia.

° Department of Business Management, Faculty of Creative Design and Digital Business, Institut Teknologi Sepuluh Nopember, Kampus ITS,
Sukolilo, Surabaya 60111, Indonesia.

8PT. Semen Indogreen Sentosa (HKSIS), Tegalsari, Surabaya 60265, Indonesia.

Received 26 December 2024; Revised 18 May 2025; Accepted 23 May 2025; Published 01 July 2025

Abstract

Geopolymer is an eco-friendly material that serves as a sustainable alternative to Portland cement in construction. This
binder reduces carbon dioxide emissions from cement production. However, its manufacturing process remains complex
and requires professional expertise. This study explores an environmentally friendly cement produced through the “One-
Part Method” (or the “just add water” method), which simplifies geopolymer application, making it as user-friendly as
Portland cement. However, research on the performance of one-part geopolymers with varying activator contents and curing
temperatures remains limited. In this study, Class F fly ash was used as a precursor, combined with a dry activator made
from geothermal sludge and sodium hydroxide (NaOH). Two compositions were tested with precursor-to-dry activator
ratios of 5:1 (OPG-F5F) and 7:1 (OPG-F7F). The compressive strength was significantly influenced by the Si/Al, Na/Si,
Na/Al, and water/solid ratios derived from the precursor and activator. Mechanical properties were analyzed at three curing
temperatures: ambient, 40°C, and 60°C. Results showed that OPG-F7F achieved the highest strength at 60°C, reaching 76.1
MPa at 28 days. Mineral analysis before and after steam curing revealed no changes in composition, while morphological
analysis indicated that higher temperatures produced a denser geopolymer matrix. These findings demonstrate the strong
potential of geopolymer cement as a viable Portland cement replacement using the One-Part Method.

Keywords: Dry Activator; Fly Ash; Geopolymer Paste; One-Part Geopolymer.

1. Introduction

Cement is one of the most widely used construction materials worldwide. However, cement production is a
significant source of carbon dioxide (CO,) emissions, contributing approximately 8% of global carbon emissions [1, 2].
These emissions are primary result from the decomposition of calcium carbonate during the combustion process [3]. To
address this environmental challenge, geopolymer materials have emerged as a promising alternative to cement-based
concrete due to their lower carbon footprint, high strength, and exceptional durability in extreme conditions [4-6]. The
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fundamental difference between Portland cement and geopolymer lies in their reaction mechanisms. The
geopolymerization process is influenced by the silica and alumina content, which contribute to the formation of a three-
dimensional rigid polymer network, specifically poly(sialate-siloxo) and poly(sialate-disiloxo) [7]. Geopolymers are
synthesized using aluminosilicate materials such as fly ash, ground granulated blast furnace slag (GGBFS), and
metakaolin, which are activated with an alkaline solution consisting of sodium hydroxide (NaOH) and sodium silicate
(Naz SiO3 ) [8-10]. The conventional geopolymer synthesis process follows a two-part method. First, an alkaline
solution is prepared, followed by its mixing with the precursor. This sequential approach increases the overall processing
time and poses significant safety concerns due to the use of highly concentrated alkaline solutions, typically ranging
from 8 to 16 M NaOH, which are highly corrosive and require careful handling to prevent skin burns [11-13].

An alternative approach, the One-Part method, has been introduced to simplify the geopolymerization process. This
method eliminates the need for liquid activators, allowing for a dry-mix formulation that improves handling safety and
facilitates large-scale geopolymer concrete production [14-16]. Unlike conventional methods, all components in the
One-Part method are prepared in dry form [17]. This method typically utilizes dry powder activators, such as anhydrous
sodium metasilicate [18]. However, this material has a high CO, emission factor of 1.86 CO, -e, making it less
environmentally sustainable [19]. Recent studies suggest that alternative activators such as sodium sulfate and sodium
carbonate can be used as low-pH activators, though they generally result in lower strength development compared to
hydroxide and silicate-based activators [20]. One promising material with a high silica content (>96%) is geothermal
sludge, a by-product of silica scale deposits removed during geothermal power plant maintenance [21, 22]. Previous
research has explored the use of geothermal sludge as a dry activator, showing that when combined with NaOH and
calcined at 400-600°C, sodium metasilicate crystals can form, enhancing its reactivity [17]. Utilizing this material
supports circular economy principles by minimizing waste and maximizing resource efficiency in a sustainable manner.

