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Abstract: Geopolymers are an inorganic material in an alkaline environment that is synthesized with
alumina–silica gel. The structure of geopolymers consists of an inorganic chain of material and a
covalent-bound molecular system. Currently, Ordinary Portland Cement (OPC) has caused carbon
dioxide (CO2) emissions which causes greenhouse effects. This analysis investigates the impact on fly
ash/dolomite-based-geopolymer with various molarities of sodium hydroxide solutions which are
6 M, 8 M, 10 M, 12 M and 14 M. The samples of fly ash/dolomite-based-geopolymer were prepared
with the usage of solid to liquid of 2.0, by mass and alkaline activator ratio of 2.5, by mass. After that,
the geopolymer was cast in 50 × 50 × 50 mm molds before testing after 7 days of curing. The samples
were tested on compressive strength, density, water absorption, morphology, elemental distributions
and phase analysis. From the results, the usage of 8 M of NaOH gave the optimum properties for the
fly ash/dolomite-based geopolymer. The elemental distribution analysis exposes the Al, Si, Ca, Fe
and Mg chemical distribution of the samples from the selected area. The distribution of the elements
is related to the compressive strength and compared with the chemical composition of the fly ash
and dolomite.

Keywords: geopolymer; molarity; fly ash; dolomite; elemental distribution; compressive strength

1. Introduction

Davidovits,1978 first coined the term geopolymer and patented it, and produced
the geopolymerization reaction from fly ash [1]. The geopolymer does not form into
calcium-silicate-hydrates (C–S–H) for matrix formation and strength but undergoes poly-
condensation process of silica and alumina to obtain structural capacity. Sodium hydroxide
(NaOH) and sodium silicate (Na2 SiO3) are the two main ingredients in geopolymers. The
main elements in the source materials are silicone (Si) and aluminum (Al) and should be
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thick and plentiful in aluminosilicate [2]. Geopolymers attract considerable attention due
to their low costs, excellent mechanical and physical properties, low energy consumption
and reduced greenhouse emissions.

Fly ash containing alumina-silicate (Al-Si) substance which has the ability to bind
with calcium-hydroxide (CaOH2) in a cement matrix [3]. Fly ash is known as waste
material from thermal power plants and its abundant availability creates an opportunity to
research the uses of this material as a cement replacement. The main composition of fly ash
contains silica (SiO2), aluminum oxide (Al2O3), iron oxide (Fe2O3) and calcium oxide (CaO)
which are categorized as pozzolanic materials. Because of the pozzolanic reaction and its
microfiller feature, fly ash could enhance the properties of cement and concrete [4]. Fly
ash also can enhance the workability and mechanical properties in terms of compressive
strength, flexural strength, as well as the toughness of cement. Singh N. [5] reported that
the production of geopolymer cement and concrete using fly ash as alternatives to the OPC
improves the durability in acidic environments and gave enhanced densification when the
fly ash geopolymer is cured in a microwave. Sitarz et al. [6] studied how the addition of
Ground granulated blast furnace slag (GGBFS) to fly ash (FA)-based geopolymers affects
the evolution of the strength of the resultant geopolymer mortars. Results found that
blending of GGBS and FA improved the mechanical properties of compressive and flexural
tensile strength with the highest strength achieved being fc = 63 MPa and ft = 6.8 MPa at
28 days of curing.

Dolomite is a type of volcanic rock that is particularly resistant to the weight of
objects and is also dispersible. Because of its increased surface toughness and thickness,
dolomite is suitable for use in the building industry [7]. In the geopolymer field, the use of
dolomite as a precursor remains recent and studies are still ongoing. Dolomite often has a
variety of natural minerals, which are mostly inexpensive and are chosen because of their
strong magnesium oxide content. Dolomite is a primary sediment mineral and is widely
distributed geologically. Calcium carbonate minerals, such as dolomite are also usually
applied to geopolymers to improve the mechanical properties of geopolymers [8]. Coppola
et al., [9] investigated the role of composition and processing of carbonate-containing alkali
activated materials, such as granite, albite, diatomite combines with metakaolin and fly
ash. The review observed the development of alkali-activated materials using natural stone
waste and minerals increases the workability of the fresh mixtures and the mechanical and
durability properties of the hardened materials.

