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Abstract: Ordinary Portland cement (OPC) is a conventional material used to construct rigid pave-
ment that emits large amounts of carbon dioxide (CO2) during its manufacturing process, which is
bad for the environment. It is also claimed that OPC is susceptible to acid attack, which increases the
maintenance cost of rigid pavement. Therefore, a fly ash based geopolymer is proposed as a material
for rigid pavement application as it releases lesser amounts of CO2 during the synthesis process and
has higher acid resistance compared to OPC. This current study optimizes the formulation to produce
fly ash based geopolymer with the highest compressive strength. In addition, the durability of fly
ash based geopolymer concrete and OPC concrete in an acidic environment is also determined and
compared. The results show that the optimum value of sodium hydroxide concentration, the ratio of
sodium silicate to sodium hydroxide, and the ratio of solid-to-liquid for fly ash based geopolymer
are 10 M, 2.0, and 2.5, respectively, with a maximum compressive strength of 47 MPa. The results
also highlight that the durability of fly ash based geopolymer is higher than that of OPC concrete,
indicating that fly ash based geopolymer is a better material for rigid pavement applications, with
a percentage of compressive strength loss of 7.38% to 21.94% for OPC concrete. This current study
contributes to the field of knowledge by providing a reference for future development of fly ash
based geopolymer for rigid pavement applications.

Keywords: rigid pavement; fly ash based geopolymer; compressive strength; acid resistance

1. Introduction

Pavements are an essential part of our life as we use them as roads, highways, drive-
ways, and parking lots. Pavements are an important engineering structure for trading,
commerce, and defence because they provide a smooth, flat, and durable all-weather travel-
ling surface for a variety of vehicles and users. The construction of pavements will continue
to be a major industry for both developing and developed countries. Pavements can be
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divided into two types, asphalt (or flexible) pavements and concrete (or rigid) pavements,
which are composed of different layers [1]. Binder or surface, base, subbase, and subgrade
are the layers from top to bottom. The primary function of pavements is to distribute load
from the surface to the sub-grade, allowing them to withstand the load applied by vehicles
or users without deforming excessively.

The initial construction cost of flexible pavement is lower when compared to rigid
pavement, as bituminous surfacing materials are cheap, and construction of flexible pave-
ment does not require extra reinforcements such as joints and steel bars. Furthermore,
thermal stress cannot be induced, as flexible pavement is free to contract and relax, thus it
is more resistant to temperature changes [2]. Rutting, which is a permanent deformation or
rut depth along the wheel load part on the movable asphalt surface over time, is a major
distress mode for flexible pavement [3]. In addition, it is more susceptible to oil stains and
chemical damages. However, among all types of road pavements, rigid pavements have
the greatest advantages in terms of durability and ability to maintain shape under continu-
ous traffic and harsh environmental conditions. Although rigid pavements are generally
expensive, they require less maintenance and have a good design life [4]. However, the
installation and maintenance process of rigid pavements, such as grouting and subgrade
treatment are expensive. Table 1 summarises the major benefits and drawbacks of each
type of pavements previously discussed.

Table 1. Basic characteristics of flexible and rigid road pavements [4].

Type of
Pavement Advantages Disadvantages

Flexible
Pavements

• Can be used in the pre-construction stage
• Simple maintenance; can be opened and repaired
• Inexpensive materials
• Can easily repair frost swelling and sedimentation
• Prevent ice glaze formation
• Shorter management time means shorter traffic and

business interruption
• No connectors required during installation

• The service life is shorter than that
of rigid pavements

• Frequent maintenance is required,
which increases costs

• Easily damaged by oil stains and
other chemicals

• The edges are weak, so curb
structures or edges are needed

Rigid
Pavements

• Longer service life
• Less maintenance
• Allows future asphalt resurfacing
• Allows for wider load distribution with fewer basic and

sub-basic requirements
• Can be installed on low-quality and high-quality soil
• Does not require extra trimming work or firm edges of curbs
• Oil spills and chemical damage resistant

• Expensive initial installation
• Expensive maintenance cost
• Riding quality is low and

very rough
• Concrete shrinkage and expansion

under various conditions require
support joints

Both flexible and rigid pavements are vital to the economic and social development of
a country because they contribute to other sectors, namely, education, health, employment,
and social services. The mechanical and durability characteristics of the road surface are
equally important for providing resistance to degradation processes during the expected
life of the road surface. The durability of concrete mainly depends on the characteristics of
the pore structure of the pavement and the size of the cracks. Water penetration, chloride
ions, CO2, acids (including chlorides), and sulphates in the pavements are all related to its
durability [2–4].

Rigid pavements are constructed by placing concrete slab on a stabilized subgrade, or
base, or subbase if extra structural support is required. Most of the rigid pavements are
made of Portland cement concrete (PCC), which has a high rigidity, flexural strength, and
modulus of elasticity, allowing the load to be evenly distributed over a larger area of soil
and providing a large portion of the structural capacity [5]. However, the production of
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cement is an energy consuming and carbon-intensive process, and it is a main contributor
to global CO2 emission [6–9]. The cement industry is one of the largest sources of CO2,
where production of one ton of cement will release approximately 900 kg of carbon dioxide
into the environment, causing global warming and depletion of the ozone layer [7]. Aside
from emission of large amounts of CO2, there are also other disadvantages found in rigid
pavement constructed by ordinary Portland cement (OPC). PCC has a low resistance to
chemical attack. Acid corrosion resistance of OPC is rather poor because of the nature of
high pH and porous matrix. Acid can react with CH and C-S-H gel in cement concrete to
form non-gelling or water-soluble substances, resulting in the destruction of the concrete.
To overcome these disadvantages, fly ash based geopolymer is introduced as an alternative
to OPC.

Fly ash based geopolymer can be produced by activating fly ash, which is rich in
silica, and alumina material with alkaline solution [10], and it is defined as a binding
phase comprising aluminosilicate gel where aluminium and silicon are linked into a three-
dimensional tetrahedral gel framework [11]. It has several advantages compared to OPC.
First, fly ash based geopolymer has higher durability than OPC, as it has denser layer of
aluminosilicate gel, causing it to have low permeability and preventing it from corrosion by
acid [9]. It is also proven that production of fly ash based geopolymer can emit 5 to 6 times
less CO2 when compared to OPC, as high temperature calcination is not required [12]. Fly
ash based geopolymer also has higher workability than OPC due to its spherical shape [13].

In current studies [10–14], the potential role of geopolymers as a substitute for OPC in
pavement production is being explored because of its significant positive impact on the en-
vironment, society, and economy. However, its performance as a rigid pavement material is
limited, and there is no compelling evidence that it could replace typical OPC concrete firm
pavements. Although many studies have been done on fly ash based geopolymer [9–16],
the studies with regard to the optimization of mix design remain scarce. This study is
an initiative in realizing that mechanical and durability properties are crucial aspects in
applying fly ash based geopolymer as rigid pavements. In this research, the optimum
ratio of fly ash/alkaline activator, sodium silicate/sodium hydroxide, and concentration of
sodium hydroxide to yield fly ash based geopolymer concrete that has optimum strength
for newly constructed rigid pavements are investigated. In addition, the durability of
fly ash based geopolymer and OPC rigid concrete pavement in acidic environment are
investigated and compared.

2. Materials and Method
2.1. Materials

In this study, class F fly ash based on ASTM C618 [17] was used as the raw material
and source material for the geopolymer binder, aluminosilicates. Fly ash was collected
from Manjung Power Station, located in Lumut, Perak, Malaysia. Sodium hydroxide and
sodium silicate were used to produce an alkaline activator. Sodium hydroxide (NaOH)
pellets were obtained from Formosa Plastic Corporation, Taiwan, and sodium silicate
(Na2SiO3) solution was supplied by South Pacific Chemical Industries Sdn. Bhd. (SPCI),
Perai, Penang, Malaysia. Coarse aggregates, which consist of crushed stone with particle
size larger than 5 mm, and fine aggregates, which consist of sand obtained from the river,
were used for making the concrete mixes. Five percent sulphuric acid solution was used to
test the acid resistance of the concrete mixes.

2.2. Methodology

The investigation of fly ash based geopolymer for rigid pavement application is
divided into four phases. Based on Figure 1a, Phase 1 is raw material characterization.
In this stage, the morphology of class F fly ash is determined using scanning electron
microscopy (SEM), JEOL Ltd., Tokyo, Japan, and the chemical composition of class F fly
ash is determined using X-ray fluorescence (XRF), Bruker Malaysia Sdn. Bhd., Penang,
Malaysia. The microstructure analysis of fly ash is in the form of powder that is spread onto
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a carbon tape. The samples are then coated with palladium by using Auto Fine Coater JEOL
JFC 1600 model prior to testing. Phase 2 is the synthesis of fly ash based geopolymer using
different mix designs, and determination of density, water absorption, and compressive
strength of the samples.
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Fly ash based geopolymer is prepared by mixing class F fly ash with the alkaline activa-
tor. To achieve good solid–liquid homogeneity, sodium hydroxide was mixed with sodium
silicate for a few minutes before fly ash is added, according to ASTM C305 [18]. After fly
ash has been added, a scraper was used to tamp into the mould several times to release the
air trapped in the geopolymer paste. Another way to release the trapped air is to vibrate
the mould. The solution was mixed quickly to prevent it from curing before casting. In this
study, the effects of concentration of NaOH, ratio of solid-to-liquid, and ratio of sodium
silicate to sodium hydroxide on density, water absorption, and compressive strength were
investigated. The best mix design that produces fly ash based geopolymer with optimum
compressive strength required for rigid pavement application was determined.

Based on Figure 1b, Phase 3 includes the synthesis of OPC concrete and fly ash based
geopolymer concrete using the optimum mix design determined from Phase 2. Both types
of concrete were made using the same mix design. There was no addition of water during
synthesis of geopolymer concrete as it has already obtained water from the alkaline solution.
Table 2 shows the ratio of material based on M40 mix design.

Table 2. Mix design for grade M40 design.

Cement/Binder Fine Aggregates Coarse Aggregates Water/Cement Ratio

1 1.84 2.65 0.4

The fourth phase is the durability testing of fly ash based geopolymer concrete and
OPC concrete exposed in an acidic environment in accordance with ASTM C267 [19]. An
acid immersion test was carried out, and the percentage of compressive strength loss and
weight loss was calculated to determine the durability of both concretes after immersing in
5% sulphuric acid. Next, visual inspection was done on both concrete samples.

3. Result and Discussion
3.1. Chemical Composition of Fly Ash

The most abundant chemical content in fly ash is silicon dioxide (SiO2), which ac-
counts for 52.11% according to the XRF analysis. Silica in silicon dioxide is the source
material for the geopolymer, as the product of geopolymer synthesis is an aluminosilicate
gel that requires silica to be formed [13]. The gel undergoes further geopolymerisation
by eliminating water and converting it into strong and durable material with excellent
mechanical strength [20]. The second most abundant chemical content is alumina (Al2O3),
which accounts for 23.59% in fly ash. Al2O3 is also the main component of geopolymer, as
it is a polymeric chain made up of silica and alumina that shares the oxygen ion. Al2O3
and SiO2 react with alkaline activators, namely, NaOH and Na2SiO3, in the geopolymerisa-
tion process.

Iron oxide (Fe2O3) is one of the main chemical constituents, which accounts for 7.39%
in fly ash. It contributes to the dark colour of fly ash. Aside from appearance, it also
increases the specific gravity value of fly ash. The percentage of calcium oxide (CaO)
content in fly ash is 2.61%. During the geopolymerisation process, calcium oxide forms
CSH and CASH gels within geopolymer binder, and these gels are responsible for the
increase in strength and reduction in setting time [21]. The calcium content in the raw
material is considered as low, resulting in the geopolymer having longer setting time.
Loss of ignition (LOI) content in fly ash is 9.59%, which is considered high, as ASTM
C618 [12] prescribes a maximum of LOI content of 6% by weight. LOI quantifies the total
content of unburned coal residue. High LOI causes detrimental effects that include high
water demand, leading to high porosity and reducing the compressive strength of prepared
geopolymers. There were also other chemical compounds found in fly ash. Table 3 tabulates
the chemical composition of fly ash collected from Manjung Power Station, which is located
in Lumut, Perak, Malaysia.
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Table 3. Fly ash chemical composition by X-ray fluorescence (XRF).

Chemical Composition Percentage (%)

SiO2 52.11
Al2O3 23.59
Fe2O3 7.39
TiO2 0.88
CaO 2.61
MgO 0.78
Na2O 0.42
K2O 0.80
P2O5 1.31
SO3 0.49

MnO 0.03
LOI 9.59

For class F fly ash, ASTM C618 [17] specifies a total composition of silicon oxide (SiO2),
alumina (Al2O3), and iron oxide (Fe2O3) of at least 70%, and less than 10% calcium oxide
(CaO). As the total content of SiO2, Al2O3, and Fe2O3 is 83.09% and CaO content is 2.61%,
it is classified as Class F fly ash.

3.2. Morphological Analysis of Fly Ash

Using ImageJ Ver. 1.5 software, the fly ash particle was shown to have a mean particle
size of 4.543 µm with a minimum of 1.903 µm and a maximum of 11.534 µm. It can be
seen that fly ash consists of series of cenosphere particles of different sizes. Cenospheres
are hollow spherical particles filled with gas that is mostly CO2 and nitrogen (N2). When
undergoing alkaline attack, the wall of cenospheres will dissolve and release Si and Al ions
as supported by Rahman [22]. There were also some irregularly shaped particles observed.
This is because the original mineral in coal is not sufficiently fired. The coarse particles
that appear to consist of a cluster of fine particles are possibly formed by aggregation of
molten aluminosilicate droplets during cooling, where fine droplets could minimize surface
free energy. Figure 2 illustrates the morphological characteristics of Class F fly ash using
SEM analysis.
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Geopolymer synthesis starts with the leaching of silica and alumina on the surface of
fly ash. The spherical shape and fine size of fly ash particles allows a large surface area to be
exposed to the alkaline activator and increases the dissolution rate. The higher the surface
area and the higher the number of particles, the better the aluminosilicate gel formation.
The fine particle size of fly ash also helps to increase compressive strength and accelerate
initial setting time of geopolymer. The spherical shape also causes the sliding between
particles to be easier, resulting in high flowability geopolymer paste. Therefore, the amount
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of liquid required to produce geopolymer paste would be lower. This is crucial because the
less water used, the lower the porosity, as previous studies have shown [22–25].

3.3. Optimization of Fly Ash Based Geopolymer for Rigid Pavement Application
3.3.1. Effect of Molarity of NaOH on Density of Fly Ash Based Geopolymer

Figure 3 illustrates the density values of geopolymer paste with different molari-
ties of sodium hydroxides after 7 days curing period at room temperature. Based on
Figure 3, the density increases when NaOH molarity increases from 8 M to 10 M, which
is from 1861.33 kg/m3 to 1908.00 kg/m3, respectively. However, the density then de-
creases to 1896.00 kg/m3 when NaOH molarity is further increased to 12 M. The density of
geopolymer is the lowest at 8 M, which is 1861.33 kg/m3, and highest at 10 M, which is
1908.00 kg/m3.
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Figure 3. Density of fly ash based geopolymer with different molarities of NaOH.

It can be seen that NaOH concentration does not have a significant effect on density.
The density of fly ash based geopolymer increased slightly when NaOH concentration
increases to 10 M. This is because at this concentration, there are enough Na+ and OH−

ions to complete the geopolymerisation process and form dense aluminosilicate gel. At
high concentration, fly ash undergoes a greater dissolution process from the leaching of
silica and alumina [24]. However, the density reduces as molarity increased to 12 M. Due
to fast setting, increasing the NaOH concentration may result in paste with lower density
due to a mixing problem. The higher concentration of NaOH limits the flow of geopolymer
and reduces the setting time. This causes poor compaction and increases the porosity of
the geopolymer, resulting in low density.

3.3.2. Effect of Molarity of NaOH on Water Absorption of Fly Ash Based Geopolymer

Figure 4 shows the effect of different molarities of sodium hydroxides on water
absorption in geopolymer paste after 7 days curing period at room temperature. Based
on Figure 4, the water absorption percentage decreases when molarity increases to 10 M,
which is 15.54% at 8 M and 15.36% at 10 M. Furthermore, the water absorption percentage
increases to 15.52% when the molarity further increased to 12 M. The maximum water
absorption percentage is recorded at a molarity of 8 M, which is 15.54%, whereas the
minimum value is recorded at 10 M, which is 15.36%.
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The effect of NaOH concentration on water absorption of fly ash based geopolymer
is not significant. Water absorption of the geopolymer decreases a little when molarity
increases to 10 M. This is because as concentration of NaOH solution increases, the leaching
of silica and alumina ion increases as well. Sufficient amounts of Si4+ and Al3+ ions allow
more aluminosilicate gel to form and reduce the pores in the geopolymer, thus reducing
water absorption of the material. Water absorption then increases again at a molarity of
12 M. This is due to excess concentration of sodium hydroxide that causes unreactive alkali
solution, which weakens the binding of sodium components in the geopolymer structure.
Similar results were obtained from another study where 10 M NaOH was found to be the
optimum value for synthesis of fly ash based geopolymer [26].

3.3.3. Effect of Molarity of NaOH on Compressive Strength of Fly Ash Based Geopolymer

Figure 5 shows the effect of various sodium hydroxide molarities on compressive
strength in geopolymer paste after 7 days curing period at room temperature. Based on
Figure 5, the compressive strength of geopolymer increases when molarity of NaOH in-
creases with values of 15.57 MPa and 31.48 MPa for molarities of 8 M and 10 M, respectively.
The compressive strength then dropped to 18.59 MPa at a molarity of 12 M. The highest
value of compressive strength was obtained at a molarity of 10 M, which is 31.48 MPa.
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The strength of the geopolymer paste is affected by the molarity of NaOH because it
affects the dissolution of Si4+ and Al3+ ions in fly ash particles. The compressive strength
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increases when molarity of NaOH increases due to the increase of OH- concentration, which
accelerates the dissolution and hydrolysis processes. During the dissolution process, the
leaching of Si4+ an Al3+ ion enhances the formation of aluminosilicate gel and contributes
to high strength in the geopolymer. In addition, the amount of NaOH is high enough to
maintain the charge balance for the substitution of tetrahedral Si by Al [27]. However, the
compressive strength drops when the molarity of NaOH is further increased to 12 M. This
is because excess hydroxide ion concentration causes aluminosilicate gel precipitation at
an early age. The precipitation prevents further leaching of Si4+ and Al3+ ions, therefore
lowering the compressive strength. This is supported by studies that found that 10 M is the
optimum molarity of NaOH for the synthesis of fly ash based geopolymer [28].

3.3.4. Effect of NaOH to Na2SiO3 (SS/SH) Ratio on Density of Fly Ash Based Geopolymer

Figure 6 depicts the change in density of geopolymer samples with various SS/SH
ratios after a 7-day room temperature curing period. It can be seen that the density
increases until the SS/SH ratio reaches 2. However, as the SS/SH ratio increases beyond
2, the density decreases gradually to 1880 kg/m3 and 1858 kg/m3 at SS/SH ratios of 2.5
and 3, respectively. The lowest density obtained was 1828 kg/m3 at an SS/SH ratio of 1.5.
Density is the highest at an SS/SH ratio of 2, which is 1895 kg/m3.
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Figure 6. Density of fly ash based geopolymer with different SS/SH ratios.

As the SS/SH ratio increases to 2, the high silica content encourages the formation of N-
A-S-H (sodium aluminosilicate) gel, which provides good compact structure, subsequently
increasing the density of the geopolymer paste. Thus, the highest value of density is
obtained at an SS/SH ratio of 2. The drop in density after the SS/SH ratio exceeds 2 is due
to the excess sodium silicate, which hinders water evaporation and structure formation [29].
In addition, the excessive sodium silicate content retards the geopolymerisation process,
as formation of Al-Si phase precipitation prevents interaction between reacting material
and the alkaline activator [30,31]. These factors increase the porosity and reduce density of
the geopolymer.

3.3.5. Effect of NaOH to Na2SiO3 (SS/SH) Ratio on Water Absorption of Fly Ash
Based Geopolymer

Figure 7 portrays the effect of various SS/SH ratios on the water absorption percentage
of a fly ash-based geopolymer after 7 days curing period at room temperature. Based on
Figure 7, the water absorption percentage decreases from 17.23% at an SS/SH ratio of 1.5 to
13.65% at an SS/SH ratio of 2. The water absorption percentage then increases when the
SS/SH ratio further increases from 2. The highest water absorption percentage recorded
was at an SS/SH ratio of 1.5, which is 17.23%, whereas the lowest value is obtained at an
SS/SH ratio of 2, which is 13.65%.
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By referring to Figure 7, the water absorption of geopolymer paste decreases as the
SS/SH ratio increases to 2. As the SS/SH ratio increases, a higher ratio of sodium silicate
increases the formation of N-A-S-H gel and reduces the pores in the geopolymer paste,
consequently reducing water absorption. The water absorption then increases when the
SS/SH ratio further increases from 2. This is because the coagulation of silica happens due
to excessive amounts of sodium silicate. This coagulation separates the aluminosilicate
source from the alkali activators and prevents further geopolymerisation, resulting in
increased porosity and higher water absorption percentage. These findings are consistent
with previous research [22,23,32].