Despite these promising findings, research on geothermal sludge as a geopolymer activator remains limited. Previous
studies have shown that geothermal sludge-based activators can achieve compressive strengths ranging from 22.7 MPa
to 27.5 MPa, with strength development influenced by the Na, O/SiO, ratio, calcination temperature, and curing
conditions [17, 22]. Additionally, while studies have indicated that an increased Na, O/SiO, ratio leads to greater N-
A-S-H gel formation and improved strength [23], the optimal composition of dry activators and precursors for One-Part
Geopolymer remains unclear. Leonard Wijaya et al. [24] also emphasized that the Si/Al ratio significantly influences
compressive strength, with an optimal value of 2.0 for conventional geopolymer methods. Further research is needed to
determine the ideal ratio for a One-Part Geopolymer using geothermal sludge and fly ash.

Moreover, precursor materials significantly affect the mechanical properties of One-Part Geopolymer. Fly ash is
widely used as a silica and alumina source due to its high aluminosilicate content [25, 26]. However, its reactivity is
relatively low, requiring a high alkalinity environment to enhance geopolymerization [27]. Studies have also shown that
using slag in combination with fly ash can lead to microcrack formation, negatively affecting mechanical performance
[28]. Dong et al. [29] found that in One-Part systems activated with sodium metasilicate, the water-to-binder ratio and
alkalinity system significantly influence strength development. Additionally, Class F fly ash has been reported to
develop compressive strength more slowly due to its lower reactivity [27]. To enhance geopolymerization, steam curing
has been proposed as an effective method to improve bond strength and stability. Research has shown that steam curing
can significantly increase compressive strength and durability in geopolymer concrete [30-32]. Alnkaa et al. [33]
reported that steam curing effectively mitigates shrinkage in geopolymer systems. However, most of these studies have
focused on Two-Part Geopolymers, leaving a gap in knowledge regarding its effects on One-Part systems.

Therefore, further investigation into One-Part Geopolymer technology is essential for advancing sustainable
construction materials. This study examines the effects of dry activator and precursor composition on the fresh and
hardened properties of geopolymer, considering variations in chemical composition and curing temperature.
Specifically, it investigates the influence of steam curing on the strength development of fly ash-based One-Part
Geopolymer paste. By optimizing precursor and dry activator compositions under different steam curing conditions, this
research aims to enhance One-Part Geopolymer formulations as an environmentally friendly alternative to conventional
cement. Additionally, the use of geothermal silica and fly ash supports the Sustainable Development Goals (SDGs),
particularly Goal 12, which focuses on reducing industrial waste and promoting resource efficiency.

The result and analysis of this article structured as follows: Section 1 discusses the properties of fresh One-Part
Geopolymer paste, focusing on normal consistency and setting behavior. Section 2 presents the compressive strength
development of One-Part Geopolymer paste under different steam curing conditions. Section 3 compares the mechanical
performance of One-Part and Two-Part Geopolymers to evaluate their different process mechanism. Finally, Section 4
provides a microstructural analysis to understand the influence of precursor and activator compositions on geopolymer
formation by X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM) analysis.

2. Materials and Methods
2.1. Materials

One-part geopolymer paste was synthesized using Class F fly ash (FA) sourced from the Suralaya Power Plant,
Cilegon, Banten, Indonesia. Figure 1-a shows that the fly ash has a grey color, as analyzed using a Dino-Lite AM4515T5
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microscope. Additionally, Figure 1-b presents the scanning electron microscope (SEM) analysis, revealing that the fly
ash particles are spherical with a smooth surface. The dry activator (DA) was prepared using geothermal sludge obtained
from the Geodipa Dieng Geothermal Power Plant and 98% sodium hydroxide flakes (NF). The chemical composition
of these materials, determined by X-ray fluorescence (XRF) analysis, is presented in Table 1. The fly ash consists of
51.61% silicon dioxide (SiO, ) and 24.50% aluminum oxide (Al, Os ), whereas the geothermal sludge predominantly
contains 75.27% SiO, . These results indicate that both materials are highly suitable as aluminosilicate sources for the
geopolymerization process.