As a geopolymer binder needs to dissolve both silica (Si) and alumina (Al) oxides
in an alkaline medium, alkali activator solutions perform an important role to produce
geopolymer materials. The composition of the activator has a significant effect on the
compressive strength of the geopolymer materials [10]. Sodium hydroxide (NaOH) and
sodium silicate (Na2 SiO3) are the most effective alkaline solutions due to the chemical
characteristics of the compound. Kumar et al. [11] demonstrated that the use of Na2SiO3
solution with NaOH solution increases the rate of the geopolymerization reaction compared
to the use of NaOH alone. Besides, the NaOH solution also provides a wider range of
dissolution than the potassium hydroxide (KOH) solution. In this analysis, the NaOH
molarity is examined to determine its impact on the properties of the fly ash/dolomite-
based geopolymers and the elemental distribution in geopolymer materials.

2. Materials
2.1. Solid Precursor

Fly ash class C is used as a raw material for this analysis. The raw material was
gathered in Manjung Power Station, Lumut, Perak, Malaysia. Fly ash is a thinly isolated
mineral material from coal-fired power plants. Fly ash consists of an inorganic, non-
combustible substance, formed in a glassy amorphous state after combustion. The form
and size of fly ash particles are typically 2 µm to 10 µm. The major composition of fly ash
class C, which is described in Table 1, is SiO2, which is about 30.7% of the total composition,
and the smallest is TiO2, which is around 0.94% of the total composition.
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Table 1. The composition of fly ash class C and Dolomite.

Compound Mass of Fly Ash Class C (wt.%) Mass of Dolomite (wt.%)

SiO2 30.70 2.19
Al2O3 13.30 1.09
MgO 3.60 21.42
CaO 22.40 74.26

Fe2 O3 23.92 0.22
TiO2 0.94 0.06
SO3 2.28 0.85

Na2O - 1.26

Dolomite is a natural resource consisting of calcium and magnesium carbonate and
containing iron. Compared to fly ash, dolomite has low Al + Si such that dolomite cannot
stand alone. Table 1 includes CaO, which accounts for approximately 74.26% and MgO
for approximately 21.42% of the overall composition. Dolomite was shipped to Universiti
Malaysia Perlis from Quarry Perlis. Before the chemical composition examination, the
dolomite must be browned and tamed on a scale from 75 µm to 63 µm. Table 1 shows the
chemical compositions of Fly ash C and Dolomite used in this study.

2.2. Alkaline Activator

Sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) were used as the alkaline
activator solution. NaOH is typically in pallet form and dissolved with distilled water to
produce NaOH solution with certain molarities. Na2SiO3 solution is a glassy substance
that is soluble in water and has a very valuable quality.

3. Methodology
3.1. Preparation of Sodium Hydroxide (NaOH) Solution

The NaOH solution was prepared by dissolving the NaOH pallets with distilled water
until achieved homogeneity. The liquids were stirred and cooled at room temperature until
the solutions become clear. The NaOH solution was prepared at 6 M, 8 M, 10 M, 12 M and
14 M concentrations according to Equation (1) below:

Mass of NaOH used = m = mv
1000 × (molecular weight of NaOH)

= (12×1000)
1000 × (23 + 16 + 1) g/mol = (12 mol)(40 g/mol) = 480 g

(1)

3.2. Sieving Process

The sieving process is a system for deciding the particle size distribution of the sample.
This study includes the sieve method for dolomite content with a scale of approximately
150 µm to 63 µm. The sieving time is measured at about 60 min. The procedure is replicated
until the appropriate dolomite particle size exceeds.