3.3.6. Effect of NaOH to Na2SiO3 (SS/SH) Ratio on Water Absorption of Fly Ash
Based Geopolymer

Figure 8 shows the compressive strength values for various SS/SH ratios in geopoly-
mer paste after 7 days curing time at room temperature. Figure 8 highlights that when the
SS/SH ratio increases to 2.5 and 3, the compressive strength of geopolymer steadily de-
creases. The maximum compressive is obtained at an SS/SH ratio of 2, which is 34.52 MPa,
and the strength reduced to 32.31 MPa and 19.20 MPa at SS/SH ratios of 2.5 and 3, re-
spectively. The lowest compressive strength obtained is 18.42 MPa at an SS/SH ratio
of 1.5.
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Compressive strength increases when the SS/SH ratio reaches 2. As the amount of
NaSiO3 increases, the ratio of Si/Al increases. In comparison to aluminium, more silicon
is required in the structure of geopolymers such as poly (sialate), poly (sialate-siloxo),
and poly (sialate-disiloxo). In addition, high silica content promotes the formation of
Si-O-Si bond, which makes materials stronger [33–35]. However, further increases in the
SS/SH ratio will result in strength loss, because extra soluble silicate species hinders the
reaction between silicate and aluminate species. Ultimately, the dissolution did not occur
or was reduced, causing the material to lose strength and the majority of the silica to
remain unreacted.

3.3.7. Effect of Solid-to-Liquid (S/L) Ratio on Density of Fly Ash Based Geopolymer

Figure 9 shows how adjusting the S/L ratio affects the density of fly ash-based geopoly-
mer that has been cured for 7 days at room temperature. When the S/L ratio reaches 2.5, the
density rises, as seen in Figure 9. However, when the S/L ratio increases to 3, the density
reduces. The highest density value is found at an S/L ratio of 2.5, which is 2158.33 kg/m3,
whereas the lowest value is found at an S/L ratio of 1.5, which is 1845 kg/m3.
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Figure 9. Density of fly ash based geopolymer with different S/L ratios.

Density increases as the S/L ratio increases until it reaches 2.5. This is due to the
reduction of the alkaline activator content. High content of alkaline activator results in
excessive OH- left in the system, which weakens the geopolymer structure. In addition,
excess sodium content can form sodium carbonate by atmospheric carbonation and may
disrupt the polymerization process [36,37]. Therefore, reduction of the alkaline activator
allows denser geopolymer structure to form and increases the density of the geopolymer
paste. However, density reduces as the S/L ratio increases further to 3, as high solid
content reduces workability. The mixing becomes undesirable and undergoes a compaction
problem during the moulding process. This increase in porosity reduces the density of
geopolymer. Research conducted by Sing et al. [38] showed similar results that stated that
an S/L ratio of 2.5 produced geopolymer with the highest density.

3.3.8. Effect of Solid-to-Liquid (S/L) Ratio on Water Absorption of Fly Ash
Based Geopolymer

Figure 10 presents the effect of S/L ratio on water absorption of the geopolymer after
being cured for 7 days at room temperature. As shown in Figure 10, the water absorption
percentage of geopolymer decreases as the S/L ratio rises. When the S/L ratio exceeds
2.5, however, the percentage of water absorbed again increases. The minimum water
absorption percentage is 10.81% at an S/L ratio of 2.5, whereas the highest water absorption
percentage is 16.28% at an S/L ratio of 1.5.
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The water absorption percentage decreases as the S/L ratio increases to 2.5. This is
due to reduction of excessive OH- contributed by the alkaline solution, which weakens
the geopolymer structure. Furthermore, lowering the alkaline content prevents excess
sodium from forming sodium carbonate, which stymies the geopolymerisation process.
Therefore, as alkaline solution reduces and fly ash content increases to a certain extent,
denser geopolymer structure could be formed, resulting in geopolymer with less porosity,
and thus reduced water absorption. Water absorption percentage increases when the
S/L ratio increases beyond 2.5. These results are in line with those reported by previous
researchers [38]. This is because increasing the S/L ratio will increase the setting time. This
reduces workability and causes difficulty in mixing and compaction, consequently resulting
in more pore formation and increased water absorption percentage in geopolymer paste.

3.3.9. Effect of Solid-to-Liquid (S/L) Ratio on Compressive Strength of Fly Ash
Based Geopolymer

Figure 11 shows the effect of various S/L ratios on compressive strength in geopolymer
paste after 7 days curing time at room temperature. Figure 11 highlights that when the S/L
ratio approaches 2.5, the compressive strength of geopolymer rises. Compressive strength
reduces as the S/L ratio exceeds 2.5. The highest compressive strength is 44.03 MPa at an
S/L ratio of 2.5, whereas the minimum compressive strength is 21.37 MPa at an S/L ratio
of 1.5.

Compressive strength of geopolymer paste increases as the S/L ratio increases to
a certain point. As the S/L ratio increases, the rate of intermolecular contact between
precursor material and alkaline activator increases as the volume of fluid medium reduces.
This increases the rate of dissolution of aluminosilicate material and therefore causes the
compressive strength of geopolymer to rise. Further increase of the S/L ratio will reduce
the compressive strength of geopolymer. This is due to insufficient alkaline activator to
activate the aluminosilicate source materials, causing less reaction product to form and
reducing compressive strength. Moreover, the presence of a high amount of unreacted
fly ash increases the roughness of the matrix and reduces the compressive strength of the
material [39,40].
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3.4. Durability Analysis
3.4.1. Acid Resistance Test on Concrete

Figure 12 highlights the compressive strength of fly ash based geopolymer concrete
and OPC concrete before and after immersing in 5% concentration of sulphuric acid for
28 days. Both concrete mixes were cured for 7 days prior to the acid immersion. According
to Figure 12, the compressive strengths of fly ash based geopolymer concrete before and
after exposure to acidic solution are 46.97 MPa and 43.50 MPa, respectively, whereas the
compressive strengths of OPC concrete before and after exposure to acidic solution are
45.73 MPa and 35.70 MPa, respectively. The percentage of compressive strength loss for fly
ash based geopolymer concrete is 7.38%, and the percentage of compressive strength loss
for OPC concrete is 21.94%. The percentage of compressive strength loss for OPC concrete
is higher compared to fly ash based geopolymer concrete.
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After 28 days of acidic exposure, OPC concrete had a larger percentage of compressive
strength loss than fly ash based geopolymer. This is because OPC is vulnerable to acid
assault due to its high calcium concentration, which raises the Ca/Si ratio. The presence of
free calcium causes the cement paste to deteriorate and the creation of gypsum and ettrin-
gite, which can lead to a loss of mechanical performance. As fly ash-based geopolymers
have low calcium content, the reaction produces less ettringite and gypsum after sulphuric
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acid exposure, resulting in less mechanical degradation. Furthermore, due to the creation
of a thick layer of aluminosilicate gel, fly ash-based geopolymers have lesser permeability,
resulting in a longer decalcification process and less strength loss [41,42].

Figure 13 illustrates the weight loss of fly ash-based geopolymer concrete and OPC
concrete after being cured for 7 days at room temperature and then immersed in a 5%
sulphuric acid solution for 28 days. Based on the figure, OPC concrete loses 7.23% of its
weight, whereas fly ash-based geopolymer loses 4.57% following acidic exposure. When
compared to geopolymer concrete made with fly ash, OPC concrete lost more weight
following acid immersion.
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OPC concrete exhibits high weight loss due to its higher calcium content. Its weight
losses are mainly attributed to the reaction between calcium hydroxide, which is Ca(OH)2,
and sulphuric acid, which causes tensile stress and increases crack and delamination of
concrete. Due to the reaction between sulphuric acid and calcium hydroxide, high calcium
content in OPC concrete causes more gypsum and ettringite to form, leading to expansion,
dimensional instability, cracking, spalling, softening, and mass loss. The low weight loss of
fly ash based geopolymer is due to its lower content of calcium. The low calcium content
causes lower formation of gypsum and ettringite [43]. The low weight loss of fly ash based
geopolymer concrete is also due to its higher resistance to water penetration compared to
OPC concrete. The pores in geopolymer are filled with alumino-silcates, which lower its
permeability. There are more pores persisting in the OPC concrete to enable the hydration
of the cement [44]. Due to low permeability, a lower amount of acid will penetrate into the
structure to erode the interior.

3.4.2. Appearance of Exposed Concrete

Figure 14a shows the appearance of exposed fly ash based geopolymer concrete under
an optical microscope after it is immersed in 5% sulphuric acid for 28 days, whereas
Figure 14b illustrates the appearance of OPC concrete after immersion in 5% sulphuric
acid for 28 days. Based on Figure 14a,b, it can be seen that the aggregates in OPC concrete
are more visible after acidic exposure compared to aggregates from the surface of fly ash
based geopolymer concrete. For OPC concrete, the surface erosions can be easily observed,
whereas moderate surface erosions were observed in fly ash based geopolymer concrete.
OPC concrete undergoes more deterioration in sulphuric acid solution compared to fly ash
based geopolymer. Furthermore, the surface colour of OPC concrete changed from grey to
white due to the existence of gypsum, which is white in colour, whereas the colour of fly
ash geopolymer changed from grey to slightly brown due to the reaction of iron (II) oxide
with sulphuric acid to produce iron (II) sulphate [45]. The yellowish line at the surface of
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geopolymer is most probably the result of the reaction of ferum (II)oxide with sulfuric acid
and produced ferum (II) sulfate, as shown in Figure 15.
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Figure 15. Chemical reaction of ferum(II)oxide with sulfuric acid.

OPC concrete is more susceptible to acid attack due to the presence of hydration
products, namely Ca(OH)2. The Ca(OH)2 on the surface of OPC concrete is consumed by
the reaction with acid and turned into gypsum, which is soft and porous and causes the
surface of OPC concrete to deteriorate. Subsequently, gypsum would undergo distractive
reaction with tricalcium aluminates within the cement matrix, resulting in the formation
of calcium sulphoaluminate (ettringite), which has large volume and causes expansive
deterioration mechanism. The reaction of OPC with sulfuric acid is presented in Figure 16.
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Figure 16. Chemical reaction of OPC with sulfuric acid.

Fly ash-based geopolymers do not contain hydration products; they produce N-A-S-H
gel, which is acid resistant and has less surface deterioration. Fly ash also has low calcium
content, resulting in the formation of less gypsum and ettringite that cause expansive
deterioration mechanism. The change in colour of geopolymer from grey to slightly brown
is due to the reaction of iron (II) oxide with sulphuric acid to produce iron (II) sulphate, as
supported by previous researchers [46].



Materials 2022, 15, 3458 16 of 18

4. Conclusions and Future Work

In this study, the best formulation for synthesis of fly ash based geopolymer with
highest compressive strength in terms of concentration of NaOH, SS/SH ratio, and S/L
ratio was determined. In addition, the durability of both fly ash based geopolymer and
OPC concrete in an acid environment were tested and compared. Based on the results
obtained from the analysis and experimental data, the following conclusions can be drawn:

• The concentration of NaOH of 12 M, SS/SH ratio of 2.0, and S/L ratio of 2.5 are the
optimum parameters to synthesize fly ash based geopolymer.

• The optimum ratio of sodium silicate to sodium hydroxide (SS/SH ratio) for synthesis
of fly ash based geopolymer is 2.0, as geopolymer with an SS/SH ratio of 2.0 produced
the best result compared to other the SS/SH ratios of 1.5, 2.5, and 3.0.

• The optimum solid to liquid (S/L) ratio for fly ash based geopolymer is 2.5. This S/L
ratio yields fly ash based geopolymer with the highest compressive strength compared
to ratios (1.5, 2.0, and 3.0).

• As the concentration of NaOH increases to 12 M, the OH− concentration increases,
which accelerates the dissolution and hydrolysis processes. As the ratio of SS/SH
increases, the Si/Al ratio increases and favours the formation of strong bonds. As the
S/L ratio increases to 2.5, the rate of intermolecular contact between precursor material
and alkaline activator increases, consequently increasing the rate of dissolution of
aluminosilicate material.

• The use of this formulation produces fly ash based geopolymer with compressive
strength of 47 MPa, which exceeds the minimum compressive strength required for
rigid pavement application based on Standard Specification for Road Work by Jabatan
Kerja Raya (JKR).

• It is also found that the percentage of compressive strength loss and weight loss of
fly ash based geopolymer concrete is lower compared to that of OPC concrete after
acid immersion. Fly ash based geopolymer is less susceptible to acid attack due to low
calcium content and low permeability. OPC concrete suffers from high surface erosion
due to the presence of hydration product Ca(OH)2. The acid reacts with Ca(OH)2 to
form gypsum and ettringite, which are soft and porous.

Because the mechanical properties and durability of fly ash based geopolymer con-
crete are higher compared to OPC based concrete, it is highly recommended to use this
material for rigid pavement application, as it suffers from less deterioration under acid
attack compared to OPC concrete, and this could lower the maintenance cost required.
This demonstrates that fly-based geopolymer is more suitable for use in rigid pavement
applications due to its high mechanical performance and durability, which could result
in lower rigid pavement maintenance costs. It is beneficial to expand future research
on the study of using fly ash based geopolymer as rigid pavements in terms of quality,
effect of environment temperature, and long-term durability when exposed to harmful
environmental conditions.
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34. Doğan-Sağlamtimur, N.; Öz, H.Ö.; Bilgil, A.; Vural, T.; Süzgeç, E. The effect of alkali activation solutions with different water
glass/NaOH solution ratios on geopolymer composite materials. IOP Conf. Ser. Mater. Sci. Eng. 2019, 660, 012003. [CrossRef]

35. Abdila, S.R.; Abdullah, M.M.A.B.; Ahmad, R.; Rahim, S.Z.A.; Rychta, M.; Wnuk, I.; Nabiałek, M.; Muskalski, K.; Tahir, M.F.M.;
Syafwandi; et al. Evaluation on the Mechanical Properties of Ground Granulated Blast Slag (GGBS) and Fly Ash Stabilized Soil
via Geopolymer Process. Materials 2021, 14, 2833. [CrossRef]

36. Hardjito, D.; Cheak, C.C.; Ing, C.H.L. Strength and Setting Times of Low Calcium Fly Ash-based Geopolymer Mortar. Mod. Appl.
Sci. 2008, 2, 3–11. [CrossRef]

37. Tahir, M.F.M.; Abdullah, M.M.A.B.; Hasan, M.R.M.; Zailani, W.W.A. Optimization of fly ash based geopolymer mix design for
rigid pavement application. AIP Conf. Proc. 2019, 2129, 020144. [CrossRef]

38. Sing, N.Y.; Ming, L.Y.; Abdullah, M.M.A.B.; Teng, N.H.; Hussin, K.; Yong, H.C.; Mortar, N.A.M.; Sandu, A.V. Effect of Solid-to-
Liquid Ratio on Thin Fly Ash Geopolymer. IOP Conf. Ser. Mater. Sci. Eng. 2020, 743, 012006. [CrossRef]

39. Wang, Q.; Guo, H.; Yu, T.; Yuan, P.; Deng, L.; Zhang, B. Utilization of Calcium Carbide Residue as Solid Alkali for Preparing Fly
Ash-Based Geopolymers: Dependence of Compressive Strength and Microstructure on Calcium Carbide Residue, Water Content
and Curing Temperature. Materials 2022, 15, 973. [CrossRef] [PubMed]

40. Ahmad Zailani, W.W.; Bouaissi, A.; Abdullah, M.M.A.B.; Abd Razak, R.; Yoriya, S.; Mohd Salleh, M.A.A.; Rozainy MAZ, M.R.;
Fansuri, H. Bonding Strength Characteristics of FA-Based Geopolymer Paste as a Repair Material When Applied on OPC
Substrate. Appl. Sci. 2020, 10, 3321. [CrossRef]
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Abstract: This study examines the strength development of fly ash-based geopolymer (FAG) as a
stabilizer for road base material for pavement construction. In the last decade, there has been a
rapid development of conventionally treated bases, such as cement-treated bases. However, a major
problem with this kind of application is the shrinkage cracking in cement-treated bases that may
result in the reflection cracks on the asphalt pavement surface. This study explores the effects of FAG
on base layer properties using mechanistic laboratory evaluation and its practicability in pavement
base layers. The investigated properties are flexural strength (FS), unconfined compressive strength
(UCS), shrinkage, and resilient modulus (RM), as well as indirect tensile strength (ITS). The findings
showed that the mechanical properties of the mixture enhanced when FAG was added to 80–85% of
crushed aggregate, with the UCS being shown to be a crucial quality parameter. The effectiveness of
FAG base material can have an impact on the flexible pavements’ overall performance since the base
course stiffness directly depends on the base material properties. As a stabilizing agent for flexible
pavement applications, the FAG-stabilized base appeared promising, predicated on test outcomes.

Keywords: geopolymer; fly ash; base course material; road base stabilization; unconfined compressive
strength

1. Introduction

The world has seen the tremendous expansion of road networks in emerging countries
during the last several years. However, this rapid expansion has a serious implication
since constructing roads consumes many crushed or virgin aggregates, especially for the
development of base layers for roads [1]. A cement-treated base is an example of a stabilized
base layer [2]. It consists of compacted mixtures of granular materials, Portland cement,
and water. In current years, applying a cement-stabilized base has led to pavement damage,
induced by the cement hydration process, as well as moisture loss [3]. Every year, cement
output increases globally, and there are no signs that it will ever decline [4]. Since 1950,
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global cement production has multiplied 30 times, and nearly four-fold since 1990, making
it the third largest source of anthropogenic carbon dioxide (CO2) emissions, after fossil
fuels and land-use changes [5]. The production of cement requires enormous amounts of
natural resources, for example, limestone, natural gas, fossil fuels, and electricity. High
temperatures are necessary to manufacture cement in power plants, which results in 8 to
10 percent of carbon dioxide (CO2) being emitted into the environment [6]. The usage of
cement may be reduced by utilizing several pozzolanic raw materials, including palm oil,
rice husk ash, fly ash (FA) [7], fuel ash, bagasse ash [8], and phosphogypsum [9].

Geopolymer is a well-known environmentally friendly substance. It has been shown
to have good characteristics. A geopolymer precursor material is composed of silicon
(Si) and aluminum (Al) [10]. After a few steps, it would react with extremely alkaline
activator solutions to produce a geopolymer binder [11]. With an alkaline activator solution,
materials including blast furnace slag, metakaolin, and FA may be activated, leading to the
development of geopolymerization [12]. Raw pozzolanic materials, for instance, FA, are
widely used in geopolymer cement and concrete as aluminosilicate raw materials [13–18].
It can be applied as a replacement for or in addition to regular Portland cement in a variety
of ways. FA application in cement provides benefits from an environmental and economic
point of view since it possesses a zero-cost industrial waste that must be disposed of [19].

The most reliable primary raw material for developing alkali-activated materials is
FA, whose activation has been the subject of extensive study over the past few decades [20].
It would positively impact the reduction of cement production and the development of
sustainable building materials, as FA is a hazardous waste of electrical steam generated
by burning coal [21]. Other widely used raw materials are kaolin, metakaolin, and bottom
ash [22]. Previous studies have indicated that FA can also be utilized as a soil stabilizer for
the sub-base layer in constructing roads [23]. FA is also excellent material for producing
geopolymer concrete as a replacement for cement, and is suitable to be used as a road
base stabilizer.

Studies have been carried out continuously to develop FA-based geopolymer (FAG)
as an alternative binder. The strength, chemistry, morphological, and adhesion properties
of FAG used as an asphalt binder modifier were investigated by Atmaja et al. [24]. Class
F of FA was mixed with alkaline solutions (i.e., sodium hydroxide (NaOH) and sodium
silicate (Na2SiO3)) to prepare the geopolymer. The modified bitumen’s impact values were
higher than the base bitumen after adding the geopolymer. Overall, it produced the best
results, and the ideal concentration for bitumen modification was 5% geopolymer. Dayal &
Soundarapandian [25] investigated the properties of geopolymer-coated aggregates made
of FA and their impact on the properties of bituminous mixes. The addition of a geopolymer
paste based FA to a natural aggregate improved the physical and mechanical qualities
of marginal aggregates, allowing them to fulfill the pavement construction requirements.
According to the findings, geopolymers made with high calcium (Ca) content FA resulted
in significantly enhanced aggregate strength properties in bituminous concrete mixtures
produced with geopolymer-coated aggregates formed with FA.

In a separate study by Hu et al. [26], class F fly ash and red mud were combined with
a sodium hydroxide and sodium silicate solution to generate a geopolymer stabilized base.
According to the findings of the tests, both geopolymer stabilized bases demonstrated
potential for use in flexible pavement applications at room temperature. The unconfined
compressive strength of the fly ash geopolymer base material improved by 23 percent, from
13.1 MPa to 17.1 MPa. Sermsak et al. [27] reported that the 7 day unconfined compressive
strength of recycled concrete aggregate, fly ash geopolymer improved as the fly ash (FA)
content increased. This is because FA silica and alumina can react with calcium, resulting
in pozzolan and geopolymerization products, which met the requirements for a low-traffic
road. The SEM images also revealed that spherical FA and recycled concrete aggregate
particles are covalently bonded, resulting in a dense matrix.

Based on the information presented above, an investigation was performed to evaluate
the effects of FAG on mechanical properties as a road base stabilizer. Although several
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studies have been undertaken to evaluate the mechanical properties of this stabilizer,
there is a lack of investigation comprising flexural strength (FS), shrinkage, unconfined
compressive strength (UCS), resilient modulus (RM), and indirect tensile strength (ITS).
The purpose of this study was to determine whether it would be possible and practical to
make use of this material, as well as to examine the probable existence of this material in
the FAG.

2. Materials and Methods
2.1. Fly Ash (FA)

Fly ash (FA) employed in the research was acquired from Manjung Coal-Fired Power
Station located in Lumut, Perak, Malaysia. The FA’s color was brown, and the fundamental
chemical composition of FA was SiO2 (30.8%), Al2O3 (13.1%), Fe2O3 (22.99%), and CaO
(22.3%), which were identified via X-ray fluorescence (XRF). The FA microstructure diagram
and chemical composition have been demonstrated in Figure 1 and Table 1 accordingly.