(b)
Figure 1. Fly ash from Suralaya Power Plant (a) Observation by Dino-Lite AM4515T5 (b) Observation by Scanning
Electron Microscope (SEM)

Table 1. Chemical and physical properties of raw materials

n—
Chemicals Content (%)  SiO ALOs Fe0s CaO MgO NaO KiO SOs Others LOI orineness

(retained)
Fly Ash (FA) 51.61 2450 7.59 6.39 263 238 077 096 1.43 1.37 14.90
Geothermal Sludge (GS) 7527 0.14 1.92 013 013 255 1.05 064 5.27 12.9 -
Dry Activator - - - - - - - - - - 72.60

2.2. Method
2.2.1. Preparation of dry activator (DA)

The dry activator preparation process is illustrated in Figure 2. Geothermal sludge (GS) was first purified by soaking
it in boiled distilled water at a 4:1 ratio to remove impurities, followed by drying at 110°C for 24 hours. The dried GS
was then mixed with sodium hydroxide (NaOH) flakes in a 1:1 ratio and further dried at 200°C to eliminate residual
moisture. Next, the mixture underwent calcination at 400°C for 10 hours, resulting in material agglomeration. To ensure
homogeneity, the calcined product was ground using a dry mill and stored in a high-density polyethylene (HDPE) bottle
to prevent moisture absorption.

e

Mixing sodium hydroxide

Soaking geothermal sludge (GS) Oviii divieg oF
with boiled distilled water |:> Removing impurities |:> 24h 3 gti] v l:> and GS
(Water-to-GS Ratio = 4:1) O ) (NaOH: GS =1:1)

2

—_— o 200
Store in a sealed container <::| Grinding dry activator <j Sl et <j DOIng SF LRI S Tt

10 hours hours

Figure 2. Workflow of dry activator preparation
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2.2.2. Specimen Preparation

The specimens were prepared using two geopolymer synthesis methods: the One-Part method (OPG) and the Two-
Part method (GC). The material proportions are presented in Table 2, while the specimen preparation process is
illustrated in Figure 3. In the One-Part method, the precursor was first mixed with the dry activator (DA) and
homogenized using a dry mill to form geopolymer cement. Water was then added, with its content determined through
a normal consistency test. The precursor-to-DA (P/DA) ratios used were 5:1 and 7:1. The mixture was cast into
cylindrical molds with a diameter of 2 cm and a height of 4 cm. Curing was conducted under three conditions: (1)
ambient temperature, (2) steam curing at 40°C, and (3) steam curing at 60°C for 24 hours, followed by storage in moist
conditions until testing. For comparison, conventional geopolymer paste was produced using the Two-Part method while
maintaining identical Si/Al, Na/Si, Ca/Si, Ca/Al, and Na/Al ratios.

Table 2. Detail of mix proportion One-Part & Two-Part Geopolymer

Mix Fly Ash (%) DA (%) Fly Ash: DA  Alkaline Solution (%) NaOH: Na;SiOs

OPG-F5F 70.9 14.2 5:1 - -
OPG-F7F 73.0 10.4 7:1 - -
GC-F5F 67.0 - - 33.0 11

Preparation of . Preparation of Curing of ot
dry activator e ;;:: ::ilsi] test geo pO]_\'IIl er geo pO]_\'tII er 3:::;‘::;‘;\21;‘
(DA) and fly ash t paste paste -

Figure 3. Flow chart of proposed methodology

2.2.3. Test Parameter

The raw materials were analyzed using X-Ray Fluorescence (XRF). In the fresh condition, the geopolymer paste
was tested for normal consistency and setting time following ASTM C187 and ASTM C191. In the hardened state,
compressive strength tests were conducted using a universal testing machine at 7, 14, and 28 days. The chemical
composition of the geopolymer paste was also analyzed using XRF from the raw material to determine the Si/Al, Na/Si,
Ca/Si, Ca/Al, and Na/Al ratios. These atomic ratios were calculated based on the total atomic molarity of the raw
materials, as presented in Table 3. Additionally, mineralogical analysis was performed using X-Ray Diffraction (XRD),
and the microstructural characteristics were examined through Scanning Electron Microscopy (SEM).

Table 3. Calculation of atom molarity

Chemical Reaction Total atom molarity (n = ) Atomic ratio (A/B)
1
Na,0 - 2Na+ EOZ Total mol Na
Sio, - Si+0, Total mol Si
3 Total mol A
Al,0; - 24l+-0, Total mol Al otal mo
2 Total mol B
3
Fe,0; —» 2Fe+ 502 Total mol Fe
1
Ca0 - Ca+ 5 0, Total mol Ca

3. Results and Discussion
3.1. Properties of Fresh One Part Geopolymer Paste
3.1.1. Normal Consistency

The effect of precursor content is presented in Figure 4. It can be observed that water content increases linearly with
an increase in precursor content. The water content in OPG-F7F increased by 13.94% compared to OPG-F5F. A decrease
in dry activator content resulted in a higher water demand for fly ash. According to Karim et al. [34] and Cheerarot &
Jaturapitakkul [35], this phenomenon occurs due to the high porosity of fly ash, which allows it to absorb more water.
In the One-Part method, the precursor composition significantly influences the water-to-binder (w/b) ratio, which, in
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turn, affects the workability of the mixture. In geopolymer reactions, water does not participate in the geopolymerization
process but serves solely as a reaction medium [36, 37]. Therefore, in the OPG-F7F composition, which contains a
higher proportion of fly ash, more water is required to facilitate the distribution of the activator across the fly ash surface
and to ensure sufficient dissolution.