3.3. Mixing Process

The fly ash and dolomite were mixed with 80% of fly ash and 20% of dolomite. After,
the alkaline activator solutions were added to the fly ash/dolomite mixture with a ratio
of 4.0 by mass. The alkaline activator solutions of combinations of NaOH and Na2 SiO3
solution were mixed first with a constant ratio of 2.5, by mass before combining with the fly
ash/dolomite mixture. Using a mechanical mixer, the mixture of fly ash/dolomite and alka-
line activator solutions was mixed for 5 min and then placed into a 50 × 50 × 50 mm mold.

3.4. Curing Process

For this study, the fly ash-based geopolymer was cured at room temperature only
because class C fly ash has a characteristic of self-hardening and benefits from being
hardened without using a high temperature. The fly ash/dolomite-based geopolymer was
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cured for 7 days prior to testing. After 7 days of curing, the samples were removed and
tested for compressive strength, water absorption, density and microstructure analysis.

3.5. Compressive Strength Test

The most significant property of cement and concrete is the compressive strength test.
The strength of fly ash/dolomite-based geopolymer was tested at 7 days of curing by using
a compression test machine Instron machine series 5569 Mechanical Tester. The results
were recorded in N/mm2. The standard used for this testing was ASTM C109.

3.6. Water Absorption Analysis

The fly ash/dolomite-based geopolymer were tested for water absorption in a cube
form of 50 × 50 × 50 mm at 7 days of aging. A water absorption test was performed
according to ASTM C 140. Equation (2) below specifies the calculation for water absorp-
tion analysis:

Water absorption =

[
(Wet weight − Dry weight)

Dry weight
× 100

]
(2)

3.7. Density Analysis

The fly ash/dolomite-based geopolymer density was measured at room tempera-
ture after 7 days of aging. The density of geopolymer samples was recorded based on
Equation (3) below:

Density =
mass of the sample (kg)

volume of the sample (m3)
(3)

3.8. Porosity Analysis

The porosity of fly ash/dolomite-based geopolymer was determined in accordance
with ASTM C642 [12] and calculated using the following formula, Equation (4).

Porosity (%) =
Wet weight − Dry weight

Wet weight − Suspended weight
× 100 (4)

4. Results and Discussion
4.1. Compressive Strength Analysis

Figure 1 indicates the compressive strength of the various NaOH molarity of fly
ash/dolomite-based geopolymer. The strength of fly ash/dolomite-based geopolymer
increases from 20.3 MPa to 34.03 MPa when the molarity increases from 6 M to 8 M. How-
ever, the strength decreases from 34.03 MPa to 25.4 MPa when the molarity of geopolymer
was increased up to 14 M. The increment of the strength from 6 M to 8 M was due to
the occurrence of Na+ ions and enough OH− ions supplied by the source materials to be
bonded with the alkaline solutions. This was due to the role of both Na+ ions and OH− ions
in the geopolymer systems to dissolve the bond of the source materials (Si and Al bond) to
produce Si–O–Al bonds which are known as geopolymer precursors. The Na+ ions were
responsible for balancing the negative charges produced from the formation of Si–O–Al
bonds while the OH− ions played a vital role in the hydrolysis process of the geopolymer,
producing a good reaction and bonding which led to better compressive strength [13].

The 8 M of NaOH centered on fly ash/dolomite-based geopolymer demonstrates opti-
mum intensity, due to the improved shape, reaction and efficient geopolymer formulation
between the dolomite and alkaline activator. This is because 8 M NaOH molarity could
provide enough ions of Na and OH to react with the fly ash and dolomite to release Al3+