Materials 2022, 15, x FOR PEER REVIEW 3 of 14 
 

 

fly ash (FA) content increased. This is because FA silica and alumina can react with cal-
cium, resulting in pozzolan and geopolymerization products, which met the requirements 
for a low-traffic road. The SEM images also revealed that spherical FA and recycled con-
crete aggregate particles are covalently bonded, resulting in a dense matrix. 

Based on the information presented above, an investigation was performed to eval-
uate the effects of FAG on mechanical properties as a road base stabilizer. Although sev-
eral studies have been undertaken to evaluate the mechanical properties of this stabilizer, 
there is a lack of investigation comprising flexural strength (FS), shrinkage, unconfined 
compressive strength (UCS), resilient modulus (RM), and indirect tensile strength (ITS). 
The purpose of this study was to determine whether it would be possible and practical to 
make use of this material, as well as to examine the probable existence of this material in 
the FAG. 

2. Materials and Methods 
2.1. Fly Ash (FA) 

Fly ash (FA) employed in the research was acquired from Manjung Coal-Fired Power 
Station located in Lumut, Perak, Malaysia. The FA’s color was brown, and the fundamen-
tal chemical composition of FA was SiO2 (30.8%), Al2O3 (13.1%), Fe2O3 (22.99%), and CaO 
(22.3%), which were identified via X-ray fluorescence (XRF). The FA microstructure dia-
gram and chemical composition have been demonstrated in Figure 1 and Table 1 accord-
ingly. 

Table 1. The FA chemical composition (%). 

Composition Weight (%) 
SiO2 30.80 
CaO 22.30 
Fe2O3 22.99 
Al2O3 13.10 
MgO 4.00 
K2O 1.60 
TiO2 0.89 
SO3 2.67 

MnO 0.21 
LOI 1.44 

 
Figure 1. Morphology of the FA particles. Figure 1. Morphology of the FA particles.

Table 1. The FA chemical composition (%).

Composition Weight (%)

SiO2 30.80
CaO 22.30

Fe2O3 22.99
Al2O3 13.10
MgO 4.00
K2O 1.60
TiO2 0.89
SO3 2.67

MnO 0.21
LOI 1.44

2.2. Crushed Aggregate

Crushed aggregate was obtained from Pens Industries Perlis, Malaysia. Figure 2
shows the crushed aggregate’s gradation within the upper and lower limit and meets the
requirement for pavement base material by the Public Work Department (JKR), Malaysia.
Note that crushed aggregate typically had nominal aggregate particles ranging roughly
from quarry dust to 38 mm in size. Crushed aggregate typically had nominal aggregate
particles ranging roughly from quarry dust to 38 mm in size. Los Angeles (LA) abrasion
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test was also conducted on a crushed aggregate sample following ASTM C131 [28]. The LA
abrasion value was 25.8%. Meanwhile, the aggregate crushing value and aggregate crushing
value test are 10.3% and 18.5%, respectively. The water absorption of crushed aggregate
is 1.65%. These values indicated that the crushed aggregate meets the requirement for
stabilized base materials of the JKR Malaysia.
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2.3. Specimen Preparation

Prior to combining with FA, an alkaline activator, including sodium hydroxide (NaOH)
and sodium silicate (Na2SiO3), was produced. In an automated mixer, the alkaline activator
and FA were combined to form a homogenous paste. The technique began with a 5 min
mixture of Na2SiO3 and NaOH solution. Next, FA was added to the basin and stirred for
another 5 min. The Na2SiO3 to NaOH ratio was 2.5 and was fixed from previous research
by Mustafa et al. [29] while the solid to liquid (S/L) ratio was 2.0. NaOH molarities of
10 M. For geopolymer sample preparation, alkali solutions with a concentration of 10 M
were utilized. These concentrations were chosen based on past work and other works of
literature [30].

2.4. Mixing Process of Fly Ash Geopolymer Concrete

The fly ash, alkali activator, and crushed aggregates were mixed until homogeneous
based on the selected ratio of geopolymer paste. The FA-based geopolymer concrete was
molded and compacted in a mold for several tests. The coarse and fine aggregates were
taken as 80% and 85% of the whole mixture by mass. The coarse and fine aggregates utilized
in this research are 45% and 55%, correspondingly, of the total aggregate. Subsequently,
the remainder is the combined volume of geopolymer binder, FA, and alkaline solution.
The mixed design details with different aggregate percentages of 80% (A80/G20) and 85%
(A85/G15) are presented in Table 2. According to the Portland Cement Association, the
amount of total aggregate used in the mixture is typically greater than 80% by mass. To
obtain the maximum dry density for 95% compaction (i.e., a commonly used compaction
requirement for road pavement construction), 0.5%, and 3.5% water were added to the
mixtures of A80/G20 and A85/G15, respectively, for preparing the samples of unconfined
compressive strength (UCS), flexural strength (FS), shrinkage, indirect tensile strength (ITS),
and resilient modulus (RM).
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Table 2. Mix proportion of FAG concrete having different aggregate percentages.

Sample Name NaOH Concentration
(M) S/L Ratio Na2SiO3/NaOH

Ratio
Percentage of
Aggregate (A)

Percentage of
FAG (G)

A80/G20
10 M 2.0

2.5 80 20

A85/G15 2.5 85 15

2.5. Unconfined Compressive Strength (UCS) Test

The compressive strength of a mixture is assessed using the UCS test. The mixture was
made using a cylindrical plastic mold that was 38 mm (diameter) × 76 mm (height) for the
paste, and 101.60 mm (diameter) × 116.4 mm (height) for the FAG concrete, as per ASTM
D 1633 [31]. Utilizing a hydraulic compressive strength machine, a load was continuously
applied within the range of 140 to 70 kPa/s as required by ASTM D 1633 to measure
the average UCS of the specimens post 7, 28, and 90 days of curing time. In addition, to
simulate the exact ambient temperature in a pavement application, samples curing at room
temperature were assessed in this study. To obtain the Maximum Dry Density for 95%
compaction (a commonly used compaction requirement for road construction), 0.5% and
3.5% of water were added to the mixtures of A80/G20 and A85/G15, respectively, for
preparing the samples of UCS and other testing in this research.

2.6. Flexural Strength (FS) Test

The standard test procedure ASTM C78 was used to determine the FS, which is
represented as the modulus of rupture [32]. FS is measured using the usual dimensions of
specimens (400 × 100 × 100) mm3. At a one-third distance from both beam supports, equal
weights are applied. Note that FS is the maximum tensile stress attained when loading
increases if a fracture occurs within the center third of the beam.

2.7. Shrinkage Test

The shrinkage experiment is performed at room temperature following ASTM C490 [33].
The beam specimens were chosen for the experiment, about (300 × 75 × 75) mm3. Cor-
respondingly, a strain gauge is pasted on both sides of the specimen to test the straining
change. Dial gauges with 0.01 mm revolutions were used to collect measurements for
dimensional changes, which were then divided by the height of the specimens to obtain
shrinkage or swelling values. The initial reading, known as the zero reading, was used
as a standard for subsequent readings, and dial gauges were adjusted to reflect this read-
ing. Anticlockwise readings indicate shrinking. Measurements of shrinkage values were
obtained at various intervals, with more readings taken early in the curing period.

2.8. Indirect Tensile Strength (ITS) Test

The ITS test was carried out following ASTM D6931 [34]. A standard cylinder specimen
with 101.6 mm (diameter) × 65 mm (height) is placed horizontally between the loading
surfaces of the compression testing machine. Stabilized specimens underwent indirect
tensile testing with an enforced strain rate of 1 mm/min. In this test, a compressive loading
condition is applied along two axial lines to the cylindrical specimen. A constant rate of
the load is used to cause failure in tension. Figure 3 shows that the load is spread out by
two bearing strips to stop multiple cracks and crush at the point of load.
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2.9. Resilient Modulus (RM) Test

The RM test, as portrayed in Figure 4, has the potential to examine the materials
relative quality to get a result for pavement analysis and design. Temperature, loading
rate, rest intervals, and frequencies all have an impact on this test procedure. A cylindrical
metal specimen that has 63.5 ± 2.5 mm height × 101.60 mm internal diameter was utilized
for the mixture’s preparation. The RM of the mixtures was determined using the ASTM D
4123 [35] repeated-load indirect tension test by applying a loading frequency of 1.0 Hz and
2000 N compressive loads having a waveform at 25 ◦C (the appropriate load range might
be 10–50% of the ITS).
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3. Results and Discussions
3.1. Unconfined Compressive Strength (UCS)

The traffic loads transferred from the asphalt surface course are sustained by the base
course layer, which serves as the primary load-bearing course in pavement constructions.
Therefore, strength is the primary characteristic of the base layer. It is commonly acknowl-
edged that the unconfined compressive strength (UCS) is a crucial signal for determining
the tensile and shear characteristics of the base layer. The UCS of FAG concrete is measured
at aging days of 7, 28, and 90, as presented in Figure 5. The graph presents FAG concrete
with different total aggregate content, named A80/G20 and A85/G15. UCS values for
7, 28, and 90 days cured specimens were determined to be within 10.3 to 34.9 MPa for
both mixtures.
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The lowest UCS (10.3 MPa) was for A80/G20 at 7 days, which has 80% crushed
aggregate at the geopolymer content of 20%. In contrast, the mixture with the same
content has the highest value of UCS (34.9 MPa) at 90 days. A mixture of A85/G15 has
a range of strength values of 15.2 MPa at 7 days to 29.6 MPa at 90 days. The minimum
requirement to be fulfilled is 5 MPa for 7 days and 10 MPa for 28 days, according to Public
Work Department (JKR), Malaysia for a stabilized base [36]. The results indicated that the
strength value at A85/G15 was lower than A80/G20 at 28 days and 90 days.

It is believed the result had related to the presence of additional water of 3.5% from the
compaction test to the mixtures of A85/G15 and had caused a reduction in the availability
of geopolymer matrix. From this figure, it is evident that adding water content signifi-
cantly reduces the strength. This result was supported by Aliabdo et al. [37]. The mixtures
containing 15% (A85/G15) alkaline activator with the addition of water exhibited com-
paratively less strength than those that contained 20% (A80/G20) of the alkaline activator
with the addition of water. When more water was added to the A85/G15 mixes, it raised
the water-to-solid ratio (w/s) and reduced the alkaline activator solution’s concentration,
resulting in a drop in strength.

The UCS increased at both mixtures due to increased chemical reactions during the
geopolymerization process. FA contains high silica (Si) and alumina (Al) content, as
discussed in the chemical composition analysis. In geopolymerization, FA serves as a
source of reactive Si and Al to form silicate and aluminate hydrates, which are important
for developing strength. The high presence of Si and Al in FA reacted with calcium
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(Ca) and generated calcium aluminate silicate hydrate (C-A-S-H) eventually improve its
mechanical properties.

The improvement in UCS with crushed aggregate in the mixture is due to improved
load transmission in the road base between the mixture’s particles. More precisely, greater
aggregate percentages generate higher degrees of friction and interlocking processes be-
tween aggregate particles and the geopolymer binder. As a result, the pavement’s capacity
to withstand strong traffic loads has been much improved, both in the magnitude and
frequency of wheel loads.

The UCS of FAG concrete is around 50% greater than that reported by Dong et al. [38]
who indicated that the UCS of cement-stabilized base materials varied from 5 to 7 MPa
after 7 days.

3.2. Flexural Strength (FS)

The capacity of a material to withstand deformation under applied stress is measured
by its flexural strength (FS) (or rupture modulus). The test findings of FS are presented
in Figure 6. Other than that, the FS of the mixtures changed substantially under three
different curing times of 7, 28, and 90 days, as indicated by the data displayed. It has been
discovered that the pattern of variation in UCS and the pattern of variation in FS are largely
consistent. The FS of FAG concrete base materials constantly rises as curing times increase,
although at varying rates.
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Figure 6. Flexural Strength for FAG A80/G20 and A85/G15 mixtures at 7, 28, and 90 days.

For different curing days, the strength of A80/G20 mixes ranges from 3.1 MPa to
24.0 MPa, whereas the strength of A85/G15 mixtures ranges from 3.9 MPa to 19.1 MPa.
FS boosted promptly, specifically in the 7 to 28 day curing periods, while it most likely
increased slowly throughout the curing periods of 28 to 90 days. In the standard procedure
of stabilized base from the JKR Malaysia, the FS requirement is 2.0 MPa at 28 days [36].

The FS value of A85/G15 mixtures was lower than A80/G20 mixtures due to an
increase in aggregate content. The possible reason is the weak interface bond strength
between geopolymer binders and crushed aggregate for A85/G15 compared to A80/G20
mixtures, as seen in Figure 6. From the presented graph, the age effect of FAG concrete on
the FS is due reactivity of the aluminosilicate precursors of the geopolymer gel, which is
resulted from the substantially fast geopolymerization process.

A mixture of A85/G15 at 28 and 90 days is related to the presence of 3.5% additional
water and has caused the reduction of the availability of the geopolymer matrix. The
strength gradually diminished as a result of its increased water-to-solids ratio (w/s) and
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decreased alkaline activator solution concentration. Even with just 0.5% of water and an
alkaline activator, the strength increased significantly. A comparatively less strength was
displayed by the mixtures comprising 15% alkaline activator and 3.5% water compared to
those with 20% alkaline activator and 0.5% water.

Furthermore, the rapid increase in flexural strength of FAG was approximately 83%
after curing between 7 and 14 days. Additionally, it was demonstrated that aging time has
a significant impact on how well a geopolymer develops its strength. This is caused by the
FA’s high iron (Fe2O3) concentration, which is about 22.99%. In the geopolymer system, the
reaction between Fe2O3 FA and the alkali solution takes some time before the iron silicate
binder gel is produced. Compared to Si and Al, iron has a large atomic diameter and a high
atomic mass. Therefore, the geopolymer’s resilience is aided by ferrosialate in addition to
the sodium aluminosilicate gel. As a result of the prolonged curing time, the strength of
concrete supplied by iron oxide has increased [39].

The treated layers in the pavement system are subject to flexural stress when a load
is applied. Hence, the FS of FAG concrete mixtures is a crucial quality. The treated layers
must be considered for fatigue cracking, much like the repetitive load application in the
pavement system. The assessment of fatigue life for such mixtures is heavily influenced
by flexural stiffness. Note that FS is an essential performance parameter for assessing the
crack resistance of a cementitious-stabilized layer subjected to loading.

3.3. Shrinkage Analysis

Shrinkage increases rapidly during the first 7 days, and the increase rate is slower in
the subsequent days. From Figure 7, it is reasonable to conclude that the drying shrinkage
shows an increment in the drying period for the type of blend mixtures that were tested,
ranging from 0 to 90 days.
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Figure 7. Shrinkage value for A80/G20 and A85/G15 mixtures.

The evaluation reveals that the presence of crushed aggregate material, and conse-
quently, geopolymer binder, has a substantial impact on the potential for shrinkage. For
example, the mixture blend that was prepared with 80% crushed aggregate material and
treated with 20% geopolymer content (A80/G20) showed a lower drying shrinkage value,
which is up to 122 × 10−6 m at 90 days of curing compared to the mixture A85/G15 value
of 198 × 10−6 m at the same number of curing days. This is because the A80/G20 mixture
was treated with 20% geopolymer content. However, beginning on day 56, the shrinkage
value remained constant for both mixes.

The available water consumption in the hydration reaction of the mixture is the
primary cause of the increment in drying shrinkage that occurs in conjunction with the



Materials 2022, 15, 7242 10 of 14

presence of geopolymer content. Therefore, an increase in the aggregate content of the
materials for stability may result in a high moisture consumption and, as a direct conse-
quence of this, a significant degree of shrinkage, followed by cracking of the material. For
example, the mixture of A85/G15 had a high-water absorption percentage compared to
A80/G20 because the crushed aggregate content of A85/G15 was greater than A80/G20;
thus, there is an excess of moisture during evaporation of A85/G15 that leads to high
shrinkage compared to A80/G20 mixtures. The other reason of the lowest shrinkage is the
water added to the mixture of A80/G20 was lower than mixture A85/G15 which is 0.5%
and 3.5% respectively.

The moisture content is an important component in reducing the degree of shrinkage
of stabilized materials since it is mostly induced by moisture loss due to hydration or
evaporation. Increasing the moisture content causes more moisture to evaporate, hence
a greater magnitude of shrinkage stresses. This was related to an excess of moisture that
was not required for hydration when the higher moisture content was used. Therefore, it
is required to control the moisture content and preferably to use the Optimum Moisture
Content in the compaction test. When compared to the traditional base materials, the FAG
base material’s dry shrinkage value was found to be slightly lesser, suggesting that the
usage of geopolymer as a stabilizing agent potentially helps alleviate reflective cracks.

3.4. Indirect Tensile Strength (ITS)

Under traffic loads, the base course of pavement constructions is subjected to tensile
stresses and strains. Figure 8 illustrates the indirect tensile strength (ITS) test findings for
the specimens prepared in the range of A80/G20 and A85/G15 (crushed aggregate and
geopolymer content) and cured for the period of 7 and 28 days before testing. For mixture
A80/G20, the increasing percentage is about 49.7% for curing 7 to 28 days. Meanwhile,
about a 14% increase percentage was observed for mixture A85/G15 in 7 to 28 days
of curing.
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Figure 8. Indirect Tensile Strength for A80/G20 and A85/G15.

The development rate of indirect tensile strength, in general, is proportional to the
amount of geopolymer used. This is because high Ca in FA content in the mixture can
contribute to the strength and binding effect. With increasing volumes of crushed aggregate
and curing time, the value of ITS increased consistently. Like the UCS, the reduction in ITS
is more significant at greater geopolymer levels than at low ones. In general, the ITS values
for the different examined specimens remained within a range of 12 to 16% of the UCS
values. The addition of FA enhanced the indirect tensile strength, and so did the decrease
of porosity. Reducing the porosity increases the contact between the particles, boosting
their bonding strength.
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3.5. Resilient Modulus (RM)

The important mechanical parameter utilized to examine the pavement materials’
performance is its resilient modulus (RM), which is essential for calculating stresses, strains,
and displacements within pavement structure layers susceptible to traffic-induced loads.
The resilient modulus test outcomes are shown in Figure 9 for mixtures cured for 7 and
28 days. The figure shows that the A80/G20 combination had the greatest RM (32,881 MPa)
and the lowest RM (18,819.3 MPa) at 28 days and 7 days, respectively, with A85/G15
mixtures in between. This strong connection between these two mixtures is consistent with
the results of flexural strength.
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Figure 9. Two Resilient Modulus for A80/G20 and A85/G15 mixtures.

Strong support for the upper asphalt courses and even distribution of vehicle wheel
loads in the lower subgrade are provided by the high stiffness stabilized base layer. While
materials having high stiffness have a tendency to become brittle, which raises the ten-
sile condition of the layers and leads to early failure, excessive base stiffness may have a
detrimental influence on the service life of the pavement. Therefore, the effect of the base
layer modulus on the performance of the pavement has been studied by numerous aca-
demics [40]. The findings showed that boosting the base layer’s modulus could significantly
reduce tensile stress at the base of asphalt courses and pavement deflection, resulting in a
more significant economic benefit by lowering the overall thickness of pavement structures.

4. Conclusions

In this research, mechanical parameters were used to evaluate how well FAG per-
formed as a road base, for instance, flexural strength (FS), indirect tensile strength (ITS),
resilient modulus (RM), shrinkage, and unconfined compressive strength (UCS) with dif-
ferent percentages of crushed aggregates. The mixture of A80/G20 and A85/G15 was used
to determine the performance evaluation of the pavement base. The following conclusion
can be summarized.

• The major finding is that only 80% and 85% of crushed aggregates are appropriate
for usage as a road base material as per the compaction test result. The increase in
strength value is due to the friction and interlocking actions between the aggregate
particles and the geopolymer binder, which can enhance the load transfer in the road
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base layer. From the results obtained, the UCS values for 7, 28, and 90-days cured
specimens were in the range of 10.3–34.9 MPa for all mixtures.

• The flexural strength of FAG concrete base grew continuously as curing times in-
creased, and the strength findings followed the same pattern.

• FAG base material was discovered to have a slightly less dry shrinkage value than
conventional base materials, suggesting that using geopolymer as a stabilizing agent
may assist in improving reflective cracks. Additionally, it is one of the elements
influencing how well the pavement performs.

• For the results of the indirect tensile strength of the A80/G20 mixture, the percentage
increase was about 49.7% for the 7 to 28 day curing period. The growth percentage of
the A85/G15 mixture increased by 14% during the 7 to 28-day curing period.

• The A80/G20 mixture obtained the highest resilient modulus of 32,881 MPa, and
the same mixture also recorded the lowest is 18,819.3 MPa. These two mixtures
magnitudinal relationship reflects the findings of the UCS test.

The above conclusions have verified that incorporating FAG as a road base stabilizer
is conducive to promoting environmental sustainability. However, further research is
essential to examine the properties and performance of geopolymer road bases using the
geopolymerization method using different raw materials.
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Abstract: Geopolymer materials are used as construction materials due to their lower carbon dioxide
(CO2) emissions compared with conventional cementitious materials. An example of a geopolymer
material is alkali-activated kaolin, which is a viable alternative for producing high-strength ceramics.
Producing high-performing kaolin ceramics using the conventional method requires a high processing
temperature (over 1200 ◦C). However, properties such as pore size and distribution are affected at
high sintering temperatures. Therefore, knowledge regarding the sintering process and related pore
structures on alkali-activated kaolin geopolymer ceramic is crucial for optimizing the properties
of the aforementioned materials. Pore size was analyzed using neutron tomography, while pore
distribution was observed using synchrotron micro-XRF. This study elucidated the pore structure of
alkali-activated kaolin at various sintering temperatures. The experiments showed the presence of
open pores and closed pores in alkali-activated kaolin geopolymer ceramic samples. The distributions
of the main elements within the geopolymer ceramic edifice were found with Si and Al maps, allowing
for the identification of the kaolin geopolymer. The results also confirmed that increasing the sintering
temperature to 1100 ◦C resulted in the alkali-activated kaolin geopolymer ceramic samples having
large pores, with an average size of ~80 µm3 and a layered porosity distribution.