25 A
19.94
20 A 17.50

15 A

10 1

% Water Content

OPG-F5F OPG-F7F

Figure 4. The result of normal consistency of one-part geopolymer paste

3.1.2. Setting Time

Figure 5 illustrates the effect of the precursor-to-dry activator (P/DA) ratio and precursor type on the setting time.
The results indicate that an increase in precursor content accelerates the setting time. The final setting time of OPG-F5F
decreased by 33% when the fly ash content increased, and the dry activator content decreased (OPG-F7F). In the One-
Part geopolymer system, water absorption is primarily influenced by fly ash. This phenomenon is attributed to the
differences in particle size between fly ash and the dry activator. As shown in Table 1, fly ash has a finer particle size
than the dry activator. Chemically, this is further explained by the Si/Al ratio presented in Table 4, where the Si/Al ratio
decreases from 2.05 in OPG-F5F to 1.98 in OPG-F7F. An increase in silica content in the system results in a longer
setting time [38]. Silva et al. [7] reported that the condensation reaction forming Si—O-Si bonds occurs more slowly
than that forming Si—O-Al bonds. Consequently, a higher silica content prolongs the setting time.

140 - " T .
W Initial setting time (min)

120 + B Final setting time (min)

100 -

o]
o

D
o

Time (minutes)

40

20

OPG-F5F OPG-F7F

Figure 5. Setting time of one-part geopolymer

3.2. Compressive Strength of One Part Geopolymer Paste
3.2.1. The Effect of Chemical Content

The geopolymerization reaction is highly influenced by the chemical composition of the raw materials. Davidovits
[39] explained that geopolymers are synthesized through a geopolymerization process involving the chemical reaction
between silica and alumina, forming amorphous Si—O-Al polymer bonds. Consequently, silica and alumina play a
crucial role in determining the strength of geopolymers. Table 4 presents the Si/Al ratios for OPG-F5F and OPG-F7F.
The results indicate that increasing the precursor-to-dry activator (P/DA) ratio lowers the Si/Al ratio. The dry activator,
which contains geothermal sludge, significantly contributes to the silica content in the mixture. A lower dry activator
(DA) content leads to reduced silica availability. Similarly, the Na/Si and Na/Al ratios also decrease with a reduction in
DA content. These ratios are critical, as sodium (Na) acts as an activator for silica and alumina during geopolymerization.
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Figure 6 illustrates the relationship between compressive strength and the Si/Al, Na/Si, and Na/Al ratios. The results
show that a decrease in the Si/Al, Na/Si, and Na/Al ratios enhances the compressive strength of the geopolymer paste.
Consistent with the setting time analysis, a higher silica content prolongs binding time, corresponding to an increased
Si/Al ratio, which, in turn, reduces compressive strength (Figure 6-a). As the Si/Al ratio increased by 3.5%, the
compressive strength decreased by 42%. Similar findings were reported by Wang et al. [40] and Lee et al. [41], who
observed that an increase in the Si/Al ratio leads to a decline in compressive strength. This effect is attributed to an
excessive silicate activator, which hinders ion migration and reduces compressive strength development. de Jong &
Brown [42] explained that Si—-O-Si bonds are inherently stronger than Si—O-Al and Al-O-Al bonds. However, the
compressive strength results indicate that a higher silica content in OPG-F5F does not yield superior strength compared
to OPG-F7F, which contains less silica. Duxson et al. [43] suggested that although a greater number of Si—O-Si bonds
are formed, which are theoretically stronger, the resulting microstructure may be less homogeneous and less dense. This
occurs because the gel network may fail to reorganize completely, leading to lower compressive strength despite an
increased Si/Al ratio. These findings suggest that the Si/Al ratio significantly influences compressive strength. Liu et al.
[44] further emphasized that the optimal Si/Al ratio varies depending on the physical and chemical characteristics of the
precursor materials. Therefore, additional investigation is required to determine the optimal Si/Al ratio for one-part
geopolymer synthesis.