and Si4+ ions. The optimum NaOH concentration contains adequate Na+ ions content
which makes the fly ash and dolomite composition uniform, thus improving the geopoly-
merization rate by balancing charges as well as forming an aluminosilicate network. This is
proved by Khale and Chaudhary [14] that found the accurate rate of NaOH concentration
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will form great dissolution of silica and alumina from the raw materials thus directing to im-
proved strength. Figure 2 shows the illustration of the ion balance and dissolution process
in the dolomite/fly ash based geopolymer. The Na+ ions were needed for the dissolution
of the geopolymer material to release Al3+ and Si4+ ions, meanwhile the OH− ions will
react with the released ion during the geopolymerization process. Kiatsuda Somna et al.
studied the stand-alone fly ash geopolymer with 4.5–16.5 M NaOH used. With focus on
strength, the compressive strengths at 28 days of 20.0–23.0 MPa were obtained with NaOH
concentrations of 9.5–14.0 M. Increasing the NaOH concentration beyond this point resulted
in a decrease in the strength of the paste due to the early precipitation of aluminosilicate
products [15]. This shows the same pattern as the finding in this experiment.
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Figure 1. Fly ash/dolomite geopolymer compressive strength.
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Figure 2. Ion balance and dissolution process in the dolomite/fly ash based geopolymer.

However, with NaOH concentrations of 10 M to 14 M, the fly ash/dolomite com-
pressor capacity becomes slow. This was due to the excess of Na+ and OH− ions from
the high molarity of NaOH used. The unnecessary OH− ions in the geopolymer cause
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early precipitation of aluminosilicate gel. These will disturb the process of releasing the
Al3+ and Si4+ ions in the fly ash and dolomite and cause the geopolymerization rate to
be lowered as well, producing a low compressive strength of geopolymer [16]. This was
also due to the high Ca content in dolomite which affects the gelation of silica (Si) during
geopolymerization process and distracts the compressive strength output [17].

4.2. Density Analysis

The fly ash/dolomite-based geopolymer densities of different NaOH solution molari-
ties are shown in Figure 3. Densities ranged from 6 M to 14 M between 2140 kg/m3 and
2220 kg/m3, respectively. After 7 days, the maximum density value was up to 2213 kg/m3.
The concentration of NaOH influences the fly ash/dolomite geopolymer properties. Results
showed that increased NaOH concentration typically increases the geopolymer density. The
increase in NaOH molarity from 6 M to 8 M reveals a decrease in porosity. Fly ash/dolomite
geopolymer with the least molarity is more permeable, so it has a lower density than fly
ash/dolomite with higher molarity [18]. As the concentration of NaOH increases, worka-
bility, water absorption and the density of geopolymer would be decreased [19].

Materials 2022, 15, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 2. Ion balance and dissolution process in the dolomite/fly ash based geopolymer. 

However, with NaOH concentrations of 10 M to 14 M, the fly ash/dolomite compres-

sor capacity becomes slow. This was due to the excess of Na+ and OH− ions from the high 

molarity of NaOH used. The unnecessary OH− ions in the geopolymer cause early precip-

itation of aluminosilicate gel. These will disturb the process of releasing the Al3+ and Si4+ 

ions in the fly ash and dolomite and cause the geopolymerization rate to be lowered as 

well, producing a low compressive strength of geopolymer [16]. This was also due to the 

high Ca content in dolomite which affects the gelation of silica (Si) during geopolymeri-

zation process and distracts the compressive strength output [17]. 

4.2. Density Analysis 

The fly ash/dolomite-based geopolymer densities of different NaOH solution molar-

ities are shown in Figure 3. Densities ranged from 6 M to 14 M between 2140 kg/m3 and 

2220 kg/m3, respectively. After 7 days, the maximum density value was up to 2213 kg/m3. 

The concentration of NaOH influences the fly ash/dolomite geopolymer properties. Re-

sults showed that increased NaOH concentration typically increases the geopolymer den-

sity. The increase in NaOH molarity from 6 M to 8 M reveals a decrease in porosity. Fly 

ash/dolomite geopolymer with the least molarity is more permeable, so it has a lower 

density than fly ash/dolomite with higher molarity [18]. As the concentration of NaOH 

increases, workability, water absorption and the density of geopolymer would be de-

creased [19]. 