Keywords: geopolymer; pore; tomography imaging; sintering

1. Introduction

Geopolymer is an inorganic compound material used in construction as a sealant and
heat-resistant material [1]. It is a three-dimensional (3D) aluminosilicate structure that
is activated using suitable precursor raw materials. Kaolin is an inorganic material that
has been identified as geopolymer-compatible with excellent performance. Wang et al. [2]
reported that the kaolin structure is significantly influenced by the calcination temperature.
A change in the aluminium species influences the structural changes of geopolymer after
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being heated to 900 ◦C. The calcium aluminosilicate framework fills the pores between
akermanite crystals after being heated up to 1200 ◦C.

Apart from the geopolymerization component, sintering plays a vital role in produc-
ing geopolymer ceramic. Sintering is defined as a thermally activated adhesion process,
which increases the contact between particles and their respective coalescence. Sintering
closes some of the open pores, decreasing the water absorption rate and increasing pore
strength. The dense heated geopolymer has a glassy phase, making it a ceramic. Tra-
ditionally, ceramic vitrification begins at 900 ◦C, marked by the melting of several solid
phases that bind present solid particles, enhancing bonding strength [3,4]. The solid re-
action product usually consists of an open-pore volume fraction that was reported to be
~<1–40% [5]. After the sintering process, gas adsorption–desorption and mercury intrusion
porosimetry are standard methods used to investigate pore structures [6]. Pores ranging
from 1 µm to 0.5 mm are also commonly investigated using SEM and nitrogen adsorption.
However, these measurements suffer from several drawbacks, rendering them unsuitable
for observing cementitious materials. Both are destructive and can potentially alter pore
structures. Therefore, advanced techniques such as tomography using neutron sources
have been explored to understand the sintering process’ effect on the pore structure of
kaolin-based geopolymer. It has been demonstrated that neutron tomography imaging
is a suitable characterization method for pore structures. An understanding of the pore
structure after the sintering process can be applied for tailoring the resulting materials’
properties. Also, it has been established that the nondestructive testing (NDT) of high-
resolution 3D tomography is beneficial as it elucidates qualitative and quantitative pore
formations [7]. The utilization of this tomography technique to investigate porosity and
pore size distribution is advantageous and effective. Moreover, extensive quantitative re-
search has been conducted on the pores of ceramic materials such as alumina ceramic using
X-ray computed tomography, per Lo. et al. [8]. Nickerson et al. also studied the porosities
formed in ceramics and their permeability using X-ray computed tomography [9].

In this study, tomography imaging with a neutron source was used to elucidate the
effect of sintering on the pore structure of kaolin-based geopolymer. Neutron attenuation
coefficients resulted in different image contrasts relative to those generated by conventional
X-ray tomography, producing high-resolution images suitable for determining correlations
between pore size, density, and absorption performance. Correlations were linked to the
elemental distribution obtained using micro-X-ray fluorescence at a synchrotron source.
This work successfully characterized and investigated the pore structure of kaolin-based
geopolymer.

2. Experimental Section
Materials, Sample Preparation, and Characterization

A precursor of kaolin (supplied by Associated Kaolin Industries Sdn. Bhd., Petaling
Jaya, Malasysia) was used for the synthesis of geopolymer. The NaOH was in pellet form
with 97% purity, and the Na2SiO3 consisted of 9.4% Na2O, 30.1% SiO2, and 60.5% H2O, with
SiO2/Na2O = 3.2. The other characteristics were: specific gravity at 20 ◦C = 1.4 kg/cm3

and viscosity = 0.4 Pa s. To form the geopolymer samples, the kaolin was activated with al-
kaline activator solution, namely, sodium hydroxide (NaOH) and sodium silicate (Na2SiO3)
solution, at ambient temperature. The NaOH clear solution was mixed with sodium silicate
solution and cooled to ambient temperature one day before mixing [10]. The solid–liquid
and Na2SiO3/NaOH were fixed at 1.0 (NaOH molarity 8 M) and 1.5, respectively, on the
basis of previous research on the optimum design of kaolin geopolymer [11]. The kaolin
materials were mixed with an alkaline activator solution for 5 min; then, the homogenized
mixture was poured into a mold. Then, after curing for 14 days, the kaolin-based geopoly-
mer was sintered at 900, 1000, and 1100 ◦C for 2 h at a heating rate of 10 ◦C/min in an
electrically heated furnace. The details of sample preparation are illustrated in Figure 1.
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Figure 1. The process of creating kaolin-based geopolymer ceramic.

The unsintered and sintered samples of pore microstructures were imaged using the
JSM-6460LA Scanning Electron Microscope (JEOL, Peabody, MA, USA) equipped with
secondary electron detectors. The voltage and working distance were fixed at 10 kV and
10 mm, respectively. The surface area and pore volume were measured using Brunauer–
Emmet–Teller (BET) equipment (TriStar 3000, Micromeritics Instrument Corporation, GA,
USA). The adsorbed quantity correlated with the particles’ total surface areas and pore
volume in the unsintered and sintered samples. The samples’ thicknesses were 0.5–1 mm.
For contrast variation measurements, the samples were placed horizontally in a sample
holder and the solvent was added dropwise to the center of the disc.

Neutron images of the samples were acquired at the IMAT beamline, ISIS neutron
source, Rutherford Appleton Laboratory, United Kingdom [12]. The IMAT tomography
camera was equipped with a 2048 × 2048 pixel Andor Zyla sCMOS 4.2 PLUS. The camera
pixel size was 29 µm. The samples were inserted into an aluminum tube that was fixed
on the rotating platform and placed at a distance, L, of 10 m from the beam aperture and
a distance, d, of 25 mm from the neutron screen. The diameter (D) of the beam aperture
was 40 mm, resulting in an L/D ratio of 250. We collected 868 projections, with an exposure
time for each projection of 30 s and a total scan time of approximately 6 h/tomogram.
Several open-beam and dark images were collected for flat fielding before and after each
tomography scan. The images were analyzed using ImageJ and the Octopus reconstruc-
tion package (XRE, Ghent, Belgium). The unsintered and sintered geopolymer samples’
elemental distributions were determined using synchrotron µ-XRF at BL6b beamline at the
Synchrotron Light Research Institute (SLRI) in Bangkok, Thailand. A polycapillary lens
was used to initiate a micro-X-ray beam with a size of 30 × 30 µm on the samples, with
continuous synchrotron radiation. The X-ray energy range used was 2–12 keV without the
monochromator feature. The detection limit at the sub parts per million concentration level
can be obtained at larger than 100 nm, with sensitivities approaching the attogram (10–18 g)
level [13]. The experiments were conducted in a helium (He) gas atmosphere with 30 s of
exposure at each point. The data were obtained and analyzed using PyMca [14].

The samples were fabricated in powder form for phase analyses. The XRD analysis
was performed using an XRD-6000 Shimadzu X-ray diffractometer (Cu Kα radiation
(λ = 1.5418 A)). The operating parameters were 40 kV, 35 mA, at 2θ of 10–80◦, at a 1◦/min
scan rate. The XRD patterns were then analyzed using X’pert HighScore Plus. The density
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was calculated, and water absorption tests were conducted per ASTM C642-13 (ASTM
C642-13, Standard Test Method for Density, Absorption, and Voids in Hardened Concrete,
ASTM International, United States (2013)). The weight of the samples after and before the
samples were immersed in water was recorded, and the percentages of water absorption
for the samples after sintering at 900 and 1100 ◦C were determined.

3. Results and Discussions
3.1. Density and Water Absorption Analysis

In order to examine the pore structure in kaolin-based geopolymer ceramic, the density
and water absorption of kaolin-based geopolymer samples were investigated. The densities
of the unsintered and sintered kaolin at 900 and 1100 ◦C after 3 days are shown in Figure 2.
The densities of the unsintered and sintered samples at all temperatures decreased as
time increased. The unsintered samples had the highest density of 1610 kg/cm3, while
the samples sintered at 1100 ◦C had the lowest density of 1203 kg/cm3. Therefore, we
speculate that the formation of large pores created in the kaolin at 1100 ◦C resulted in the
lowest density, while sintering at 900 ◦C resulted in the formation of small pores in the
kaolin-based geopolymer samples. In addition, the unsintered samples contained small
and open pores, while the sintered samples had large and closed pores, which translated
into a high material density. The existence of these larger pores was likely due to the
growth of sintered necks, which was reflected in the phase evolution. The details of phase
crystallization are discussed in Section 3.6.

Figure 2. The density of kaolin geopolymer over 3 days for unsintered and sintered samples at 900
and 1100 ◦C.

Figure 3 shows the percentage water absorption of the kaolin-based geopolymer
ceramic samples after sintering at 900 and 1100 ◦C after 3 days. After 3 days, the highest
value percentage water absorption occurred with sintering at 1100 ◦C. The percentage
water absorption continuously increased with sintering temperature and time. This was
in accordance with results published by Faris et al. [15]. The higher sintering temperature
resulted in larger pores due to water removal, and the increased pore size increased the
water absorption capacity of the kaolin-based geopolymer samples. The high volume of
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open pores in the samples may have contributed to the high water absorption due to a high
surface area, which was reported by Zulkifli et al. [11].

Figure 3. The water absorption of kaolin geopolymer over 3 days for unsintered and sintered samples
at 900 and 1100 ◦C.

3.2. Pore Structure Analysis

The Brunauer–Emmett–Teller (BET) method was used to determine the surface area
of the unsintered and sintered kaolin-based geopolymers. The specific surface area and
pore volume of unsintered and sintered geopolymers are depicted in Figure 4. Smaller
particles resulted in larger surface areas. This is because sintered kaolin-based geopolymer
has a larger surface area due to the removal of volatiles and impurities from the sample’s
surface. Sutama et al. [16] stated that the formation of pores on the sample may lower the
compressive strength.

The unsintered kaolin-based geopolymer had the lowest surface area (2.3 m2/g) and
pore volume (0.01 cm3/g). After sintering at 900 ◦C, the kaolin-based geopolymer’s surface
area (up to 245 m2/g) and pore volume (up to 0.025 cm3/g) increased relative to those
of the unsintered kaolin-based geopolymer. Then, after sintering at 1100 ◦C, the surface
area increased to 270 m2/g and pore volume increased to 0.04 cm3/g. The kaolin-based
geopolymer was assumed to consist of mesopores in a small quantity, resulting in a higher
surface area after sintering at high temperatures.

3.3. Microstructure Analysis

An SEM revealed the morphological features of kaolin-based geopolymer ceramic
samples at sintering temperatures of (a) unsintered, (b) 900, and (c) 1100 ◦C, as shown in
Figure 5. The unsintered kaolin showed the presence of well-defined clay platelets and an
incomplete reaction of kaolin, as shown in Figure 5a. After sintering at 900 and 1100 ◦C, the
images clearly showed the presence of pores and cracks in all of the heated kaolin-based
geopolymer ceramic samples. The pores formed a network, which resulted in increased
internal porosity. The kaolin-based geopolymer surface became glassy and glossy when
sintered at 900 ◦C (Figure 5b). This microstructure change was attributed to moisture
hydration and phase transformation, as reported by Dudek et al. [17]. It can also be seen
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in Figure 5b that the kaolin-based geopolymer ceramic samples sintered at 900 ◦C had a
higher porosity, alongside cracks and voids.

Figure 4. Surface area and pore volume of kaolin geopolymer samples versus sintering temperature.

Increasing the sintering temperature up to 1100 ◦C increased the number of large pores.
The pore size distribution of kaolin-based geopolymer was ~50 µm for the unsintered
samples. After sintering at 1100 ◦C, the pore size increased to 80 µm, similar to the findings
from the tomography analysis. The pore sizes in kaolin directly affect its mechanical
strength. The SEM images also showed significant cracks due to moisture evaporation and
shrinkage during the sintering process. The loosely grained structure of kaolinite can also
cause cracks, and the presence of voids at the interface of loosening grains can result in
increased total porosity.

3.4. Neutron Tomography Imaging Analysis

Segmentation was carried out in a small area to analyze porosity data in the kaolin-
based geopolymer samples quantitatively, and the 3D reconstruction images are shown in
Figure 6. The kaolin-based geopolymer samples’ widths, lengths, and thicknesses, shown
in Figure 6a–c, were 2900, 1740, and 1740 µm, respectively. The white color indicates the
solid kaolin-based geopolymer, while blue indicates the air (pore) space. The total number
of pores for this region was estimated to be 197, and after sintering at 900 and 1100 ◦C,
the total number of pores decreased to 182 and 125, respectively. Neutron tomography
made imaging very small pores at high resolutions possible, and the results are shown in
Figure 6d–f. In the case of the unsintered kaolin, the pore size was ~50 µm3, and when
sintered at 900 and 1100 ◦C, the pore size increased to 68 and 82 µm3, respectively. Figure 6g
displays pore numbers and sizes. These sizes are in agreement with those measured in the
SEM images shown in Figure 4.
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Figure 5. SEM micrograph of (a) unsintered, (b,d) sintered at 900 ◦C, and (c,e) sintered at 1100 ◦C
kaolin-based geopolymer.

When sintered, the small pores merged to become large(r) pores due to moisture
hydration after sintering. Our images show the isolated closed pores in the 3D volume,
and it was, in fact, a network of fully connected open pores in 3D. Interestingly, after
sintering, the pore distribution of the kaolin-based geopolymer became layered, as shown
in Figure 6b,c. The layer distance between porosities was estimated to be ~120-130 µm
when sintered at 900 and 1100 ◦C because the kaolin-based geopolymer exhibited low
reactivity with the alkaline silicate solution.

A layered structure was caused by the sintering of the kaolin-based geopolymer at
a higher temperature. The layered structure was indicated by the transformation of pore
appearance, as shown in Figure 7. The pore transformation was attributed to the larger
surface area causing necking reactions between particles (Figure 7b). During sintering,
atoms diffuse from an area of higher chemical potential to an area of lower chemical poten-
tial. Small pores then merge to form larger pores. The layered grain structure represented
the disorganized kaolinite structure (grey color) that was due to dehydroxylation. The
dehydroxylation of kaolin resulted in the destruction of the crystalline structure and the
transformation of the mullite phase, as confirmed by an XRD analysis. These findings are
consistent with ElDeeb et al. [18], who posited that the hydroxylation of clay sheets occurs
with high-temperature sintering.
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Figure 6. Tomography imaging of (a) unsintered and sintered geopolymer at (b) 900 and (c) 1100 ◦C.
(d–f) Tomography imaging with zoom and higher resolution and (g) total pore numbers and average
pore sizes.

3.5. Elemental Distribution Analysis

The kaolin-based geopolymer ceramic samples were further characterized using micro-
XRF mapping to understand their elemental distribution vis-à-vis sintering temperatures.
Figure 8 illustrates the localized micro-XRF mapping of the kaolin-based geopolymer
ceramic samples that were (Figure 8a) unsintered or heated to 900 (Figure 8b) or 1100 ◦C
(Figure 8c), signifying where the (main) elements Si and Al were critically located within
the samples. The distributions of the main elements within the geopolymer ceramic edifice
were confirmed using synchrotron micro-XRF. The distribution of Si combined with the
Al map allowed for the identification of the kaolin-based geopolymer ceramic backbone
(kaolinite). The red, green, and blue spots represent the high, medium, and low intensities,
respectively, for each distribution element at the integrated area.
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Figure 7. Sintering mechanism of pore transformation in various environments: (a) unsintered,
(b) 900 ◦C, and (c) 1100 ◦C.

Figure 8. Micro-XRF elemental distribution maps of Si and Al in kaolin geopolymer ceramic at
various sintering temperatures.

The various sintering temperatures resulted in significant changes in the Si and Al
element distributions, edging the material towards phase transformation. A high con-
centration of Si (Figure 8a) represented the kaolinite grain. Upon obtaining the pore
microstructure of the kaolin-based geopolymer ceramic (Figure 8b), the Si and Al regions
showed higher intensities, reflecting the presence of the minerals quartz and nepheline, as
depicted in Figure 8 and the next section. At 1100 ◦C, Si and Al were of higher intensities
in a localized area, reflecting the formation of mullite. This Si–Al-rich crystalline mineral
contributed to the pores’ microstructure appearance, as shown in Figure 5b,c.

3.6. Mineral Phase Transformation

Figure 9 shows an XRD diffractogram of the kaolin-based geopolymer ceramic when
(a) unsintered or heated to (b) 900 or (c) 1100 ◦C. The unsintered kaolin-based geopolymer
showed the presence of crystalline phases such as kaolinite, quartz, and tridymite. A
geopolymerization reaction was initiated by the dissolution of aluminosilicate materials in
an alkali activator (combination of NaOH and Na2SiO3 solutions). Next, the products of
dissolution underwent nucleation growth and polymerization processes before hardening
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at the polycondensation stage. There have been several findings obtained with a similar
method for producing kaolin-based geopolymer at room temperatures [19,20]. Additionally,
kaolinite was traced as a major mineral in spectra of kaolin-based geopolymer samples [21].
Owing to the lower activity of pure kaolin, a number of distinctive kaolinite peaks remained
in the diffractogram of the kaolin-based geopolymer [22]. However, these kaolinite peaks
decreased at high sintering temperatures, as shown in Figure 9b.

Figure 9. Phase transformation of kaolin geopolymer when (a) unsintered, (b) sintered at 900 ◦C, and
(c) sintered at 1100 ◦C. M, mullite; C, cristobalite; Q, quartz; K, kaolin; N, nepheline; T, tridymite.

Sintering temperatures up to 1100 ◦C introduced the formation of the mullite phase
(Figure 8c). The mullite phase is present in this sintering region, manifesting superior
thermochemical stabilities [23,24]. Furthermore, the appearance of cristobalite was due to
unreacted quartz (SiO2) after the decomposition of kaolinite at 900 ◦C [25]. The liberation
of SiO2 corresponded to the kaolinite–mullite transformation, which yields to Al–Si spinel
phase [26]. This was corroborated with the elemental distribution analysis obtained using
micro-XRF, as the sintered kaolin geopolymer ceramic samples showed a high intensity at
the Si and Al regions at 1100 ◦C (Figure 7c). The transformation of mullite is described by
the chemical reaction in Equation (1) [27,28]:

2Si3Al4O12Al-Si spinel→ 23Al2O3.2SiO2 mullite + 5SiO2 (1)

4. Conclusions

This manuscript summarizes the effects of sintering temperature on the pore structure
of an alkali-activated kaolin-based geopolymer ceramic. Sintering temperatures signifi-
cantly affected the size and number of pores in the kaolin-based geopolymer. The material’s
density and water absorption confirmed the presence of pores after the sintering process.
Microstructural analyses showed that sintering at 1100 ◦C resulted in large pore sizes
relative to the material’s unsintered counterpart. Tomography imaging also confirmed the
presence of a layered pore structure after sintering. The pore size at 900 ◦C was 50 µm3, and
after sintering at 900 and 1100 ◦C, the pore size increased to 68 and 82 µm3, respectively.
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A B S T R A C T   

Hazardous pollutants, especially heavy metals in wastewater, have become a major concern due to the high 
potential of causing serious problems to humans and aquatic ecosystems, such as adverse health effects, envi-
ronmental damage, and air pollution. The adsorption process is widely used to remove heavy metals because it is 
inexpensive, simple, and environmentally friendly. However, recent studies have shown that some adsorbents 
such as activated carbon, ion exchange resins, and carbon nanotubes are becoming more expensive due to their 
complex production. Considering these problems, alkali-activated materials (AAMs) can be considered as a new 
potential adsorbent material due to their excellent physical, chemical, and mechanical properties, which make 
them suitable for use in the field of civil engineering. Dolomite is one of the AAMs that is capable of adsorbing 
hazardous pollutants such as heavy metals in wastewater due to its unique structure. This material is also 
classified as a cost-effective adsorbent because it is abundant and can be found all over the world. Nevertheless, 
few studies have focused on the adsorption method using dolomite as a precursor material to remove heavy 
metals in wastewater, and currently only limited studies focus on the relationship between dolomite and hy-
droxyapatite (HAP). In addition, some studies have shown that the properties of geopolymers can be improved 
(up to 40%) when a moderate amount of calcium-containing material is added to the geopolymer. Although they 
have been used as a stand-alone material with excellent properties, combining them with another material could 
be another way to improve their properties. Therefore, this review provides an in-depth analysis on the prop-
erties of dolomite as a new potential precursor material in combination with HAP for contaminant removal. This 
would help to find the best parameters for the geopolymerization process between dolomite and HAP to meet the 
adsorption method requirements. This paper also investigated the ability of HAP as a carrier with the combi-
nation of bacterial strains via an immobilization process to improve the properties of dolomite as a geopolymer 
adsorbent. A microbial community can also act as an adsorbent for the removal of heavy metals and inorganic/ 
organic contaminants from wastewater. This review can serve as a basis for understanding the ability of dolo-
mite/HAP as a new alkali-activated material in geopolymer adsorbents in combination with immobilizing bac-
teria to remove heavy metals in wastewaters.   

1. Introduction 

The presence of heavy metals in wastewater has increased in recent 
years because of the growth of industry and human activities [1–4]. 
Heavy metals are usually found in local watercourses due to 

electroplating, ceramics, glass, mining, and battery production. These 
pollutants enter the environment and pose threat to human health and 
the ecosystem. This is because heavy metals do not biodegrade and can 
be carcinogenic [5–10], which can harm the biological system. A hy-
gienic living environment and safe drinking water are the basic 
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requirements for a healthy life. Therefore, the presence of these pol-
lutants in wastewater at inappropriate levels can lead to critical health 
problems for living organisms [11]. 