Table 4. Si/Al, Na/Si, Ca/Si, Ca/Al, Na/Al and Water/Solid of one-part geopolymer specimen

Code Si/Al Na/Si  CalSi  Ca/Al Na/Al  Water/Solid
OPG-F5F 2.05 041 0.12 0.24 0.85 0.18
OPG-F7F 1.98 0.33 0.12 0.24 0.65 0.20
50 3.0 50 3.0
=3 Comp. Strength == Comp. Strength
40 { =@=Si/Al r 25 4] —m—Nasi - 25
o [
s o
< o L 2.0 2 - 2.0
S 30 2 5 30 - o
< © S =
b L 15 & = F 15 &
o < o E:
2 20 1 @ Z 20 1 S
g_ - 1.0 g_ - 1.0
3 §
4 (@] 4
10 L 05 10 L 05
0 0.0 0 0.0
OPG-F5F OPG-F7F OPG-FS5F OPG-F7F
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50 3.0 50 3.0
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o 40 || === Na/Al - 2.5 40 4 | === \Nater/solid 25
.
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2 30 - Z 2 30 x
P~ o o =
o L 15 & L 15 3
2 20 - z Z 20 A g
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OPG-F5F OPG-F7F OPG-F5F OPG-F7F
(c) (d)

Figure 6. The effect of chemical ratio on geopolymer paste compressive strength (a) Si/Al (b) Na/Si (c) Na/Al and (d) Water/solid

The increase in the P/DA ratio also affects sodium (Na) content, which originates from the dry activator. A higher
fly ash content in the geopolymer paste results in a lower sodium concentration, subsequently reducing the Na/Si and
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Na/Al ratios. In this study, a decrease in the Na/Si and Na/Al ratios led to an increase in compressive strength (Figures
6-b and 6-c). In contrast, in two-part geopolymers, a reduction in sodium concentration generally lowers compressive
strength, as an insufficient NaOH concentration fails to optimally trigger geopolymerization [45, 46]. This highlights a
fundamental difference between two-part and one-part geopolymers. In a two-part system, sodium hydroxide
concentration is the dominant factor influencing strength development. However, in a one-part system, water plays a
crucial role. Since water is added last in one-part geopolymer synthesis, it serves as both an ion transport medium for
silica and alumina activation and is also absorbed by fly ash. In the formation of geopolymerization reactions, water
plays a very important role [47, 48]. The results of the normal consistency test (Figure 4) indicate that OPG-F5F contains
less water than OPG-F7F. Table 4 and Figure 6-d further show that the water-to-solid ratio of OPG-F7F is higher than
that of OPG-F5F. These findings suggest that in OPG-F7F, more water is absorbed by the activator, leading to a more
effective reaction with silica and alumina. Consequently, the activator functions more efficiently, enhancing
compressive strength development. Ma et al. [49] also found similar findings, indicating that an adequate water-to-solid
ratio facilitates the dissolution of silica and alumina, thereby enhancing geopolymer gel formation. Conversely, an
excessively low water-to-solid ratio can lead to crystal precipitation, which inhibits further dissolution.

3.2.2. The Effect of Curing Temperature

The compressive strength of OPG paste under different curing temperatures is presented in Figure 7. The results
indicate that increasing the steam curing temperature has a linear effect on enhancing compressive strength across all
variations. Significant differences were observed, particularly in the rate of strength development, with the most notable
changes occurring at an early age (7 days). At 7 days and a curing temperature of 40°C, the compressive strength of
OPG-F5F increased by 68%, whereas OPG-F7F showed an increase of 24%. When the curing temperature was raised
to 60°C, the compressive strength of OPG-F5F nearly doubled, increasing by 104%, while OPG-F7F exhibited an 80%
increase. Furthermore, at 28 days, steam curing at 40°C led to a 40% increase in compressive strength, while curing at
60°C resulted in an approximately 50% increase. Figure 7b presents the compressive strength results for OPG-F7F under
different curing temperatures, showing a 15.68% increase under steam curing at 40°C and a 73% increase at 60°C. The
rate of compressive strength development at 7, 14, and 28 days was generally slower in OPG-F5F compared to OPG-
F7F.