 
Figure 3. Density of fly ash/dolomite geopolymer. 

2146

2213

2200

2186

2173

2080

2100

2120

2140

2160

2180

2200

2220

2240

6M 8M 10M 12M 14M

D
en

si
ty

 (
kg

/m
3 )

Molarity NaOH (M)

Figure 3. Density of fly ash/dolomite geopolymer.

It may also be triggered by a curing phase at room temperature which allowed the
atmosphere to fluctuate the samples. The increase in density was also attributed to the
improvement in the sample viscosity in the solution with a high NaOH concentration.
The NaOH mixtures on 8 M can be seen to be more coherent. The denser the sample, the
stronger the compressive strength; an adequate alkaline activator is essential [20]. Normally
the density of the geopolymer is parallel to the strength of the geopolymer. This was due to
the 8 M NaOH solution producing a greater dissolution process of Si and Al during the
geopolymerization process [21].

4.3. Water Absorption Analysis

Figure 4 shows an analysis of geopolymer water absorption dependent on fly ash/dolomite-
based geopolymer. The 8 M NaOH usage produced the lowest water absorption rate at
5.63%, and the highest water absorption was at 6 M NaOH with 8.82%. This result shows
the relationship between the NaOH concentration and the porosity of the geopolymer
samples. Pores are used to measure the penetration of water in the geopolymer samples.
Pores within geopolymer samples are formed based on several conditions and parameters,
such as the consistency of water, binding strength, and treatment techniques [22].
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1 
 

 
Figure 4. Rate of water absorption for fly ash/dolomite geopolymer.

As the compressive strength of the geopolymer decreases, the water density increases. A
high degree of water retention instigated the lowest compressive strength and porosity [23].
This is because the influence of the microstructure of the fly ash/dolomite geopolymer on
the C–S–H (Ca–Si–H) system is much coarser and permeable, which clarifies the reason for
increased water assimilation and decreased characteristics of the geopolymer samples [24].
The low water absorption is a strong indication that open porosity decreases and impedes
the heavy flow of water into the geopolymer portion. The lower water absorption by the
geopolymer samples means that the samples are durable [25].

4.4. Porosity Analysis

Figure 5 depicts the apparent porosity of the fly ash/dolomite geopolymer with vary-
ing NaOH molarities. Overall, the porosity results follow the pattern of the water absorption
results, as samples with higher water absorption tend to have greater porosity content.
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The fly ash/dolomite geopolymer porosity is made up of both entrained air voids and
internal paste voids. According to Figure 5, increasing the sodium hydroxide concentration
from 10 M to 14 M caused the fly ash/dolomite geopolymer microstructure to become
significantly coarser and porous, which accounts for the increased porosity and decreased
strengths at higher NaOH concentrations. As claimed by Gorhan and Kurklu, [26] increas-
ing the sodium hydroxide concentration increased apparent porosity due to an increase
in viscosity and water evaporation during the polymerization process, which resulted in
linked pores, a high tendency for permeability and increase porosity. The ideal NaOH
concentration in this investigation for making fly ash/dolomite geopolymers was 8 M with
9.72% apparent porosity. Increased density at 8 M NaOH concentration means less porosity
and water absorption, which contributes to higher compressive strength. In contrast to
Patankar et al. [27], determined 12 M to be the optimal concentration for the NaOH solution;
the concentration of NaOH solution determined by this study was lower. It might be owing
to the varied formulation of geopolymer mixtures.

4.5. Morphology Analysis

The morphology of the fly ash/dolomite-based geopolymers focuses on the 8 M and
14 M NaOH concentrations. This is because the optimum molarity used for this study is 8 M
and the lowest performance appeared at 14 M. The morphology structure was performed
using the Scanning Electron Microscope (JEOL) platform JSM-6460 LA Japan. Figure 6
displays the comparison morphology structure between 8 M and 14 M concentrations
of NaOH.
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Figure 6. Fly ash/dolomite morphology for (a) 8 M and (b) 14 M NaOH Molarity.