In response to the environmental problems caused by water pollu-
tion, several researchers have devoted themselves to the development of 
wastewater treatment systems [6,8,12]. In recent decades, a variety of 
treatment technologies have been developed to remove various pollut-
ants from wastewater, such as membrane filtration, coagulation/floc-
culation, oxidation, and biological treatment with varying degrees of 
success to produce clean water [2,13–15]. However, these technologies 
are associated with problems such as high cost, excessive time, and 
significant energy consumption. Nevertheless, the adsorption method is 
still an advantageous approach for other treatments, which can be 
considered an effective and widely used method due to its simplicity, 
moderate operating conditions and economic feasibility [16,17]. Rashid 
et al. [13] mentioned that adsorption is a simple, sustainable, cost 
effective and environmentally friendly technique for wastewater treat-
ment which stands out among all other existing technologies. Yet, 
effective adsorption depends on the use of an effective adsorbent, so 
further studies in this area are needed. 

Theoretically, any solid material with a microporous structure can be 
treated as an adsorbent. Surface area and structure are the most 
important properties of any adsorbents [18]. Other than that, the 
chemical composition and polarity of the adsorbent surface could affect 
the attractive forces between the adsorbent and the adsorbate. The most 
commonly used adsorbents today are activated carbon [19,20], chitosan 
[21], bio sorbents [22,23], and starch [24]. However, these adsorbents 
are not suitable in practice due to expensive regeneration and produc-
tion costs [25]. Therefore, the use of low-cost materials is required for 
the removal of heavy metals and pathogens. Various organic and inor-
ganic adsorbents such as zeolites [26–31], clay minerals [3,4,18,32], 
trivalent [33], metal phosphates [19,34],and dolomite [35–39] have 
been used for the adsorption process. In recent decades, researchers 
have discovered that dolomite, a low-cost natural mineral, has a high 
adsorption capacity for boron [40], arsenic [35,41], phosphate 
[36,42–44], and lead [16]. 

Recently, researchers have explored a relatively new material known 
as, geopolymer, because it has good properties for removing pollutants 
through adsorption [45–48]. Some key properties of geopolymers have 
made it a potential and environmentally friendly alternative to other 
materials, especially due to its more sustainable method [49,50]. The 
purpose of this review is to provide a brief overview of the use of various 
geopolymers to understand the parameters that contribute to the 
removal of heavy metals. The previous study on the addition of calcium- 
containing minerals in geopolymers affected the geopolymer structure 
and properties [51–53]. Despite numerous studies, the use of dolomite 
as a main precursor material in the field of geopolymers for the removal 
of other harmful heavy metals in wastewater is still new and at an early 
stage of investigation [54–56]. Therefore, it is advantageous to conduct 
this study in terms of dolomite as a geopolymer adsorbent via the 
adsorption process. However, in this work, a composite of dolomite and 
hydroxyapatite (HAP) has been investigated as a new potential precur-
sor in the alkali activation process to produce adsorbent material. In 
addition, calcium carbonates such as dolomite and HAP are abundant 
and generally inexpensive natural minerals. It will be a great interest to 
use these large amounts of calcium carbonate to improve the properties 
of a geopolymer. As confirmed by Tchakoutẻ et al. [57], the strength of 
geopolymers containing HAP as a filler was in the range of 28–43 Mpa, 
which is higher than the strength of raw materials. Moreover, the solid/ 
liquid ratio, sodium hydroxide (NaOH) concentration and curing con-
ditions play an important role which can influence the geo-
polymerization process. Using process of immobilization of bacteria in 
geopolymer adsorbent can improve the effectiveness of pollutants 
removal in wastewater. Previous studies also used HAP as a carrier and 
coated with immobilized bacteria, namely Pseudomonas fluorescens 
(S3X), Microbacterium oxydans (EC29), and Cupriavidus sp. (1C2), for the 

removal of heavy metals such as Zn (II) and Cd (II). However, there are 
few studies on the effect of dolomite as an adhesion material in the as-
sociation of bacteria. Zheng et al. [58], used bacteria, namely Bacillus 
subtilis and Mycobacterium phlei on dolomite and apatite with different 
pH to discover the functions of dolomite as depressant. His paper also 
discusses the immobilization process between dolomite and HAP to gain 
a better understanding of their performance as geopolymer adsorbents. 

Therefore, this review can serve as a basis for understanding the 
ability of dolomite/HAP as an alkaline activated materials (AAMs) also 
known as geopolymer to remove harmful heavy metals through 
adsorption studies since the adsorption promises simple operation, cost 
effective and universal nature among various wastewater treatment 
methods. In addition, this review provides an in-depth analysis of the 
properties of dolomite as a new potential precursor material in combi-
nation with HAP in terms of surface area and pore volume and would 
help to find the best parameters for the geopolymerization process be-
tween dolomite/HAP and alkaline activator to meet the adsorption 
method requirements. Fig. 1 shows the graphical process of AAMs for 
adsorption of heavy metal in wastewater. The results of this study on the 
heavy metal removal efficiency will be useful to show the potential of 
using geopolymeric adsorbents in the form of dolomite/HAP by 
combining with immobilized bacteria. 

2. Heavy metal in wastewater 

Heavy metals are currently-one of the most prevalent pollutants in 
source and untreated water, and they are evolving into a significant 
public health issue [21,59–61]. They are particularly persistent in the 
environment due to their strong potential to form complexes, high 
reactivity, and elevated metabolic activity. Due to this, they pose a 
serious threat to the environment and all forms of life. Industrial and 
municipal wastewater often contains metal ions. Specifically, industrial 
wastewater streams containing heavy metals are generated by various 
industries [11,12,33,62]. Electroplating and surface treatment of metals 
generate significant amounts of wastewater containing heavy metals in a 
variety of applications. Industrial wastes are the main source of various 
types of metal pollution in natural waters [49,50,63,64]. Heavy metals 
are generally considered to be a group of metals and metalloids with an 
atomic density greater than 4000 kg/m3 [65]. Most heavy metals can 
affect the quality of life of humans and animals, even at low concen-
trations [66]. Examples of heavy metals commonly treated for industrial 
wastewater treatment are copper (Cu), cadmium (Cd), zinc (Zn), chro-
mium (Cr), arsenic (As), boron (B), lead (Pb), mercury (Hg), etc. Some of 
the heavy metals such as Cu, Zn, B, and Fe [23,67,68] are necessary for 
plant growth, but can be harmful to living organisms and plants if ion 
concentrations exceed the allowable limits set by the Environmental 
Quality Acts (EQA) of 1974 [69]. Table 1 shows various heavy metals 
along with their major sources, health consequences, and allowable 
drinking water concentrations. 

Heavy metals have serious health effects, including impaired growth 
and development, cancer, organ damage, nervous system damage, and 
even death in extreme cases [23,60,76]. Exposure to some metals, such 
as Hg and Pb, can also cause the development of autoimmunity, in which 
a person’s immune system attacks its own cells. This can lead to joint 
diseases such as rheumatoid arthritis, as well as diseases of the kidneys, 
circulatory system, nervous system, and damage to the fatal brain. In 
higher doses, heavy metals can cause irreversible brain damage 
[45,47,77,78]. Children can ingest higher doses of metals through food 
than adults because they eat more food relative to their body weight 
than adults. Wastewater regulations have been enacted to minimize 
human and environmental exposure to hazardous chemicals. These 
include limits on the types and concentrations of heavy metals that may 
be discharged into wastewater. For this reason, it is important to develop 
effective and reliable treatments for the removal of these metal ions from 
wastewater. Various technologies have been used to remove harmful 
heavy metals, including electrochemical separation, chemical 
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precipitation, membrane filtration, adsorption, ion exchange, and sol-
vent extraction, with varying degrees of success. 

3. Techniques used for heavy metal removal 

Nowadays, there are several treatment methods to minimize haz-
ardous heavy metal from wastewater discharges, including physical 
methods (membrane filtration, adsorption, coagulation/flocculation), 
chemical methods (advanced oxidation, ozonation), and biological 
methods (enzymatic microorganisms) [2,13,54,79–81]. Selection of 
types of methods depends on various factors such as the concentration of 
pollutants, the composition of the wastewater, the cost of the process or 
the additional impurities in the wastewater [82–84]. Furthermore, these 
wastewater treatment techniques are designed to meet the requirements 
for characterization and purification of the wastewater without 
considering the impact on the overall performance of the treatment and 
the environment. Table 2 shows the advantages and disadvantages of 

various conventional techniques used in wastewater treatment. How-
ever, these techniques have some disadvantages, namely inadequate 
removal, high energy consumption, and the presence of toxic sludge, as 
well as limited efficiency, complex working conditions, and expensive 
disposal costs [62]. Therefore, it is crucial to find an alternative treat-
ment system that can completely break down or remove pollutants. 

Based on a previous study by Zhang et al. [85], a combination of 
membrane and electrowinning processes was used to treat and reme-
diate copper ions (Cu2+) in water bodies. However, this treatment 
consumes high amount of energy and requires high maintenance and 
operation costs. Similarly, the coagulation and flocculation process re-
quires complex admixture of non-reusable coagulants and flocculants 
[86,87]. This increases the cost and time required for complete removal. 
The biological method requires microorganisms to decompose or break 
down organic dyes via an aerobic or anaerobic cycle. Microbes use 
organic matter as a source of energy by breaking it down. Biofilms are 
developed for the removal of contaminants from wastewater. Various 

Fig. 1. Graphical illustration of alkaline activated materials for adsorption of heavy metal in wastewater combined with bacteria strain.  
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dyes used in the textile industry are harmful to aerobic organisms and 
cause sludge rise, flocculation and sludge formation. Therefore, the 
biological process that occurs via the aerobic pathway has been shown 
to be insufficient to degrade textile dyes, especially azo dyes [92]. 
Furthermore, it also requires a more prominent space and more signif-
icant hydraulic retention time. For this reason, it can be said that these 
processes have some disadvantages, including sensitive operating con-
ditions, high energy requirements and lack of environmental compati-
bility. To overcome these drawbacks, many approaches have been 
proposed to develop cheaper and more efficient methods to improve the 
quality of treated wastewater. Most of them are based on adsorption 
processes, since adsorption seems to have the greatest impact on the 
transport, toxicity, and bioavailability of heavy metals especially at 
trace levels in aqueous media, and is also simple and inexpensive 
[60,93]. Therefore, in this review, adsorption is preferably proposed as 
an economical and effective method for the removal of heavy metals in 
wastewater. The search for cost-effective adsorbents that can also bind 
the metals has also intensified in recent years [94]. 

Adsorption is a surface phenomenon where only the surface of the 
adsorbent is affected, and the adsorbate should not penetrate the 
structure of the adsorbent. Adsorption is often accompanied by the 
reverse process of desorption, which is the transfer of adsorbate ions 
from the surface of the adsorbent to the solution. The adsorption process 
is as illustrated in Fig. 2. As mentioned by Mishra [61], the reversibility 
of adsorption can be judged by how much adsorbate is desorbed from 
the adsorbent: The more adsorbate is desorbed, the more reversible the 
adsorption process. There are many factors that affect the efficiency of 
adsorbents in removing heavy metals from wastewater: e.g., initial 
concentration, temperature, adsorbent dose, pH, contact time, and 
agitation rate. The percentage (rate) of heavy metal adsorption usually 
increases with the increase of the above factors [78,95]. In addition, 
adsorbents with high adsorption interaction of the targeted heavy metal 
ions should be used for effectively removing the pollutants. 

4. Adsorption process 

Adsorption is a mass transfer process in which substances accumu-
late at the interface between two phases, e.g., at the interface between 
liquid and liquid, gas and liquid, gas and solid, or liquid and solid 
[61,97–99]. The substance that is adsorbed is called an adsorbate, while 
the adsorbing material is called an adsorbent. The mechanism of the 
adsorption process is determined by the physicochemical properties of 
the adsorbent and the heavy metals or other pollutants, and the oper-
ating parameters include temperature, pH, concentration of the adsor-
bent, adsorption time, and molarity of the metal ions. In general, heavy 
metal ions can be adsorbed on the surface of the adsorbent [100,101], as 
shown in Fig. 3. In this field, adsorption is a very important process, 
where the type of adsorbent material is crucial. 

Adsorption occurs when metal ions are removed from the solution 
and is attached to a solid surface in a solid–liquid system [10,102]. 
Dynamic equilibrium is attained with the solid phase by the ions in the 
solution that do not adsorb to it. In addition, adsorption can be divided 
into 2 types depending on how the adsorbate is adsorbed on the surface 
of the adsorbent, physical adsorption and chemical adsorption 
[103,104]. Physical adsorption is also called physisorption, in which the 
adsorbate binds to the surface of the adsorbent due to weak forces such 
as electrostatic attraction and van der Waals forces. While, chemical 
adsorption is known as chemisorption, in which the adsorbate binds to 
the surface of the adsorbent due to strong covalent bonds. Chemisorp-
tion is slower than physisorption and a monolayer usually forms on the 
surface of the adsorbent, while physisorption usually forms multiple 
layers on the surface of the adsorbent [41,97]. 

The most used adsorption isotherms for the removal of pollutants are 
the Langmuir isotherm, the Freundlich’s isotherm, and the BET (Bru-
nauer, Emmett, and Teller) isotherm, which are used to gain compre-
hensive knowledge of the relationships between the surface area of the 
adsorbent and the adsorbate [24,105]. Several adsorption isotherms are 
discussed in literature by Lofrano et al. [5], although not reported in this 
article. The Langmuir adsorption is based on four assumptions; the 
surface of the adsorbent is homogeneous, which means that almost all 
binding sites are the same; the adsorbed molecules do not encounter 
each other. In the case of the highest adsorption, only a monolayer is 
formed; and it is developed to explain gas–solid adsorption, where 
adsorption in a monolayer is directly proportional to the fraction of the 
adsorbent surface that is open. The equation for Langmuir isotherm is 
expressed as in Equation (1) [105]: 

Ce

qe
=

1
qmKL

+
Ce

qm
(1)  

where Ce is the adsorbate’s concentration at equilibrium (mg/L), qm, 
qmax are the amounts of molecules adsorbed on the surface of the 
adsorbent at any given time, and the maximum adsorption capacity 
(mg/g) and KL is the Langmuir constant (L/mg). Plotting Ce/qe against 

Table 1 
Typical heavy metals in wastewater, their sources, health problems caused by 
improper levels, and allowable levels in drinking water based on World Health 
Organization recommendations (WHO) [70].  

Common 
heavy metal 

Main sources [71,72] Main organ and system 
affected [73–75] 

Permissible 
amounts (mg/ 
L) [70] 

Lead (Pb) Lead pipes, 
manufacture of 
batteries, dyes, 
fertilizers, pesticides 
and oil industries, 
glazes, solder and 
plastic stabilizers. 

Bones, liver, kidneys, 
brain, lungs, spleen, 
immunological system, 
haematological system, 
cardiovascular system, 
and reproductive 
system 

0.01 

Cadmium 
(Cd) 

Steel industry, waste 
incineration, zinc 
production, batteries, 
and plastic industries. 

Bones, liver, kidneys, 
lungs, testes, brain, 
immunological system, 
and cardiovascular 
system. 

0.003 

Chromium 
(Cr) 

Metallurgy, 
electroplating, 
production of paints 
and pigments, 
tannery, wood 
preservation, 
chromium chemical 
production, and pulp 
and paper production. 

Skin, lungs, kidneys, 
liver, brain, pancreas, 
tastes, gastrointestinal 
system, and 
reproductive system 

0.05 

Nickel (Ni) Stainless steel and 
nickel alloy 
production. 

Lung, kidney, 
gastrointestinal 
distress, pulmonary 
fibrosis, and skin. 

0.07 

Arsenic (As) Weathering and 
dissolution of rocks/ 
minerals, geothermal 
fluids mixing with 
groundwater in near- 
surface environments, 
and volcanic activities. 

Skin, lungs, brain, 
kidneys, metabolic 
system, cardiovascular 
system, immunological 
system, and endocrine. 

0.01 

Phosphate 
(Pb) 

Industrial effluent, 
fertilizer runoff, 
human and animal 
waste, laundry, and 
cleaning wastewater 

Bones, teeth, kidneys, 
immunological system, 
lung, eyes, and heart. 

0.15 

Copper (Cu) Corroded plumbing 
systems, electronic 
and cables industry. 

Liver, brain, kidneys, 
cornea, gastrointestinal 
system, lungs, 
immunological system, 
and haematological 
system. 

2 

Zinc (Zn) Brass coating, rubber 
products, some 
cosmetics, and aerosol 
deodorants. 

Stomach cramps, skin 
irritations, vomiting, 
nausea, and anaemia, 
and convulsions. 

3  
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Ce gives a straight line with a slope of 1/qm and an intercept of 1/ KL qm. 
The Freundlich equation is often useful for modelling the sorption of 

metals to solids with heterogeneous surfaces and has often been shown 
to be better than the Langmuir equation for adsorption of cations such as 
heavy metals. The equation for Freundlich’s isotherm is described as in 
Equation (2) [34]: 

logqm = logKF +
1
n

logCe (2)  

where KF is the Freundlich constant or adsorption capacity (L/mg), n is 
the extent of heterogeneity of the surface, and determines the distribu-
tion of the adsorbate on the adsorbent surface. In addition, the exponent 
(1/n) indicates the favourability and efficiency of the adsorbent system. 
When ln qe is plotted against ln Ce, the result is a straight line with a 
slope of 1/n and an intercept of ln KF. 

4.1. Parameter affecting heavy metal removal by adsorption 

Adsorption is the most common technique for the removal of heavy 
metals compared to other techniques [29,66,98]. One of its advantages 
is that it is considered a cost-effective and reliable method, which can be 
easily regenerated or disposed of without significantly polluting the 
environment [59,84]. Most of the removal efficiency by adsorption 
process can range up to 99.9 % [6,99,106,107]. As supported by the 
United States Environmental Protection Agency (US EPA), the adsorp-
tion process is one of the most excellent and best methods of wastewater 
treatment [108]. 

There are several parameters that affect the efficiency of adsorbent in 
removing pollutants in wastewater which include surface area of 
adsorbent, initial concentration of adsorbate, pH of solution, contact 
time, temperature and dosage of adsorbents [109,110]. For the surface 
of the adsorbent, adsorption is a surface phenomenon, i.e., it is directly 
related to a specific surface area, which can be called the total free 

Table 2 
Comparison of advantages and disadvantages of contaminated water treatment methods.  

Wastewater 
treatment 

Main characteristics Advantages Disadvantages 

Membrane filtration 
[85] 

The use of a semipermeable barrier allows for non-destructive 
separation.  

• Requires minimal space 
Uncomplicated, efficient, and rapid 

process 
No chemical needed 
Generates less solid waste  

• High energy demand 
High operating and maintenance costs 
Rapid fouling of the membrane 
Limited flow rates 

Coagulation/ 
Flocculation 
[86,87] 

Absorption of contaminants and separation of the formed 
product  

• Simple process 
Low investment cost 
Highly efficient for suspended solid 

and colloidal particles 
Ability for bacterial activation 

• Requires admixture of non-reusable co-
agulants and flocculants 

Poor removal of arsenic 
Large generation of sludge volume 

Adsorption 
[1,2,14,88] 

Mass transfer process in which atoms, ions, or molecules from 
a liquid attach to a solid surface by chemical or physical 
interaction.  

• Effective process with fast kinetics 
Simple equipment required 
Wide variety for removal of 

pollutants 
Wide range for commercial products  

• High material costs especially when using 
commercially available activated carbon 

Requires several types of adsorbents 
Regeneration is expensive and can lead 

to loss of adsorbents 
Chemical 

precipitation  
[15,89]   

• Uses simple equipment 
Efficient in removing fluoride and 

metals 
Significantly reduces chemical 

oxygen demand  

• Large sludge production volume 
Creates handling and disposal problems 
Ineffective at removing metal ions at low 

concentrations 

Biological methods  
[83,90,91] 

Application of pure or mixed biological cultures  • Efficient in the removal of 
biodegradable organic matter 

High removal of biochemical oxygen 
demand and suspended solids 

Use of microorganisms with wide 
acceptance by the public  

• Necessary to create an optimally 
favourable condition or environment 

Relatively slow process 
May require pre-treatment of non- 

biodegradable and toxic compounds 
Complexity of microbiological 

mechanisms  

Fig. 2. Schematic diagram showing the process of adsorption which results from interactive forces between the surface of adsorbent and components molecule 
(adsorbate) being removed from the bulk phase [96]. 
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surface area for adsorption. Thus, the finer and more porous the mate-
rial, the greater the amount of adsorption per unit mass of an adsorbent. 
That is, if the surface area of the adsorbent is larger, the degree of 
adsorption is also higher [100,111]. Li et al. [101] have demonstrated 
that the adsorption capacity of toluene has a good linear relationship 
with the specific surface area. It follows that any adsorbent must have a 
larger specific surface area to achieve higher pollutant removal effi-
ciency. Furthermore, the specific surface area of the adsorbent is usually 
calculated using the Brunauer-Emmett-Teller method (BET) [32]. 

The initial concentration of the adsorbate in the solution creates the 
driving force (concentration gradient) for mass transfer between the 
solution and the adsorbent [103]. The effect of the initial concentration 
of the adsorbate on the adsorption rate and the uptake capacity is small 
at low concentrations because the ratio of the number of solute mole-
cules to the adsorbate surface area is small and the adsorption process 
becomes independent of the initial solute concentration after some time. 
However, at high concentrations, the ratio becomes high, i.e., the un-
used adsorption sites for the adsorbate decrease and the adsorption 
uptake capacity depends on the initial concentration [104]. Thus, when 
the initial concentration increases, the adsorption capacity decreases, 
but the changes are quite small [112,113]. 