100 - 100 -

OPG-F5F . ]
90 { =~ mAmbient B40:C B60°C 90 | mAmbient @a0:C T60C OPG-F7F
80 - 60 - 61
70 1 70 -
60 - 60 -
48.0 51.0 509

44.0

36.1

Compressive Strength (MPa)
Compressive Strength (MPa)

14 7 14 28
Age (days) Age (days)

(@) (b)
Figure 7. The effect of curing temperature on compressive strength of one-part geopolymer paste (a)OPG-F5F (b) OPG-F7F

Several studies have demonstrated that steam curing significantly enhances early-age compressive strength [50-52].
This effect occurs because the alkali activator cannot fully activate fly ash due to its low reactivity, particularly at
ambient temperatures [27, 53]. Additionally, high temperature curing effectively accelerates the geopolymerization
reaction [54-56]. Sajan et al. [57] explained that elevated temperatures increase the reactivity of Na* and OH™ ions,
resulting in a denser microstructure. High temperatures also facilitate the transformation of the geopolymerization
reaction from a 2D chain structure into a more stable 3D network with stronger bonds [57]. Wu et al. [58], reported that
steam curing enhances the dissolution of silica and alumina in fly ash by providing thermal energy to break Si—O and
Al-0 bonds. Similarly, Petrus et al. [59] confirmed that steam treatment promotes the dissolution of silica and alumina,
further improving the geopolymerization process. In the OPG-F7F composition, the dissolution of silica and alumina
using the steam curing method is more effective than in OPG-F5F, as evidenced by the higher strength development.
This result aligns with the previous explanation that water plays a crucial role in strength development. Additionally,
the higher fly ash content in the OPG-F7F composition significantly contributes to strength enhancement. Liu et al. [60]
stated that the dissolution of silica and alumina in fly ash is highly effective when using steam curing.
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3.2.3. The Effect of Precursor and Dry Activator Ratio on Different Curing Temperature

The development of compressive strength with different precursor-to-dry activator (P/DA) ratios is presented in
Figures 8-a to 8-c. The results indicate that a higher dry activator content (OPG-F5F) reduces compressive strength by
42% at 28 days compared to OPG-F7F under ambient conditions. Under ambient curing, the compressive strength of
OPG-F5F exhibited more stable growth from 14 to 28 days than OPG-F7F. This stability is attributed to a weaker
geopolymerization reaction in the OPG-F5F system. The limited reaction at ambient temperature is evident from the
significant strength increase when steam curing is applied at 40°C and 60°C. The primary reason for the inefficient
geopolymerization in OPG-F5F is insufficient water content, which reduces its interaction with the alkali activator.
Water plays a crucial role as an ion transport medium for silica and alumina activation during geopolymerization [47,
48]. Even at elevated curing temperatures, the geopolymerization process remains suboptimal in the absence of adequate
water.

90 - . 90 -
Ambient WOPG-F5F mOPG-F7F . 400 C BOPG-F5F EOPG-F7F
80 - 1
z 3
% 70 - % 70 -
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Figure 8. The effect of precursor and dry activator ratio on different curing temperature (a) ambient, (b) 40°C and (c) 60°C

Table 4 shows that the Na/Si and Si/Al ratios decrease as the P/DA ratio increases, correlating with higher
compressive strength. A higher Na/Si ratio indicates an excess of sodium in the system. Figure 9 presents surface
observations of OPG-F5F and OPG-F7F specimens, captured using a Dino-Lite microscope at 50x and 225x
magnifications. In the OPG-F5F specimen, salt accumulation and surface cracks were observed, likely due to excessive
sodium content. Previous studies have shown that an excess of sodium in a geopolymer system inhibits the
geopolymerization process and promotes the formation of sodium carbonate minerals upon reaction with CO, [61-63].
This phenomenon, known as efflorescence, is characterized by salt deposits, as illustrated in Figure 9-b. The impact of
efflorescence on compressive strength remains inconclusive, as crystallization can either densify the pore structure
potentially improving strength or weaken the matrix if excessive, making efflorescence generally undesirable for
geopolymer materials [64]. Additionally, surface cracks were observed in the OPG-F5F specimen, likely caused by self-
desiccation due to insufficient water content in the mixture. Sodium promotes water absorption, forming hydrated
sodium compounds that contribute to drying shrinkage [65]. This phenomenon is also explained by Hanumananaik &
Subramaniam [66], who reported that excessive sodium in geopolymer systems can lead to shrinkage, as sodium acts as
a filler that reduces pore size.
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) © )

Figure 9. Surface appearance of One-Part Geopolymer Paste (a) OPG-F5F after casting (b) Salt precipitation analysis of
OPG-F5F (c) Surface crack analysis of OPG-F5F (d) OPG-F7F after casting (e) Surface analysis of OPG-F7F (no salt
precipitation observed) (f) Surface crack analysis of OPG-F7F (no surface cracks observed).