From the morphology analysis, it can be observed that the 8 M of NaOH produces a
better surface compared to the 14 M NaOH concentration. The 14 M NaOH surface tends
to create cracks along the samples. These cracks caused the flow of water and retarded
the formation of a bond between the raw materials and the alkaline activator solutions.
Besides that, there is also some unreacted fly ash on both samples. This was due to the
curing conditions of the samples which are not enough to produce the geopolymer gel [28].
Longer curing days will affect the geopolymerization rate and reduce the unreacted fly ash
hence improving the strength of the geopolymer samples.

This morphology analysis strengthens the findings on compressive strength which
indicates that an 8 M NaOH concentration provides a better interaction between the fly
ash and dolomite which leads to a good polymerization reaction and better strength. The
cracks and pores observed for the 14 M NaOH concentration cause disturbances in the
geopolymer, and in turn, a less dense geopolymer product that can withstand less strength.
Besides that, 14 M NaOH concentration led to excessive Na+ ions in the geopolymer system
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causing the geopolymerization to be incomplete, thereby creating the pores and cracks that
can be observed in the morphology [15].

Figure 6 shows the close-up microstructure of the samples for fly ash/dolomite
geopolymer. It clearly illustrates the reaction between fly ash and dolomite. Figure 7a
shows the reaction that occurred between fly ash and dolomite within the fly ash particles.
The fly ash particles are in a sphere shape meanwhile the dolomite has an irregular cloud
shape [29]. Figure 7b elucidates the gelation process of the geopolymer which is the Ca–S–H
gel that is formed during the geopolymerization process.
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Figure 7. The morphology of (a) reaction between fly ash and dolomite and (b) gelation process of
the geopolymer.

As demonstrated in Figure 8, a gel network underwent the geopolymerization re-
arrangement process after the alkali activator reacted with fly ash and dolomite. This
stimulated the formation of the geopolymer matrix, while the dolomite filled the space
within the geopolymer structure.
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4.6. Elemental Distribution Analysis

The element observed for the geopolymer samples were Silica (Si), Alumina (Al),
Calcium (Ca), Magnesium (Mg) and Iron (Fe). The elements were chosen based on the
major components in fly ash and dolomite. The indicator was identified in the distribution
analysis results to determine the availability of the element in the geopolymer samples.
The indicator shows red for high intensity, green for medium intensity, and blue for
low intensity. Figure 9 demonstrates the Si and Al elemental distribution for the fly
ash/dolomite geopolymer with an 8 M NaOH concentration used. The Si element is well
distributed all over the geopolymer samples. There were a few spots that show a high
peak of Si element detected in the result. As for the Al element, it was also distributed well
all over the geopolymer samples. However, the intensity of the Al element was slightly
lower compared to the Si element. The color of the intensity for the Si element is greener
compared to the Al element, which is a slightly blue color. This result is reflected in the
chemical composition results from Table 1. Based on the results, the composition of Si is
higher compared to the composition of Al which mainly comes from fly ash [30].
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Figure 9. Si and Al elemental distribution for 8 M of NaOH fly ash/dolomite geopolymer.

Figure 10 shows the elemental distribution for the Ca element and Fe element. Both
distributions were scattered appropriately. There were slight differences between the Ca and
Fe elemental distribution, which was that Ca has a larger distribution with green intensity
compared to Fe. Besides that, there were some places that Ca reached high intensity with
red color at a few spots, which is almost the same spot as the Fe element. Other than
that, based on the chemical composition analysis, Ca has the highest composition, which
comes from fly ash and dolomite. The Fe content was only contributed to by fly ash, thus
resulting in less elemental distribution. It can be observed that the Ca distribution is higher
compared to the Si and Al distribution; [31] concluded that high calcium fly ash (which
contains high Ca content) has the potential to be used as the source material for geopolymer
synthesis with self-hardening characteristics which support the production of high strength
geopolymer [32].