The pH of a solution affects the degree of adsorption. H+ and OH– 

ions are adsorbed very tightly and thus affecting the adsorption process 
by dissociating functional groups at the active sites of the adsorbent 
surface, resulting in a shift in reaction kinetics and equilibrium prop-
erties [114]. Most contaminants are negatively charged and typically, 
carbons can cause further bio sorption as the acidity of the solution in-
creases. It is generally believed that the adsorbent preferentially adsorbs 
anions at lower pH due to the existence of H+ ions, while at higher pH it 
would be responsible for adsorbing cations due to the action of OH– ions 
[67,104]. Low pH leads to an increase in H+ ion strength in the process, 
and the surface of the sorbent becomes positively charged due to the 
collection of H+ ions. Since the surface of the adsorbent is positively 
charged at low pH, attractive electrostatics are formed between the 
positively charged adsorbate molecules and the anionic molecule, 
resulting in a complete sorption process. 

Temperature is another important parameter, because, as a rule, 
adsorption is an exothermic process, so increasing the temperature de-
creases the degree of adsorption [39,88,104,115]. In general, tempera-
ture is inversely proportional to the extent of adsorption. As the 
temperature increases, the solubility of the solute increases propor-
tionally, so that the solubility of the adsorbate in the solvent is greater 
than that of the adsorbent, which hinders adsorption [67]. In short, the 
temperature can affect not only the adsorption but also the desorption 
step and thus the reversibility of the adsorption equilibrium [104]. 

In particular, the influence of adsorbent dosage is the most important 
factor to consider because it determines the degree of adsorption and 

calculates the cost of adsorbent per unit of solutions to be processed 
[80]. When the adsorbent dosage increases and all other parameters are 
kept constant, the adsorption efficiency initially increases, reaches a 
peak, and then begins to decrease [113]. Moreover, adsorption effi-
ciency improves with increasing contact time. The amount of adsorbate 
adsorbed on the surface of the adsorbent increases rapidly in the initial 
phase, and at a certain stage the process comes to a halt and reaches a 
constant value [104]. 

Therefore, further research is needed to determine the optimal pa-
rameters for the adsorption process to achieve the highest rate of 
removal of pollutants in wastewater. Adsorption can be evaluated for its 
suitability as a treatment substitute because it has been demonstrated to 
be an effective wastewater treatment method when compared to other 
methods. 

4.2. Type of adsorbents 

Several researchers have recently devoted themselves to finding 
adsorbents that have a large surface area, cost-effective, non-toxic and 
can be regenerated easily [84,116–118]. To remove metal ions from 
wastewater, many adsorbents and their mechanisms have been inves-
tigated, including natural materials, industrial and agricultural by- 
products, and modified geopolymer materials [119,120]. The concen-
tration and type of pollutants present in wastewater, as well as the 
adsorption capacity and effectiveness of the pollutants influence the 
selection of an adsorbent for pollutant removal [121–124]. Other than 
that, technical applicability and cost effectiveness are the key factors 
that play a major role in selecting the most suitable adsorbent for 
treating pollutants in wastewater [2,6,125,126]. The different types of 
adsorbents used in wastewater treatment are categorized in Fig. 4. 

There are a variety of adsorbents of various natures can be used 
either in unmodified or modified form to remove harmful heavy metal 
ions from wastewater [4,61,119,125]. The choice of precursor material 
for the development of low-cost adsorbents depends on many factors. 
The precursor material should be freely available, inexpensive, and non- 
hazardous [127–129]. In addition, high content of carbon or oxygen in 
the adsorbent component is required for good adsorption results. Other 
properties include high abrasion resistance, high thermal stability, and 
small pore diameter that result in larger exposed surface area and 
consequently higher surface capacity for adsorption [118,130]. In the 
1940 s, activated carbon was used as an adsorbent for wastewater 
treatment. However, activated carbon is expensive and cannot be used 
on a large scale [104,111]. This situation forced scientists to develop 
low-cost adsorbents, i.e., alternatives to activated carbon. Using waste 
products to develop low-cost adsorbents contributes to waste minimi-
zation, recycling, and reuse. There are also research that points to the 
practical use of bio-adsorbents for an economical and environmentally 

Fig. 3. Adsorption process used for wastewater treatment. The metal ions in wastewater is adsorbed onto surface of adsorbent, which has high surface area due to its 
porosity. The regeneration process could be achieved using desorbing agent [84]. 
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friendly approach to wastewater treatment [22,131]. Due to its low cost, 
ease of operation and processing for recovery of heavy metals, and high 
selectivity, this material has become an alternative to conventional 
technologies. 

Researchers have discovered effective adsorbents in the form of 
nanoscale materials, which have been observed as essential materials for 
the removal of dyes, heavy metals, organic compounds, etc. from 
wastewater [68,118,132,133]. Indeed, these nanomaterials have ver-
satile properties due to their small size and large surface-to-volume ratio 
[134]. Recently, nanomaterials, nano adsorbents or nanoparticles have 
shown successful applications in many fields, especially in the removal 
of metallic pollutants from industrial wastewater [97,118,133]. 

Furthermore, a wide range of low-cost adsorbents have been tested 
for their ability to remove various types of contaminants from waste-
water [48,135]. Low-cost adsorbents were classified into five types 
namely agricultural and domestic wastes, manufacturing by-products, 
constituents from soil, soil and mineral constituents, and novel low- 
cost adsorbents [25,65,136]. Novel adsorbents with low cost represent 
successful green technology [137]. In nature, there are several materials 
that have similar properties to the natural adsorbent. They have been 
successfully used to remove pollutants, heavy metal ions, organic com-
pounds, and dyes from wastewater, including chitin [117], clay 
[3,4,18,32], zeolite [26–31], peat moss [138,139], charcoal 
[38,102,140,141], and wood [126,142]. Table 3 summarises the 
adsorption capacity for each cost-effective adsorbent used in wastewater 
treatment. 

Adsorbents based on carbonate minerals for the removal of heavy 
metals have been the goal of many research in the development of 
inexpensive and simple removal technologies [84,149,150]. This has led 
many researchers to search for cheaper adsorbents such as fly ash 
[151–153], coal [154], silica gel [155], wood waste [95], clay materials 
[3,4,18,32], and dolomite [44,64,156–158]. For this reason, dolomite is 
a relatively cheap and abundant material that can be found anywhere 
around the world. As mentioned by other researchers, their recent study 
has shown that dolomite is also an effective sorbent for metals 
[39,42,44,90,148,158–161]. Due to its ability to absorb certain haz-
ardous compounds, dolomite has received a lot of attention, which has 
led to numerous research studies looking at its various applications for 
wastewater treatment [158,162,163]. Therefore, in this paper, the 

properties of dolomite as the most important precursor material in the 
adsorption process are highlighted to achieve better understanding of 
the formation of geopolymer adsorbents. 

4.3. Recyclability of adsorbents 

Recycling solid waste into a valuable product is always the priority 
solution in waste management. Disposal of by-products generated from 
the combustion of raw materials, manufacturing processes, and service 
industries in various applications is a serious problem that needs to be 
addressed [164–166]. If not disposed of properly, they can disrupt 
ecological cycles, endanger soils and water bodies, and cause severe air 
pollution such as the haze and smog that have occurred in recent years 
[167]. With the environmental awareness and the scarcity of landfill 
space, recycling of waste/by-products has become an attractive alter-
native to disposal. 

A variety of low-cost adsorbents have been studied for their ability to 
remove different types of pollutants from wastewater [153,158]. In 
general, the goal is to replace activated carbon (expensive material), 
which is a by-product from various activities, such as agriculture and 
industry. These by-products currently pose a variety of disposal prob-
lems due to their volume, toxicity, or physical nature, such as petroleum 
wastes, scrap tyres, and rice hulls. If these wastes could be used as low- 
cost and recyclable adsorbents, the pollution benefits would be twofold. 
First, the waste of by-products could be partially reduced, and second, 
the low-cost adsorbent, if developed, can reduce the pollution of 
wastewater at a reasonable cost. 

Several research studies have used recycled waste from by-products 
and low-cost materials to produce an adsorbent [66,89,135,167–169]. 
Bhatnagar et al. [135] studied the use of various agricultural waste 
shells as adsorbents to remove organic (dyes) and inorganic (heavy 
metals) pollutants from wastewater. Similarly, Gautam et al. [170] 
studied the removal of heavy metals from wastewater using agricultural 
and household wastes and also investigated the equilibrium modelling 
of a number of biosorption processes and the structural, chemical and 
morphological changes and activation of bio sorbents. Yagub et al. [171] 
studied dyes, their classification and toxicity, different treatment 
methods and adsorption properties of dyes using different adsorbents 
such as agricultural, industrial and soils and ores. Despite numerous 

Fig. 4. Various types of adsorbents in wastewater treatment.  

Table 3 
The types of low cost adsorbent for adsorption capacity in wastewater.  

Adsorbents Pollutants Adsorption capacity (mg/g) Maximum removal efficiency (%) Reference 

Activated carbon Crystal violet dye 84.11 85–90 [143] 
Natural zeolite Dye 177.75 60 [131] 
Modified sawdust Heavy metal (Cr) 8.84 100 [144] 
Red mud Cr 

Pb 
35.66 
64.79 

– 
- 

[145] 

Coal fly ash Cd 
Zn 

18.98 
6.5–13.3 

100 
- 

[144] 

Eggshell waste Cd 
Cu 

111.1 
142.86 

94 
93.17 

[146] 

Fly ash geopolymer Anionic surfactant 714.3 – [147] 
Dolomite CdPb  

(II) 
Zn 

27.0–93.5 
24.8–212 
24.0–51.4 

98 
98–100 
97–100 

[148]  
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reviews, some studies have shown that waste dolomite powder can be 
recycled into alkaline activated material. The results of the studies have 
also shown that the alkaline activated waste dolomite powder has 
excellent mechanical properties and high heat resistance [172]. The 
ability of dolomite to form a good alkaline activated material can be 
beneficial for conducting this study. Moreover, recycling and using this 
waste material is the only way to save non-renewable resources and 
conserve scarce landfill space. 

5. Dolomite as Low-Cost adsorbent 

Dolomite, CaMg(CO3)2 is a form of limestone, is one of the minerals 
found as a sedimentary mineral in most natural carbonate rocks and is 
composed primarily of mineral dolomite (also known as dolostone) 
[58,156,173]. Dolomite is naturally rich in magnesium and calcium 
carbonate. For over six decades, the occurrence and origin of dolomite 
has been an interesting topic [174,175]. Dolomite is probably the only 
mineral whose origin is speculated as much as that of other carbonate 
minerals. Dolomite is mainly used in Malaysia as a sub-base for roads 
and buildings and as an aggregate for cement and asphalt in concrete 
[64,176]. This material is also used for soil improvement in the float 
glass and fertiliser industries. Other than that, dolomite is an important 
industrial mineral used mainly for metallurgical purposes, for acid 
neutralisation in the chemical industry, in river restoration projects, and 
as a soil conditioner. In addition, this carbonate mineral is used as a 
source of magnesia (MgO), as a feed additive for livestock, as a sintering 
agent and flux in metalworking, and as a component in the manufacture 
of glass, bricks, and ceramics. According to Mohammed et al. [156], 
dolomite has high potential for use as a cracking catalyst in the biomass 
gasification process due to its properties, which include calcination 
balance and chemical composition in addition to geometric surface area 
and average pore diameter. It can be proven that dolomite has the ability 
to improve mechanical properties in other industries. 

Dolomite is very common materials can be found around the world 
such as in Indonesia, Canada, Switzerland, Mexico and Spain. In general, 
dolomite is soft and can be easily crushed into fine powder (Fig. 5), 
which makes it an easy and inexpensive material to obtain [156,177]. In 
addition, dolomite mineral can be used as a raw material for geopolymer 
composites [173]. However, the use of dolomite as a precursor material 
in the geopolymer field is still new and at an early stage of research, and 
only few researchers have conducted studies on the suitability of dolo-
mite for use in geopolymers [56,90,161,162,178]. Therefore, it is 
beneficial to conduct this study with respect to dolomite as an adsorbent 
in the geopolymer field. 

The chemical compositions of dolomite are shown in Table 4 
[52,90,156,179]. It contains small amount of alumina oxide (Al2O3) and 
silicon dioxide (SiO2) composition that makes it possible to be a raw 
material for geopolymer. It also contains high calcium oxide (CaO) and 
magnesium oxide (MgO) compositions, which can be an advantage to 
form a good adsorbent material. 

According to the chemical compositions in Table 4, dolomite has the 
highest CaO concentration (33.4 %), followed by MgO (17.1 %), while 
SiO2 and Al2O3 are slightly lower, with 2.5 % and 0.7 %, respectively. 
Lower amount of Si and Al is one of the reasons dolomite is rarely used in 
geopolymer. This is because, the main compounds in the raw material to 
be used and converted into geopolymer are Si and Al. Reportedly, the 
effectiveness of geopolymers increases with increasing Si and Al con-
centration [180,181]. Therefore, since the use of dolomite in geo-
polymers is still new and at an early stage of research [130,161,167], 
further studies on dolomite for geopolymers need to be conducted as this 
carbonate mineral is potentially a sustainable solution and environ-
mentally friendly for all forms of life. 

Fig. 6 illustrates the results of scanning electron microscopy (SEM) 
and EDX spectra of the dolomite samples taken by SEM (JEOL 5600- LV 
Model instrument) [158]. The images show that the dolomite sample has 
a considerable amount of calcite impurities, with calcite and dolomite in 
the light grey areas. Most dolomite minerals are anhedral to subhedral in 
shape with spherical crystals; euedric dolomite crystals are uncommon. 
Finally, all key elements (Ca, Mg) present in dolomite are present in the 
EDX spectra. Dolomite was found to have a higher content of Ca and Mg. 
Table 5 shows the changes of total specific surface area of dolomite due 
to the thermal modification. 

Based on Table 5, according to previous studies by Marouf et al. 
[182], the specific surface area of dolomite heated in a muffle furnace at 
1000 ◦C was six times higher than the corresponding value of raw 
dolomite (1.82 m2/g). As supported by the Albadarin et al. [39], they 
suggested that dolomite can be a useful material for the removal of metal 
ions as an adsorbent because it has a larger total surface area, whereas 
conventional porous solids generally have low adsorption capacity and 
are kinetically slow. Also, Hua et al. [77] mentioned that higher specific 
surface area, pore size, and larger pore volume can lead to a remarkable 

Fig. 5. Dolomite industrial waste in the form of (a) crushed into powder (b) aggregates [63].  

Table 4 
Chemical compositions of dolomite [179].  

CaO SiO2 Al2O3 Fe2O3 MgO K2O NA2O  

33.4  2.5  0.7  0.3  17.1  0.1  0.1 

*Loss of ignition: 45.8. 
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increase in adsorption performance. Therefore, it can be concluded that 
dolomite has a great potential for high specific surface area, which can 
be beneficial in removing heavy metals and other contaminants from 
wastewater. 

Studies on the adsorption of metals from wastewater showed that 
carbonate minerals have significant sorption properties [90,183]. In 
addition, carbonates increased the pH while decreasing the mobility of 
metals. Therefore, carbonates were recognized as good materials for the 
removal of heavy metals from industrial wastewater and for the 
immobilization of metals. Other authors have found in their recent 
research that dolomite is also an effective sorbent for metals 
[41,148,160,184]. In a previous study by Ivanets et al. [160], modified 
dolomite was successfully used to remove metal ions such as Zn2+, Fe2+, 
Cu2+, Pb2+, Cd2+, Ni2+ and Co2+ using model solutions, and the removal 
efficiency exceeded 85 %. Similarly, the study by Li et al. [44] achieved 
phosphate removal efficiency up to 96.8 % at pH 4.5. Another research 
performed by Ghaemi et al. [159] found that the adsorption process by 
dolomite is one of the most effective methods to remove metal ions from 
wastewater and water resources. Similarly, Gruszecka Kosowska et al. 
[148] used dolomite as an adsorbent to remove heavy metals such as Cd, 
Pb (II) and Zn in aqueous solution. This proves the ability and suitability 
of dolomite as a great potential of geopolymer adsorbent to remove 
heavy metals in various water. 

The next section discusses some critical factors that affect the prop-
erties of geopolymer adsorbents and help achieve a good mix of design 

and formulation of geopolymers, including solid to liquid (S/L) ratio, 
sodium hydroxide (NaOH) molarity, and sodium silicate (Na2SiO3)/ 
NaOH ratio. 

6. Geopolymer 

The term geopolymer was first introduced by Prof. Joseph Davidovits 
in the 1970 s [127]. It is an inorganic polymer obtained from alkali 
activation of aluminosilicate materials such as fly ash, ground granu-
lated blast furnace slag, metakaolin and others. Geopolymer is formed 
through a process called geopolymerization, which involves three main 
steps; dissolution, gelation and polycondensation. First, a strong alkali 
solution dissolves aluminosilicate materials to form free tetrahedral 
[SiO2] and [Al2O3] units. Then, the tetrahedral units are alternatively 
linked to the polymeric precursor by sharing an oxygen atom to form a 
polymeric Si-O-Al-O bond [185]. 

In general, geopolymer is an aluminosilicate compound that was 
formed by the reactions between silica (SiO2) and alumina (Al2O3) in the 
presence of alkaline activators such as sodium hydroxide (NaOH) and 
potassium hydroxide (KOH) [186,187]. The Si/Al ratios of the raw 
materials also play a key role in geopolymerization process and prop-
erties. The solid/liquid ratio (S/L) corresponds to the ratio of alumino-
silicate source to activator solution. The alkaline activator of the 
aluminosilicate source is a mixture of solid and liquid. The liquid is 
extremely alkaline, and the solid contains a reasonable amount of highly 
reactive silica aluminate. From a previous study by Alonso et al. [188], it 
was found that the initial solid content has a large effect on the rate of 
geopolymer formation; it was clear that as the solid–liquid ratio 
increased, a large number of precipitates were observed. This is attrib-
uted to the high solute reactant content. As the solid–liquid ratio 
increased, the geopolymer sample became less homogeneous due to the 
limited amount of alkali activator. Joshi and Kadu [189] also analysed 
the effect of solid–liquid ratio (1.75 to 3.0) using fly ash based geo-
polymers to increase compressive strength. It can be said that the ratio of 
solid to liquid play an important role to produce a good geopolymer 
adsorbent which resulted in higher performance of adsorption. 

Alkali Activated Materials (AAMs) have interesting and valuable 
physical, chemical and mechanical properties comparable to those of 
Ordinary Portland Cement (OPC), making them suitable for use in 
construction, such as high strength [190], low shrinkage [191,192], 
good chemical resistance [193,194], excellent fire resistance compara-
ble to the heat of hydration of OPC [195] and excellent adsorption 
properties [196,197]. This is due to the use of recycled raw materials 
and wastes with high aluminosilicate composition as precursors, also 
known as pozzolanic materials. In general, all materials with high 
composition of SiO2 and Al2O3 have a great potential to be used as AABs 
precursors. The high composition of SiO2 and Al2O3 is important 
because it forms the backbone of AABs and contributes to their strength. 

Recently, geopolymer materials are considered environmentally 
friendly because they are produced at low temperatures (<100 ◦C) and 
emit less CO2 compared to conventional cement [47,50,198]. Although 
most studies on geopolymers have focused on the field of concrete 
construction materials application [45,48,56,199], they have been 
considered as suitable substitutes for aqueous solutions in adsorption 
applications. The potential of geopolymers as adsorbents for the removal 
of heavy metals has been explored, which is due to their three- 
dimensional network structure and pore structure [200,201]. There-
fore, further studies on geopolymers as adsorbents in the form of con-
ventional geopolymers, porous geopolymers, and permeable 
geopolymers are crucial as porosity is one of the main components for 
adsorption capacity of geopolymers. 

6.1. Geopolymerization of dolomite as adsorbent 

AAMs also known as geopolymers, have received considerable 
research attention in recent years due to their potential to be used 

Fig. 6. (a) Dolomite SEM graph (from small to medium grain dolomite cystals); 
(b)energy dispersive X-ray spectrum (EDX) [158]. 

Table 5 
Changes of total specific surface area of dolomite using different thermal 
modifications.  

Samples Total 
surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Pore 
radius 
(Å) 

References 

Raw dolomite  4.63 0.0064 15.97 [39] 
Raw dolomite dried at 

150 ◦C  
0.7 0.01 21.2 [130] 

Dolomite heated at 
800 ◦C  

11.3 0.05 81.5 

Dolomite heated at 
800 ◦C and washed 
with borax suffer  

18.3 0.07 43.3 

Dolomite heated at 
800 ◦C for 6 hr  

19.5 NR NR [163] 

Dolomite heated at 
800 ◦C for 12 hr  

23.0 NR NR  

Dolomite heated at 
800 ◦C for 18 hr  

36.0 NR NR 

Dolomite heated at 
800 ◦C for 24 hr  

23.0 NR NR 

Dolomite heated at 
800 ◦C for 2 hr  

9.34 NR NR [182] 

Dolomite heated at 
900 ◦C for 2 hr  

9.77 NR NR 

Dolomite heated at 
1000 ◦C for 2 hr  

11.36 NR NR 

*NR = not reported. 
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entirely in a cement-free composite, as well as their environmental 
friendliness and excellent mechanical properties compared to OPC 
[190,193,195,202,203]. OPC is usually used as a main binder for con-
crete, but it is also one of the main contributors to global anthropogenic 
carbon emissions. In order to protect our environment while meeting the 
increasing demand for concrete, it is of utmost importance to find al-
ternatives that can replace OPC in concrete production. The AABs also 
unveiled a future toolkit for ’sustainable cement binder systems’ made 
from a wide range of aluminosilicate precursors. In other words, AABs 
possess characteristics with high strength, similar to concrete but emit 
less CO2 during the production process. CO2 emissions from geo-
polymers are said to be at least 80 % lower than that from OPC pro-
duction [122,204]. 