Petrus et al. [17] also studied mortar using a dry activator composed of geothermal silica and NaOH with a fly ash-
to-dry activator ratio of 4:1. The compressive strength obtained was 27.5 MPa at a Na, O/SiO, ratio of 0.692,
influenced by a well-balanced availability of Na* ions and reactive silica, which facilitated the formation of a denser
and stronger geopolymer structure. This indicates that further research is needed to determine the optimal dry activator-
to-silica ratio to achieve the appropriate sodium composition for silica reaction. Moreover, the Si/Al ratio significantly
influences the strength of one-part geopolymer paste. A higher Si/Al ratio is directly associated with slower setting
times, as excess silica prolongs compressive strength development. Petrus et al. [17] also reported similar findings,
indicating that a reduction in silica and sodium content enhances compressive strength.

3.3. Comparison Between One-Part Geopolymer and Two Part Geopolymer

Figure 10 compares the compressive strength of geopolymers synthesized using the One-Part and Two-Part methods.
The results show that despite having identical Si/Al, Na/Si, Ca/Si, Ca/Al, and Na/Al ratios, differences in compressive
strength were observed. Specifically, the Two-Part method for the GC-F5F variation achieved 48% higher compressive
strength than the One-Part method for the OPG-F5F variation. The strength development of geopolymers is influenced
by both the raw materials and the alkaline activator solution, which play a crucial role in the formation of
geopolymerization products, particularly N-A-S-H gel [67, 68]. According to previous studies [69, 70], the primary
difference between One-Part and Two-Part geopolymers lies in their preparation methods. In the Two-Part system, the
solid activator (Na, SiO; and NaOH) first dissolves through an exothermic reaction before reacting with the precursor.
In contrast, One-Part geopolymers undergo both processes simultaneously, leading to differences in heat release and
reaction progression during geopolymerization. As a result, strength development in the One-Part method is slower than
in the Two-Part method.
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Figure 10. Strength comparison of One-Part and Two-Part geopolymer paste
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Tables 4 and 5 show that the most significant difference between these methods is the water-to-solid ratio. In the
Two-Part method, the water-to-solid ratio is higher than in the One-Part method. In the Two-Part system, water
originates from the alkaline solution, whereas in the One-Part system, water is added during mixing. In the Two-Part
method, water does not actively participate in the geopolymerization reaction but serves as a medium for sodium
transport, facilitating the dissolution of silica and alumina from the precursor [71]. Conversely, in the One-Part method,
the added water is absorbed by both the activator and fly ash, as both materials require water for the reaction. Sodium
needs water to facilitate geopolymer structure formation. Further research is needed to determine the optimal water
content required for both the alkaline activator and precursor in the One-Part system. Differences in the water-to-solid
ratio also affect the workability of the mixtures. In the GC-F5F specimen, the higher water content results in a more
fluid mixture compared to OPG-F5F. The variation in consistency between these mixtures influences their solidification
behavior, ultimately leading to differences in compressive strength. Konduru & Karthiyaini [72], also emphasized that
the initial consistency of the geopolymer mix is crucial, as it determines fresh-state characteristics, directly influencing
the solidification process and final strength.

Table 5. Si/Al, Na/Si, Ca/Si, Ca/Al, Na/Al and Water/Solid of F5F specimen

Code Si/Al  Na/Si CalSi Ca/Al Na/Al Water/Solid NaOH Molarity

GC-F5F 2.05 041 0.12 0.24 0.85 0.25 114 M

3.4. Microstructural Analysis
3.4.1. X-Ray Diffraction (XRD) Analysis

Mineral analysis was conducted using X-ray Diffraction (XRD), and the results are presented in Figure 11. The
dominant minerals identified in the specimens were Quartz (SiO, ), Mullite (3Al, O3 -2SiO, ), Magnetite (Fe; O, ),
and geopolymerization products (N-A-S-H). Quartz and Mullite originated from fly ash [73]. The geopolymerization
products consisted of aluminosilicate minerals, including Analcime, Natrolite, Sodalite, Albite, and Cancrinite.
Variations in the precursor-to-dry activator ratio did not significantly affect the types of minerals identified by XRD;
however, they influenced the peak intensity variations. In the OPG-F7F variation, the Quartz peak intensity increased,
likely due to the contribution of unreacted fly ash.
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Mu Q Mu Mu M
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2
£ A OPG-F7F-Ambient
Q e A
= e W N A A
l OPG-F7F-60°C
A ~ R n A .
10 20 30 40 50 60
20