Figure 11 shows the elemental distribution of Mg and the results obtained show
that Mg was a bit different compared to other elements. As seen in the figure, few spots
appeared which indicated the low intensity of the element. This happened because the Mg
content only came from 20% of dolomite samples. The Mg was too little to react with other
elements and only react with a few elements producing tiny spots of elemental distribution.
However, the Mg element could still contribute to the strength of the geopolymer with
moderate composition [33].
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Figure 11. Mg elemental distribution for 8 M of NaOH fly ash/dolomite geopolymer.

Generally, elemental distribution results show a good spread of elements all over
the geopolymer samples and produced high strength geopolymer samples with 8 M
concentrations. The geopolymer’s main structure consists of Si–O–Al, which clearly shows
the importance of Si and Al elements in producing good strength development [32,34–36].
Well-distributed elements in the geopolymer composite samples indicated the production of
a homogenous geopolymer composite. A homogenous mixture of geopolymer composites
enhances the strength of the material. The combination of Ca, Si, and Al maps led to the
formation of a calcium aluminate hydrate (C-A-S-H) phase which leads to the development
of strength with self-hardening characteristics at room temperature [37].
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4.7. Phase Analysis

Figure 12 shows the comparison of phase analysis composition of fly ash, dolomite
and fly ash/dolomite geopolymer with 8 M NaOH concentrations that were evaluated
through X-ray powder diffraction analysis (XRD). The phase that can be observed were
mainly quartz (SiO2), mullite (3 Al2 O3(2 SiO2)) and dolomite (CaMg(CO3)2).
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Figure 12. XRD patterns of fly ash, dolomite and fly ash/dolomite geopolymer.

The highest peak observed on fly ash was quartz meanwhile on dolomite it was the
dolomite phase. The combination both of materials that produce a geopolymer after being
activated by alkaline solutions at 8 M NaOH concentration created a high phase of quartz
and dolomite. There is a huge “amorphous hump” that rises between 20◦ to 40◦ degrees 2θ
which is illustrative of a geopolymeric reaction.

From the XRD patterns of fly ash, the peaks indicate quartz (SiO2) (ICDD: 00-0461-045)
as a major crystalline peak at 2θ values of 27.993◦. Less intense quartz was also ob-
served at 2θ values of 20.836◦, 40.479◦, 44.484◦, 50.535◦ and 67.42◦. The peak of mullite
(3 Al2 O3(2 SiO2)) (ICDD 00-015-0776) was obtained at 19.835◦, 33.85◦, 35.296◦ and 58.877◦.
According to the findings of Thamer Alomayri [38], amorphous aluminosilicates alone in
fly ash are reactive in the geopolymer formation process. Aside from that, the crystalline
phases with primary peaks of the dolomite raw sample were indexed with the dolomite
(CaMg(CO3)2) (ICDD 00-036-0426) reference pattern at 2θ values of 31.002◦, 28.022◦, 33.85◦,
35.296◦, 37.365◦, 41.080◦, 50.513◦ and 59.879◦.

Geopolymerization reaction requires Si and Al which are mainly detected in this phase
analysis. Therefore, the quartz phase exhibited as a major mineral shows a significant
peak for fly ash/dolomite geopolymer at 2θ values of 27.993◦, 19.612◦, 41.105◦ and 50.446◦

which shows the availability of Si in the geopolymer system that mainly came from the fly
ash. Meanwhile, the mullite phase as minor minerals was also observed at peak 2θ values
of 33.583◦ and 37.365◦. In line with Saliha Alehyen et al., the mullite phase or alumina
silicate shows the availability of amorphous silica and alumina in the fly ash/dolomite
geopolymer [39]. The dolomite phase was also detected in the fly ash/dolomite geopolymer.
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However, the phase was not as high as the quartz and mullite phases. This was due to the
usage of dolomite in the geopolymer was minor (filler) compared to the fly ash.