Theoretically, any materials composed of silica and aluminium can 
be alkaline activated. In recent years, many materials have been used, 
including metakaolin, fly ash, blast furnace slag, red mud, kaolinitic 
clays, mixtures of fly ash and slag, etc [128,194,198,205]. Table 6 shows 
the effects of the various AAMs on composite material, which affect the 
mechanical properties of the products. Furthermore, the formation of 
geopolymer was investigated in the form of conventional [169], porous 
[206] and pervious geopolymer [207]. However, studies have shown 
that porous geopolymers are a promising, cost-effective, and environ-
mentally friendly adsorbent with high adsorption capacity that can be 
produced in various sizes and shapes, such as powder, sphere, or 
monolith [208,209]. Table 7 provides an overview of the current 
development of geopolymer adsorbents by various researchers with 
different molarity of NaOH which affect the adsorption capacity. It has 
been reported that higher porosity can lead to better adsorption capacity 
[210,211]. Therefore, in order to improve the performance and discover 
more possibilities of geopolymers as absorbents, the use of porous and 
permeable geopolymers has been explored. 

The properties of AAMs are strongly influenced by the type of 
aluminosilicate used [178,196,220]. AAMs are classified here as either 
solitary or binary, depending on whether the aluminosilicate precursor 
is used alone or in combination with other types. In a previous study, 
dolomite was used only as a filler and substitute for other raw materials 
in alkali-activated composites and geopolymer composites [52,53]. 
However, as far as we are aware, there are no studies in the literature on 
dolomite powder as a raw material for alkali activated material. This is 
due to the problem of dolomite having low reactivity as a geopolymer 
due to the lower concentration of Si and Al in the chemical composi-
tions. Zarina et al. [53] used dolomite only as an additive to boiler ash, 
which turned into geopolymer paste, while Yip et al. [52] used dolomite 
only as a carbonate mineral additive to a metakaolin-based geopolymer. 
However, research on the use of dolomite in geopolymers is still in its 
early stages [56,90,161,162]. Information on geopolymers made of 
dolomite is scarce, especially regarding the emergence of strength at 
high temperature. Hence, in this study, a composite of dolomite and 
hydroxyapatite (DHAP) was prepared as a new potential precursor in the 

alkali activation process to produce adsorbent material. Such dolomite 
with cheap raw material, mild preparation conditions and excellent 
properties may be an excellent candidate for geopolymer production in 
the future. The addition of hydroxyapatite (Ca5(PO4)3(OH)-HAP) can 
create a new potential material to yield high mechanical performance. 
Also, Tchakouté et al. [57] used HAP as a support material in geo-
polymers, which can achieve a compressive strength of more than 40 
MPa and can be used as bone implants. The properties of the HAP itself 
can also influence the process: Characteristics such as crystallinity and 
surface area, for example, can affect ion removal. Therefore, the aim of 
this study is to synthesize geopolymers based on dolomite with addition 
of HAP as a filler. The performance of this adsorbent was evaluated 
based on the removal efficiency of heavy metals and other contaminants 
in wastewater. 

7. Immobilization process on geopolymer adsorbent 

Besides heavy metals, other pollutants such as harmful bacteria and 
excessive nutrient levels can also be a serious problem, leading to 
eutrophication and consequent degradation of water quality. Eutrophi-
cation leads to a depletion of dissolved oxygen and promotes the growth 
of toxic cyanobacteria. In this regard, previous research has reported the 
removal of these pollutants by geopolymer using the immobilization of 
bacteria process [221–224]. Immobilization is a process that involves 
the attachment or adsorption of the bacteria to or within the media by 
several methods [225]. To immobilize bacteria, there are a number of 
methods commonly known as physical and chemical strategies. Physical 
methods include adsorption process, trapping, and physical micro- 
capsulation. While in chemistry, covalent relationships which is 
known as crosslinking, occur between the media carriers and the cells of 
the bacteria. Bacteria can be embedded in a media by avoiding direct 
contact between the bacteria and the environment. However, most 
studies have found that crosslinking method is limited and can cause 
bacteria leakage [62,83,222,226]. Moreover, immobilization of bacteria 
by crosslinking has major drawbacks that are expensive and may reduce 
the catalytic ability of bacteria due to toxicity of reagents [227,228]. 
Therefore, in the present study, the physical method through adsorption 
process was chosen to immobilize bacteria as the most desirable method 
because it is simple, inexpensive, and does not require pre-treatment 
with other reagents [221,222,229]. 

Many geopolymers have been studied to have better performance in 
healing cracks by using immobilized bacteria [46,223,224,230]. As 
mentioned by Polat and Uysal [230], the bacterium Sporosarcina pas-
teurii (formerly known as Bacillus pasteurii) was used to heal cracks in 
concrete with metakaolin-based geopolymers. The results showed that 
the strength of the concrete also increased and water penetration into 
the concrete was reduced. Ekinci et al. [223] reported that the self- 
healing mechanism resulting from the metabolic activity of Bacillus 
subtilis can be successfully used in geopolymer composites to achieve 
high durability and mechanical properties. Thus, it is shows that the use 
of immobilized bacteria in geopolymer can improve the mechanical 
properties for various applications in concrete. Microbial community 
can also act as an adsorbent for removal of heavy metal and inorganic/ 
organic contaminants from wastewater [231,232]. In this review, the 
ability of combining microbial and geopolymer to adsorb heavy metal 
was studied. Furthermore, bacterial strains can also be used to purify 
industrial water from heavy metals. To obtain a more reliable and 
reproducible system, the bacteria should be immobilised on a solid 
matrix [233]. However, the use of immobilized bacteria in geopolymers, 
especially when dolomite is used as a precursor material, to treat 
wastewater, particularly to remove heavy metals, excessive nutrients, 
and bacteria, has not yet been studied. Therefore, it is beneficial to 
conduct this study even though the information on immobilization on a 
geopolymer adsorbent is scarce. 

Other than that, HAP can be a new potential carrier because it has 
been extensively studied in recent decades. Due to its biocompatibility 

Table 6 
The effect in composite from various type of AAMs that has been used recently.  

AAMs Effect in composite Reference 

Metakaolin Final product consists of a polymeric model and 
high mechanical strength 

[203] 

Fly ash Gives high mechanical strength [212] 
Blast furnace slag Higher mechanical strength of mortar, only 

when activated with Na2SiO3⋅nH2O + NaOH 
[203] 

Red mud Higher bond strength [205] 
Kaolinitic clays Low shrinkage and low cation exchange 

capacity 
[213] 

Dolomite Excellent early strength and high strength 
properties 

[190] 

Mixtures of fly ash 
and slag 

High mechanical performance, low energy cost 
and low pollutant gases emission 

[214] 

Mixtures of red 
mud and slag 

High early and ultimate strength and good 
resistance against chemical attacks 

[215]  
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and bioactivity, it is considered a very important material for medical 
and dental applications (bio-implants) and drug delivery systems [234]. 
In a previous study by Rapoport et al. [235], HAP was used for the first 
time as a new carrier immobilised with the yeast cell Saccharomyces 
cerevisiae and was successfully used for biotechnological removal of 
heavy metal ions (Cr2+) in wastewater. Similarly, the study by Picirillo 
et al. [234] used HAP to remove heavy metals such as Zn(II) and Cd(II) 
with the combination of immobilised bacteria. Pseudomonas fluorescens 
(S3X), Microbacterium oxydans (EC29) and Cupriavidus sp. (1C2) were 
selected due to their resistance to heavy metals and their ability to 
adsorb the metals. Consequently, the combination of HAP with immo-
bilised bacteria resulted in a higher adsorption capacity compared to the 
raw material HAP (unmodified HAP). Therefore, the aim of this study is 
to explore the possibility of using immobilised bacteria based on geo-
polymer adsorbents using a new carrier of dolomite with a mixture of 
HAP, and to verify the ability of immobilised bacteria on geopolymer 
adsorbents to be used for wastewater treatment, especially for the 
removal of heavy metals and other pollutants. 

8. Summary and future works 

This paper reviewed the application of dolomite with hydroxyapatite 
as a low-cost adsorbent. The performance of dolomite as the main ma-
terial for geopolymer adsorbents depends on specific properties such as 
the physical and chemical compositions, the porosity of the material, 
and the functional surface properties. The selection of the adsorption 
process is also important, as it is the most economical and effective 
method for removing inorganic and organic pollutants in wastewater. 
This is because adsorption requires simple equipment and easy to 
operate. In addition, this method can use a low-cost adsorbent, making it 
a cost-effective method. However, there are several parameters that 
affect the efficiency of the adsorbent in removing pollutants in waste-
water, including the surface area of the adsorbent, the initial concen-
tration of the adsorbate, the pH of the solution, contact time, 
temperature, and dosage of the adsorbent. Therefore, these parameters 
are considered to be critical in enhancing the performance of adsorption 
process. 

Moreover, this article also described the properties of geopolymers, 
which have high compressive strength, low shrinkage, good chemical 
resistance, excellent fire resistance, and excellent adsorption properties. 
The potential of geopolymers as adsorbents for the removal of heavy 
metals has been explored, which is due to their three-dimensional 
network structure and pore structure. 

This paper also discussed the potential of dolomite as a precursor 
material in geopolymer adsorbent. This is because dolomite can 
compose silica and aluminium which can serve as the basis for the 
geopolymerization process through alkali activation. Other than that, 
due to the higher specific surface area, pore size, and larger pore volume 
can lead to a remarkable increase in adsorption performance. Many 

researchers use stand-alone materials as geopolymer adsorbents in other 
contexts but combining materials with other materials may be another 
alternatives to enhance their properties. Some studies have shown that 
the properties of geopolymers can be improved when a moderate 
amount of calcium-containing material is added to the geopolymer. 
There are also some studies, which used HAP as an additive to improve 
mechanical performance of dolomite. However, based on limited 
experimental study, there is lack of studies on the use of geopolymer 
based on dolomite. Only a few researchers have studied geopolymer on 
dolomite as an additive to the metakaolin and boiler ash materials. Thus, 
this article only discussed the capability of dolomite and HAP as new 
potential adsorbents in geopolymer based on their mechanical 
properties. 

From the literature reviews, the following research gaps have been 
identified, and several future works are proposed in this study, as listed 
below:  

i. More studies on the parameters affecting the adsorption process 
are required due to its influence on the effectiveness of removal of 
pollutants especially in wastewater.  

ii. Further investigations on solid to liquid ratio of alkaline activator 
(Na2SiO3/NaOH) between dolomite and HAP in order to under-
stand the physio chemistry properties of those materials should 
be conducted.  

iii. The shapes of geopolymer adsorbent need to be observed in order 
to achieve the optimum conditions such as in the form of con-
ventional, porous and pervious.  

iv. Research on the suitability of immobilized bacteria coated with 
dolomite and HAP as geopolymer adsorbents to enhance the 
removal efficiency of pollutants need to be further investigated. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

The authors gratefully acknowledge the Ministry of Higher Educa-
tion, Malaysia, through the Fundamental Research Grant Scheme 
(FRGS) under reference number FRGS/1/2020/TK0/UNIMAP/01/2. 
The authors would like to acknowledge Geopolymer and Green Tech-
nology, Centre of Excellence (CEGeoGTech), University Malaysia Perlis 
(UniMAP), Faculty of Chemical Engineering Technology, UniMAP for 

Table 7 
Current development of geopolymer adsorbents from various researchers.  

Precursor 
materials 

Alkaline activator Curing condition Shape and size Removal efficiency of heavy 
metals 

Reference 

Coal fly ash 14 M NaOH 105 ◦C at 24hrs 
RT:3 days 

Powder (200 μm) Pb2+

(67.75 mg/g) 
[216] 

Biomass fly ash 12 M NaOH & 
Na2SiO3 

Sealed, 40 ◦C and 65 % RT; 
7 days 
Sealed, RT; 21 days 

Monolith (Cylindrical disk, 22 mm diameter and 3 
mm thickness) 

Pb2+ (6.3 mg/g) [217] 

Metakaolin 10 M NaOH & 
Na2SiO3 

i)Sealed: 80 ◦C, RT: 2 days 
ii) Unsealed: 80 ◦C, RT: 3 
days  

60 ◦C under vacuum, RT:24 
hrs 

Powder (150 μm)   

Sphere  
(2–4 mm) 

Mn2+, Co2+ (72.34 mg/g, 
69.23 mg/g) 
Zn2+, Ni2+ (74.53 mg/g, 42.61 
mg/g) 
Cu2+ (52.63 mg/g) 

[210,169,218] 

Slag 10 M NaOH & 
Na2SiO3 

25 ◦C, RT: 3 days Powder (100 μm) Ni2+ (82.29 mg/g) [219]  
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M. Sillanpää, Removal of Zn2+, Fe2+, Cu2+, Pb2+, Cd2+, Ni2+ and Co2+ ions 
from aqueous solutions using modified phosphate dolomite, J. Environ. Chem. 
Eng. 2 (2014) 981–987, https://doi.org/10.1016/J.JECE.2014.03.018. 

[161] E.A. Azimi, M.M.A.B. Abdullah, L.Y. Ming, H.C. Yong, K. Hussin, I.H. Aziz, 
Review of Dolomite as Precursor of Geopolymer Materials, MATEC Web Conf. 78 
(2016), https://doi.org/10.1051/matecconf/20167801090. 

[162] A. Syauqi Sauffi, W. Mastura Wan Ibrahim, M. Mustafa Al Bakri Abdulla, R. 
Ahmad, F. Ahmad Zaidi, A. Victor Sandu, Subaer, A Review of Carbonate 
Minerals as an Additive to Geopolymer Materials, IOP Conf. Ser. Mater. Sci. Eng. 
551 (2019). https://doi.org/10.1088/1757-899X/551/1/012084of Carbonate 
Minerals as an Additive to Geopolymer Materials, IOP Conf. Ser Mater. Sci. Eng. 
551 2019 10.1088/1757-899X/551/1/012084. 

[163] G.M. Walker, L. Hansen, J.A. Hanna, S.J. Allen, Kinetics of a reactive dye 
adsorption onto dolomitic sorbents, Water Res. 37 (2003) 2081–2089, https:// 
doi.org/10.1016/S0043-1354(02)00540-7. 

[164] Y.M. Liew, H. Kamarudin, A.M. Mustafa Al Bakri, M. Luqman, I. Khairul Nizar, C. 
Y. Heah, Investigating the possibility of utilization of kaolin and the potential of 
metakaolin to produce green cement for construction purposes-A review, Aust. J. 
Basic Appl. Sci. 5 (2011) 441–449. 

[165] M. Narodoslawsky, I. Obernberger, From waste to raw material - The route from 
biomass to wood ash for cadmium and other heavy metals, J. Hazard. Mater. 50 
(1996) 157–168, https://doi.org/10.1016/0304-3894(96)01785-2. 

[166] R. Siddique, Utilization of coal combustion by-products in sustainable 
construction materials, Resour. Conserv. Recycl. 54 (2010) 1060–1066, https:// 
doi.org/10.1016/j.resconrec.2010.06.011. 

[167] J. Liu, Y. Dong, X. Dong, S. Hampshire, L. Zhu, Z. Zhu, L. Li, Feasible recycling of 
industrial waste coal fly ash for preparation of anorthite-cordierite based porous 
ceramic membrane supports with addition of dolomite, J. Eur. Ceram. Soc. 36 
(2016) 1059–1071, https://doi.org/10.1016/j.jeurceramsoc.2015.11.012. 

[168] M. Sarabadan, H. Bashiri, S.M. Mousavi, Removal of crystal violet dye by an 
efficient and low cost adsorbent: Modeling, kinetic, equilibrium and 
thermodynamic studies, Korean J. Chem. Eng. 36 (2019) 1575–1586, https://doi. 
org/10.1007/s11814-019-0356-1. 
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[223] E. Ekinci, İ. Türkmen, E. Birhanli, Performance of self-healing geopolymer paste 
produced using Bacillus subtilis, Constr. Build. Mater. 325 (2022), 126837, 
https://doi.org/10.1016/J.CONBUILDMAT.2022.126837. 

[224] U.U. Jadhav, M. Lahoti, Z. Chen, J. Qiu, B. Cao, E.H. Yang, Viability of bacterial 
spores and crack healing in bacteria-containing geopolymer, Constr. Build. Mater. 
169 (2018) 716–723, https://doi.org/10.1016/J.CONBUILDMAT.2018.03.039. 

[225] S. Datta, L.R. Christena, Y.R.S. Rajaram, Enzyme immobilization: an overview on 
techniques and support materials, 3, Biotech. 3 (2013) 1–9, https://doi.org/ 
10.1007/s13205-012-0071-7. 

[226] P.H. Nielsen, A.T. Mielczarek, C. Kragelund, J.L. Nielsen, A.M. Saunders, Y. Kong, 
A.A. Hansen, J. Vollertsen, A conceptual ecosystem model of microbial 
communities in enhanced biological phosphorus removal plants, Water Res. 44 
(2010) 5070–5088, https://doi.org/10.1016/J.WATRES.2010.07.036. 
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Abstract: Nowadays, concepts of self-cleaning have received great attention in construction building
materials. Self-cleaning with the presence of photocatalyst has been applied in building materials to
overcome the problem of building surfaces becoming dirty after exposure for a long time in highly
polluted areas. To date, the concept of green blending materials has led to the development of a new
binding material for green materials, which is geopolymer with an addition of photocatalyst. This
review focused on the development of conventional self-cleaning paste, including the method of
preparation and the impact of adding photocatalyst on physical and mechanical properties. However,
although self-cleaning has been widely applied in conventional cement paste, its applications in
geopolymers are still in the early stages of development and require more research. Therefore, this
paper also intended to review the current knowledge on properties of geopolymer cement-based
composite and its potential to be applied as a self-cleaning coating.

Keywords: self-cleaning; geopolymer; nanoparticles; photocatalyst; coating

1. Introduction

Concrete is most widely used as a material in the construction industries [1]. Among
others, Portland cement is the most common type of concrete utilized as construction mate-
rial [2]. The demand of this type of concrete increases exponentially with city developments.
Besides being used as concrete, cement is also used as a paste for surface finishing for
buildings. However, the high utilization of cement or concrete causes air pollution, resulting
in the negative impacts on the environment [3]. In the Ordinary Portland Cement (OPC)
production processes, high amounts of carbon dioxide (CO2) are released into the atmo-
sphere, causing global warming [4]. Due to the high emission of greenhouse gases during
manufacturing of OPC, geopolymer is an alternative material to replace the cements-based
binder with industrial by-product, e.g., fly ash. In order to be developed for OPC substitu-
tion, geopolymer is an innovative, green alternative for construction material. Geopolymer
was invented by Davidovits [1] and belongs to the family of inorganic polymers.

Geopolymer is the combination of the pozzolanic compound, which is also known
as aluminosilicate source materials with an alkaline activator solution [5]. It was applied
as paste, mortar, and concrete for construction materials. In addition, it is also commonly
used in our surroundings, i.e., exterior tiles, paving blocks, etc [6].
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Due to its physical and morphological properties, fly ash (FA), which is an industrial
(coal power plant) by-product, is the most commonly used material in the production of
geopolymers [7]. Fly ash is also cheap and available worldwide [8–10]. Thus, it becomes a
potential source for greener cement production [10]. Instead of using Portland cement, fly
ash-based geopolymer paste is becoming a viable alternative because it has the potential to
reduce Portland cement usage while maintaining the physical and mechanical properties of
Portland cement concrete [2]. Geopolymer was also reported to exhibit better compressive
strength than OPC concrete [9].

Nowadays, most of the buildings in Malaysia have low sustainability in terms of
appearance. To be more precise, the concrete of the buildings, particularly the external
building walls, is suffering from a serious problem of tending to become dirty, especially
in areas that have been exposed for a long time in highly polluted surroundings. Besides,
natural disasters and old buildings demolition also contribute to the release of concrete
dust, which results in dusty and dull appearances of building surfaces over the years.

In order to maintain the appearance of the building, the construction industry has
been focusing on producing cementitious materials that not only have good physical
and mechanical performance but also have an additional property to clean the surface
of buildings alone. The self-cleaning concept has been applied in conventional cement
and has proven better performance in terms of physical, mechanical, and self-cleaning
properties. Meanwhile, in certain cases, the strength was decreased with the increase in
nanoparticles photocatalyst [11].

On the other hand, few years ago, the application of nanoparticles in cement-based
materials gained attention due to the unique properties of nanomaterials owing to the high
reactivity, fine particle size. and specific functional properties. With the implementation of
nanotechnology in construction and building materials, the performance of concrete-based
material was improved and enhanced in terms of increased strength and also new materials
development for other functional properties (i.e., self-cleaning properties, discoloration
resistance, etc.) [12–14].

The nanoparticles of the photocatalyst, which are zinc oxide (ZnO) and titanium
oxide (TiO2), were added in the cementitious material to develop self-cleaning properties.
Photocatalyst will decompose organic and inorganic pollutants to the lesser toxic form
under exposure to sunlight and ultraviolet (UV) light. The combination of photocatalyst
with cementitious materials has significant advantages. For example, it has the ability to
decompose unwanted organic compounds on the surface of concrete buildings, which can
be easily removed by rain [15–17]. As a consequence, buildings’ aesthetic appearance is
maintained by keeping the surface of the buildings free from dirt and preserving the colour,
even in industrial areas and polluted conditions [18].