Figure 11. X-Ray Diffraction (XRD) pattern of one-part geopolymer paste

The overall XRD patterns of specimens cured at ambient and steam curing conditions (60°C) remained similar,
indicating that heat treatment did not alter the mineral phases formed in the one-part geopolymer system. Similar
findings have been reported in previous studies [74-76]. However, a significant reduction in peak intensity was
observed in the OPG-F7F variation after steam curing at 60°C, which is attributed to an increase in the amorphous
content from 90.38% to 91.45% at higher curing temperatures. A similar trend was reported by Christidis et al. [77].
Chouksey et al [74] explained that this phenomenon results from a decrease in oxide minerals within the geopolymer
system. This suggests an enhancement of the geopolymerization reaction under steam curing conditions at 60°C.
These findings align with the observed increase in compressive strength of the OPG-F7F variation due to steam curing,
as shown in Figure 7-b.
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3.4.2. Scanning Electron Microscope (SEM) Analysis

The SEM images of OPG samples (OPG-F7F and OPG-F7FL) under different curing temperatures are shown in
Figure 12. This study compares the microstructural morphology of geopolymer samples. In the OPG-F7F specimen
cured at room temperature (Figure 12-a), the microstructure appears more porous, with numerous microcracks observed.
EDS mapping confirms that the matrix consists of Na, Si, and Al elements, forming sodium aluminosilicate hydrate (N-
A-S-H), the primary geopolymerization product. Khale & Chaudhary [78], explained that microcracks result from water
loss, leading to shrinkage. Additionally, the exothermic reaction between NaOH and water during the initial mixing
stage contributes to shrinkage due to thermal-induced water evaporation. This phenomenon has also been reported by
Wang et al. [79] and Ma et al. [80], who noted that the one-part geopolymerization method generates heat during the
initial mixing phase.
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Figure 12. Scanning Electron Microscope (SEM) analysis (a) OPG-F7F at ambient temperature (b) OPG-F7F steam at 60°C

A significant difference in morphology is observed in the OPG-F7F specimen after steam curing at 60°C. As shown
in Figure 12-b, the microstructure of the steam-cured specimen is notably denser than that of the room-temperature-
cured specimen. EDS mapping analysis (Figure 12(b)) indicates no significant changes in the elemental composition of
the matrix due to temperature variation. This result aligns with the XRD analysis, which shows that the mineral phases
remain unchanged at elevated temperatures. However, a greater proportion of fly ash particles react during steam curing
compared to room-temperature curing [30, 81, 82]. The additional thermal energy enhances the dissolution of fly ash
particles, accelerating the geopolymerization reaction and resulting in a denser microstructure with fewer microcracks.
Furthermore, the steam curing process provides a humid environment, reducing rapid water loss and minimizing crack
formation [33, 83].
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4. Conclusions

This study examined the effects of the precursor-to-dry activator ratio and curing temperature on geopolymer paste
synthesized using the One-Part Method. The following conclusions were drawn:

¢ The precursor-to-dry activator ratio significantly influences the water demand of the mixture. A lower activator
content requires a higher water addition, which enhances the dispersion of the activator on the fly ash surface.
Additionally, this ratio affects the setting time, which is governed by the Si/Al ratio of the mixture.

e Increasing the precursor-to-dry activator ratio reduces the Si/Al, Na/Al, and Na/Si ratios while increasing the
water-to-solid ratio. A 3.5% reduction in the Si/Al ratio leads to a 42% increase in compressive strength. This is
attributed to the excess silicate activator limiting ion migration, thereby hindering strength development.
Similarly, the Na/Al and Na/Si ratios influence the alkali hydroxide concentration in the One-Part system.
However, the key parameter is the water-to-solid ratio, which plays a crucial role in alkali distribution and the
dissolution of silica and alumina from fly ash.

e Steam curing significantly enhances the early-age compressive strength of the geopolymer. At 7 days,
compressive strength increased by 104% for OPG-F5F and 80% for OPG-F7F when cured at 60°C. The low
reactivity of fly ash necessitates higher curing temperatures, as the alkali activator cannot fully react with fly ash
at lower temperatures.

o A higher alkali activator content does not necessarily result in greater compressive strength for OPG-F5F
compared to OPG-F7F. At ambient temperature, as well as after steam curing at 40°C and 60°C, OPG-F7F
exhibited a greater increase in strength than OPG-F5F. This is due to insufficient water content in OPG-F5F,
which restricts alkali transport and hinders silica and alumina activation. Increasing the curing temperature alone
is insufficient to achieve optimal strength. Further research is needed to investigate the role of water in
geopolymer paste preparation using the One-Part Method.

o XRD analysis revealed that increasing the curing temperature to 60°C in OPG-F7F did not alter the mineral
composition. However, a reduction in peak intensity after steam curing indicates a decrease in oxide minerals.
The steam curing process resulted in a denser microstructure compared to ambient curing, as the additional
thermal energy enhanced the dissolution of silica and alumina from fly ash.
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