5. Conclusions

Based on the analysis performed, the sodium hydroxide (NaOH) molarity plays an im-
portant role in the fly ash/dolomite-based geopolymers properties in terms of compressive
strength, water absorption, density, and the elemental distribution of geopolymer samples.
The fly ash/dolomite-based geopolymer contributed to the optimum NaOH concentration
at 8 M based on the performance obtained from this research. The microstructure of the
geopolymer samples provides an appearance of homogeneity and includes fewer unreacted
fly ash and dolomite microspheres. The elemental distribution analysis was performed at
optimum concentration and proved when 8 M of NaOH was used, the distribution of Si,
Al, Ca, Mg and Fe elements are clearly formed and well distributed in the samples. This
contributed to the development of strength without using a high temperature and was
produced with a simple method at room temperature. The cure time often plays a key
role in the compressive intensity of the geopolymer samples, and thus 24 h of cure time at
room temperature gives an optimum time for the good performance of fly ash/dolomite
geopolymer samples. Further studies need to be explored to find the benefits of minerals in
dolomite and to produce them for wide applications.

Author Contributions: Conceptualization, W.M.W.I., M.I. and A.S.S.; investigation, W.M.W.I., M.M.A.B.A.,
R.A., M.I. and A.S.S.; resources, W.M.W.I., M.M.A.B.A., R.A., A.V.S.; data curation, W.M.W.I., M.I.,
A.S.S., A.R. and P.V.; writing—original draft preparation, W.M.W.I., M.I. and R.A.; writing—review
and editing, W.M.W.I., A.R., A.V.S., P.V. and O.B.; supervision, W.M.W.I. and M.M.A.B.A.; funding
acquisition, W.M.W.I., A.V.S. and P.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported Fundamental Research Grant Scheme (FRGS) under a grant
number FRGS/1/2019/TK10/UNIMAP/02/21 from the Ministry of Education Malaysia. This
research was also supported by TUIASI from the University Scientific Research Fund (FCSU).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This study was supported by Center of Excellence Geopolymer and Green
Technology (CEGeoGTech) UniMAP and Faculty of Mechanical Engineering Technology, UniMAP.
The author would like to acknowledge the support from the Fundamental Research Grant Scheme
(FRGS) under a grant number FRGS/1/2019/TK10/UNIMAP/02/21 from the Ministry of Educa-
tion Malaysia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Amran, Y.M.; Alyousef, R.; Alabduljabbar, H.; El-Zeadani, M. Clean production and properties of geopolymer concrete; A review.

J. Clean. Prod. 2019, 251, 119679. [CrossRef]
2. Sani, M.F.A.A.; Muhamad, R.; Mo, K.H. Effect of Ground Granulated Blast Furnace Slag as Partial Replacement in Fly Ash-Based

Geopolymer Concrete. IOP Conf. Ser. Mater. Sci. Eng. 2020, 712, 012002. [CrossRef]
3. Mokhtar, N.A.M.; Kamarudin, H.; Rafiza, R.A.; Meor, T.A.F.; Rosnita, M. Compressive Strength of Fly Ash Geopolymer Concrete

by Varying Sodium Hydroxide Molarity and Aggregate to Binder Ratio. IOP Conf. Ser. Mater. Sci. Eng. 2020, 864, 012037.
4. Almuwbber, O.; Haldenwang, R.; Mbasha, W.; Masalova, I. The influence of variation in cement characteristics on workability

and strength of SCC with fly ash and slag additions. Constr. Build. Mater. 2018, 160, 258–267. [CrossRef]
5. Singh, N. Fly Ash-Based Geopolymer Binder: A Future Construction Material. Minerals 2018, 8, 299. [CrossRef]
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