This review focuses on previous research work on self-cleaning coating using con-
ventional cement and has potential to be applied in geopolymer cement-based composite.
Besides, this paper also reviews on using geopolymer as an alternative to OPC. Geopolymer
paste has the potential to be used as finishing materials with better physical and mechanical
properties in the construction industry. By adding nanoparticles materials as photocata-
lyst for self-cleaning applications, the geopolymer properties were expanded. From the
extensive reviews, the current knowledge gaps have been determined for further research.
It was found that nanoparticle photocatalysts have been widely used for self-cleaning
applications in conventional cement. However, their applications in geopolymer materials
are still in early stages of development and require more research. On the other hand, there
is a research gap in which only a few researchers are focused on physical and mechani-
cal properties rather than self-cleaning applications and photocatalytic degradation. The
benefits of introducing photocatalyst onto cementitious materials and the mechanism of
photocatalytic reaction in the self-cleaning process are discussed in the following section.
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2. Self-Cleaning
2.1. Self-Cleaning Mechanism

Self-cleaning is an automatic process of cleaning. The botanist, Wilhelm Barthlott
discovered the principle of self-cleaning in 1973 [16]. This is due to the photocatalytic action,
which removes the pollutants when the photocatalyst has been added [19]. The properties
of self-cleaning include that it is a “bio-inspired” material, mimicking biological systems
that exhibit the “lotus effect.” The surface exhibiting the lotus effect was created due to
functionalized nanoparticles, such as TiO2, ZnO, silicon oxide (SiO2), calcium carbonate
(CaCO3), or hydroxyapatite (HA) [20].

Self-cleaning refers to the ability of a mechanism to clean surfaces by itself. Self-
cleaning is used widely in cementitious materials. This is because of improved mechanical
properties and performance owing to the self-cleaning properties [21]. Photocatalytic reac-
tion consumes the energy from ultraviolet (UV) rays in order to oxidize organic compounds
and to degrade the other pollutants to a lesser toxic form under exposure to sunlight. With
the presence of UV radiation from the sun, photocatalytic reaction occurs. When heat and
light strike the concrete surface, which are covered by a layer of photocatalytic materials,
photocatalyst uses the energy to disintegrate the organic pollutant into the oxygen, water,
nitrate, sulphate molecule, CO2, etc., as shown in Figure 1 [19,22–24].
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Due to the superhydrophilic surface of the photocatalyst, the reaction products from
the self-cleaning process are easily removed by simple rinsing or rain [16]. The photocat-
alytic components consume the energy from sunlight to oxidize organic and inorganic
compounds. The air pollutants, which cause discoloration to the exposed surfaces, are
removed, and their residues are washed away by rain. Thus, this innovation minimizes the
costs of maintenance while ensuring cleaner environment [25].

Other than that, a photocatalyst converts organic particles and air pollutants that con-
sist of toxic to lesser toxic forms in the presence of UV radiation from the sun, e.g., nitrogen
oxides (NOx, NO + NO2) decomposed into lesser toxic forms, such as nitrogen dioxide
(NO2), nitrate (NO3), etc. In a photocatalytic reaction, NOx gases are first broken down into
nitric acid (HNO3) and attached to the droplet of water. The water droplet is then washed
away by rain, and nitric oxide (NO) is oxidised and converted to nitrates ions (NO3

−),
which are then flushed away as a weak HNO3 from the surface, as shown in Figure 2. This
is a promising approach for self-cleaning surfaces, and NOx degradation has successfully
solved the major environmental problem of air pollution [26]. This photocatalytic reac-
tion also contributes to volatile organic compounds (VOCs) decomposition, consequently
removing the contaminants and impurities from the surrounding environment [19].
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Buildings can maintain their aesthetic appearance by removing the dirt and stains
on the building surface, and the air quality can be improved through the degradation of
airborne pollutants [27,28]. Thus, the application of photocatalyst has been highlighted to
achieve eco-friendly and sustainable concrete, which greatly helped lower the ecological
cost in production of construction materials [29]. The application and utilization of self-
cleaning in cementitious materials are discussed in the following section.

2.2. Self-Cleaning Technology

Self-cleaning technology is commercialized to be applied in indoor and outdoor appli-
cations. In the last few decades, indoor and outdoor pollutions are becoming significant
concerns due to the exponential growth in the industrialization and urbanization over the
world [30]. Nowadays, abundant technologies have evolved from nature, one of which
is self-cleaning technology. There are numerous practical applications of self-cleaning
technology, for example, car mirror, solar panels, window glasses, textiles, tiles, ceram-
ics, paints, cementitious materials, etc. Self-cleaning materials have attained substantial
attention due to their unique properties and have the potential to reduce maintenance costs
of cleaning the surface of civil infrastructure. Self-cleaning technology has been used in
a variety of products, but the most popular application is for cementitious materials that
have self-cleaning properties [31–34].

According to the researchers and environmentalists, development of cement-based
photocatalytic materials has widely been applied in the construction industry and exten-
sively studied in order to produce photocatalytic finishing materials for buildings with
self-cleaning properties, which simultaneously reduce the pollutants, contributing towards
environmental benefits [30,35]. These applications range from architectural concrete panels
and precast (e.g., sidewalks, road surfacing panels, traffic dividers, and pavements) to
Portland cement-based plaster for finishing coating applications (e.g., cement paste, road
coating, concrete masonry block, facade, roof tiles, and sound barriers elements) [21,25,29].

Another area qualified for receiving attention is the TiO2-based cementitious materials
with self-cleaning ability. The applications of these technologies have been practically
applied under visible light irradiation, which is widely utilized in indoor walls, air purifiers,
and tunnels, etc., for long-term effects of air purifying and durability under real weather
conditions [36]. Instead of playing the role of a photocatalyst, TiO2 has also been utilized
as concrete additive and as paint for coating applications [26]. This was demonstrated in
Rome in 1998, when the self-cleaning properties of modified cement-blended concrete were
used for the first time in the construction of the church “Dives in Misericordia” [37].

Another application is at Dubai Sports City’s Cricket Stadium, where the roof was
coated with white cement containing TiO2 nanoparticles [28]. Other than that, photo-
catalytic cement concrete has been applied in lighting systems and the renovation of a
heavy traffic tunnel in Rome [25]. Additionally, the self-cleaning of TiO2-based materials
in combination with cement and paint has also been explored [30]. TiO2-based white
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cement as a cementitious binder was developed for enhancing the aesthetic durability
of cementitious materials [38]. The photocatalytic building materials have the ability to
mitigate air pollutants at urban areas by reducing nitrogen oxides (NOx) concentration
levels to the less toxic form and maintaining their aesthetic appearance as a function of
time. The photocatalyst of TiO2 was also used in concrete pavements production by mixing
the nanoparticles on the pavement surface [21]. Self-cleaning using conventional cement as
a coating base will be discussed in the next section.

2.3. Conventional Self-Cleaning

The self-cleaning paste is a promising new invention in cementitious materials and
has a potential for new approach to maintain cleaner city by reducing the air pollutants in
the urban areas. The photocatalytic reaction is capable of accelerating the natural oxidation
process and speeding up pollutant decomposition [19,23,24]. The self-cleaning property of
building materials displays multiple photocatalytic functions by preserving the aesthetic
appearance of the building even in harsh urban environments, which reduces the costs of
routine maintenance effectively and depollution that contributes to mitigating heat and
urban microclimates in ensuring a cleaner environment [23,31,38–40]. In another aspect,
the photocatalytic action also contributed to antimicrobial, air purifying, and self-cleaning
properties in construction materials [39].

Table 1 shows a summary of research on self-cleaning coating using conventional
cement. In recent research, the mechanical performances were improved by adding pho-
tocatalytic materials to the cement mortar [23]. Meanwhile, in some cases, the addition
of ZnO nanoparticles has negative impacts on compressive strength resulting in lower
strength because the water prevented the formation of cement paste in the concrete [11].
The nanoparticles photocatalyst filled in the voids between cement particles, resulting in
smaller pores and improved strength, properties modification, and cementitious materials’
thermal, durability, mechanical, and electrical properties [41]. The effects of nano-ZnO on
the strength, setting time, hydration, and microstructure of the cement paste were inves-
tigated by previous researcher [42]. The result demonstrates that 0.2 wt.% of nano-ZnO
addition into cement paste had influenced the process of early hydration, and the harden-
ing period was significantly prolonged. Furthermore, in terms of mechanical properties,
the results demonstrated that increasing nano-ZnO concentrations improved the long-age
strengths of cement paste. Implementation of nano-ZnO onto cement paste causes the pore
diameter distribution to become refined, and the microstructure of the cement paste formed
at 28 days is compacted.

Table 1. Research on conventional self-cleaning coating.

No. Author Dosage of Nanoparticles (wt%) Type of Photocatalyst Findings

1. Kumar et al. [23] 0.1, 0.2, and 2.0 Titania-doped silver � Mechanical properties improved
Strength increased

2. Behfarnia et al. [11]

� Zinc oxide
(0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0)
� Titanium oxide
(0, 1.0, 2.0, 3.0, 4.0, and 5.0)

� Zinc oxide
� Titanium oxide Strength decreased

3. Rao et al. [41]

� Silicon oxide
(0.75, 1.50, and 3.00)
� Titanium oxide
(0.5, 0.75, and 1.00)

� Silicon Oxide
� Titanium Oxide

� Strength increased
� Modified properties
� Improved durability, thermal, mechanical, and electrical properties

4. Liu et al. [42]

� Titanium oxide
(0.5, 1.0, 2.0, and 3.0)
� Zinc oxide
(0.5, 1.0, 1.5, and 2.0)
� Silicon oxide
(0.5, 1.0, 1.5, 2.0, and 3.0)
� Aluminum oxide
(0.25, 0.5, 0.75, and 1.0)

� Titanium oxide
� Zinc oxide
� Silicon oxide
� Aluminum oxide

� Setting time prolonged hardening period
� Long-term strength with increase dosage of nano-ZnO
� Pore diameter distribution was refined
Microstructure of cement-paste was compact

5. Hanus and Harris [31] N/A � Carbon nanotubes
� Carbon nanofibers � Produced cementitious materials with self-cleaning abilities
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Table 1. Cont.

No. Author Dosage of Nanoparticles (wt%) Type of Photocatalyst Findings

6. Duan et al. [43] 1.0, 3.0, and 5.0 Titanium oxide

� Accelerated hydration rate
� Promoted hydration degree
� Enhanced compressive strength
� Enhanced flexural strength at early age
� Incorporated 5 wt% of nano-TiO2 enhance physio-mechanical
� Pore structure refinement increased
� Decreased total porosity
� High resistance in chloride penetration

7. Shen et al. [44] 0, 2.5, 5.0, and 7.5 Titanium oxide � Degradation of methylene blue (MB) increase as a function of time
as TiO2 concentration increased

8. Cohen et al. [12]

� Titanium oxide
(1.0 and 3.0)
� Titanium oxynitride
(0.5, 1.0, and 3.0)

� Titanium oxide
� Titanium oxynitride � Highest photoactivity by the highest photocatalyst addition

9. Khatae et al. [45] 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 Titanium oxide

� Partial addition of nano-TiO2 up to 1% into modified white
Portland cement increased the compressive
� Flexural strength increased
� Decreased the setting time
� Decolorizing the dye increased as the amount of nano-TiO2
increased

10. Melo andTriches [46] 3.0, 6.0, and 10.0 Titanium oxide
� Addition of nanoparticles into cement matrix led to behaviour
alterations either in fresh and hardened states
� Influenced the mechanical performance

The nano-TiO2 addition to the paste, mortars, or concretes as a photocatalyst produced
cementitious materials with self-cleaning abilities [47]. There are tests that involve organic
substances, such as the colour of dyes degradation, to verify self-cleaning performances
of photocatalytic cements [38]. The photocatalytic properties of the materials were ex-
amined by degradation of methylene blue under exposure to sunlight, which increases
with the function of time as the TiO2 contents (0 wt.%, 2.5 wt.%, 5.0 wt.%, and 7.5 wt.%)
increase. It shows that the properties of the self-cleaning were enhanced by increasing the
admixture [44]. The highest photoactivity of Portland cement pastes blended with different
percentage of nanoparticles titanium oxynitride (0%, 0.5%, 1.0%, and 3.0%) and titanium
dioxide (1% and 3%) was determined by the sample that consists of the highest percentage
of photocatalyst addition [12].

On the other hand, Duan et al. [43] published their work on a nano-TiO2 addition to
the Portland cement, which accelerated the hydration rate, promoted hydration degree,
and enhanced compressive strength and flexural strengths at early age. The cited authors
also reported that the properties of physio-mechanical are more desirable than others when
incorporating 5 wt.% of nano-TiO2 into cement blends. The addition of nano-TiO2 increases
the pore structure refinement, decreases total porosity of cement paste, and increases
resistance to chloride penetration more than in the sample containing the same amount of
nano-SiO2.

In the present work, self-cleaning cement was produced by using titanium dioxide
as photocatalyst and white cement, whereas in a further work, Ag was doped into TiO2
to enhance the performance of self-cleaning. The activity of photocatalytic was evaluated
under sunlight and artificial light (UV light), and the results demonstrated that the prepared
sample with self-cleaning ability was able to clean their surfaces [23]. The same work was
presented by another author where partial addition of nano-TiO2 up to 1% into modified
white Portland cement increased the compressive and flexural strength and decreased
the setting time. The results indicated that as the amount of nano-TiO2 increases, the
self-cleaning properties also increased by efficiently decolorizing the dye. Thus, it can
be concluded that the TiO2-modified cements are suited to be used in buildings and
environmental technologies [45]. However, in certain cases, loading of nanoparticles into
matrix of cement led to the alteration behaviour either in fresh and hardened states and
also influenced the performance in terms of mechanical properties [46]. The next section
discusses the method that was discovered by previous researchers on how to prepare
self-cleaning cement paste.
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2.4. Method of Self-Cleaning Cement Preparation

There are a lot of methods and techniques for introducing photocatalyst into build-
ing materials besides directly mixing photocatalyst with cementitious materials, for ex-
ample, sol-gel dip coating method, precipitation method, ball milling, hydrothermal
method, microwave assisted synthesis, pulse combustion-spray pyrolysis method, sput-
tering, electrophoretic deposition, thermal oxidation, chemical vapor deposition, and wet
coating [33,47]. However, this traditional method has significant drawbacks, particularly
coating techniques, which typically have weak adhesion substrates, resulting in low durabil-
ity in harsh outdoor environments [21,48]. Consequently, the end products of cement-based
photocatalytic materials included losing the ability to decompose, leading to hydration of
cement product [49].

All the mixing methods of preparation of self-cleaning paste are summarized in Table 2.
For homogeneous mixing of zinc oxide, the nano-ZnO was firstly ultra-sonicated with
water for 15 min in a basin at ambient temperature and then added to the mixture [33]. The
same method was applied by Liu et al. [42], where the nano-ZnO were dispersed uniformly
into cement paste by using ultrasonic treatment. A previous researcher proposed nano
powder of ZnO to be mixed with water for 30 s with superplasticizer first before adding the
cement into the mixture [50]. The same method was used by Arefi and Zarchi [51] but by
mixing ZnO nanoparticles in dry condition in a drum mixer for two minutes before adding
water for another three minutes.

Table 2. Summary of mixing method in the preparation of self-cleaning paste.

Author Method of Mixing Time Dosage of Nanoparticles

Nochaiya et al. [33] Ultra-sonicated with water 15 min 0.0, 1.0, 2.0, and 5.0 of ZnO nanoparticles

Liu et al. [42] Ultra-sonicated with water 15 min 0.0, 0.05, 0.1, and 0.2 of ZnO nanoparticles

Yousefi et al. [52] Ultra-sonicated with water 5 to 15 min 0.0, 0.1, 0.3, and 0.5 of ZnO nanoparticles

Ma et al. [53] Ultra-sonicated with water 30 min 0.0, 1.0, 2.0, and 3.0 of TiO2 nanoparticles

Feng et al. [54,55] TiO2 and cement soaked in water and ultrasonically vibrated 30 min 0.0, 0.5, 1.0, and 1.5 of TiO2 nanoparticles

Nivethitha et al. [50] Mixed with water and superplasticizer 30 s 0.0, 1.0, 3.0, and 5.0 of ZnO nanoparticles

Arefi et al. [56] ZnO dry-mixed in drum mixer 2 min 0.0, 0.05, 0.1, 0.2, 0.5, and 1.0 of ZnO nanoparticles

Aissa et al. [57] Dry-mixed TiO2 and cement 30 s 0.0, 1.0, 2.5, 5.0, and 10.0 of TiO2 nanoparticles

Duan et al. [43] Dry-mixed TiO2 with fly ash - 0.0, 1.0, 3.0, and 5.0 of TiO2 nanoparticles

Shen et al. [44] Mixed using ball mill with diameter 500 mm 30 min 0.0, 2.5, 5.0, and 7.5 of TiO2 nanoparticles

In order to achieve even distribution before the mixing process, a similar method of
mixing was applied by other researchers, but the TiO2 nanoparticles and cement were
soaked in water and vibrated ultrasonically for 30 min [54]. On the other hand, Duan
et al. [58] reported the purpose of vibration is to remove the entrained air. Other researchers
reported that the TiO2 powder was added to dry cement, and subsequently water was
added before the mixing process [44,56]. In another approach, prior cement mortars were
cast at a sand-binder replacement with fly ash (0%, 10%, 20%, and 30% by cement-mass),
and nano-TiO2 with dosage 0% to 3% was added to deionized water, stirred, and dispersed
by ultrasonication at 325 W for 30 min for the uniform suspensions [53]. In order to avoid
nano-TiO2 in cement mixes agglomerate, effective dispersion of the in lime-saturated water
and deionized water followed by mechanical treatment of ultrasonication to enhance the
photocatalytic properties in cement mixes are crucial [52].

In the preparation stage, coating on existing buildings or mixing with binding materi-
als was applied in cementitious materials with titanium oxide as photocatalyst [39]. Guo
et al. [49] reported on the intermixing method, where paint coating-based TiO2 and P25
suspension coating were applied to incorporate TiO2 into self-compacting architectural
mortars. Photocatalytic cementitious materials have been utilized practically by either
directly spraying on the surface of cementitious materials of TiO2 photocatalysts or in-
termixing the photocatalysts into the raw materials [49]. Yang et al. [58] worked with
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industrial waste, where zeolite fly ash bead generated from coal power plant acted as a
carrier of TiO2 photocatalyst, which was applied by intermixing method, and the surface of
photocatalytic cementitious materials was sprayed for long-term performance in cement
matrix and photocatalytic efficiency to be improved. Shen et al. [44] proposed mixing
cement with various nanoparticles TiO2 contents (0 wt.%, 2.5 wt.%, 5.0 wt.%, and 7.5 wt.%)
by using a ball mill with a diameter of 500 mm for 30 min. Of all the methods mentioned
above, the ball milling method is highlighted in this research in the mixing stage for better
distribution of nanoparticles photocatalyst. Next, the following section discusses about
photocatalytic materials that are mostly used in the self-cleaning coating industry.

2.5. Photocatalytic Materials

Nanomaterials have attracted scientists’ interest extensively and have become a hot
topic in the field of research and development due to the new potential particle usage within
less than 100 nanometres (<100 nm), which is nanoscale sized. Therefore, in the future,
nanomaterials are considered as the most promising materials [59,60]. Nobel laureate Feyn-
man first introduced nanotechnology in 1960. Since then and until now, nanotechnology
has become a main topic in research scope and is applied in various engineering fields, for
instance, electronics, mechanics, medicals, biomechanics, and coating in building materials.
However, since the middle of the 1990s, the application of nanotechnology focused on the
construction industry and building materials, which continue to grow from research areas
worldwide, which led towards the development of introducing new materials into existing
materials [12,33]. The use of nanomaterials as photocatalysts in the cement industry is an
innovation that provides a long-term solution to environmentally friendly and recognised
green building constructions [61].

Nanomaterials are new materials that have emerged and been utilized for enhancing
mechanical strength and modifying the properties of cementitious materials. In these
recent years, in order to apply nanotechnology in construction and building materials,
research has been extensively conducted on the effects of the addition of nanoparticles
towards properties of cementitious materials [58]. With the implementation of nanoma-
terials in construction and building materials, other types of features and additional new
functionalities properties have been developed, such as self-cleaning, anti-bactericidal,
anti-microbial, anti-fogging, self-sensing capabilities, depollution, air quality improvement,
air decontamination, and discoloration resistance [12,31,62,63].

Nanoparticles of photocatalysts are applied in construction materials, especially in
paste, mortar, concrete, cement, paints, pavement, glass, etc., to enhance the properties
of self-cleaning and improve the cement properties performance. Nanoparticles have
been chosen due owing to their properties on cementitious materials, which are high
reactivity, ultrafine size of particle, and unique physical and chemical properties and
specific functional properties. In addition, nanomaterials are very reactive because they
have a high specific surface, which shows a great potential in improving the mechanical
and durability properties of the reaction product [41]. The nanotechnology implementation
in cement-based materials has attracted much attention due to the unique properties of
nanomaterials and its beneficial effects, which can enhance the performance of concrete
properties in terms of gaining strength and functional properties [14,59].

The incorporation of nanomaterials improves structural efficiency and cementitious
materials’ durability, which assist in the quality improvement and structures’ longevity [31].
Nanoparticles added to cement can be used as a cement paste admixture or to replace
a portion of the cement, making a significant contribution to the construction materials
field [19,64]. The well-distributed nanoparticles act as fillers in the empty space, increasing
hydration rate and tendency for agglomeration during mixing. Nanoparticles photocatalyst
fills up the voids between cement particles and then produces smaller pores in order to
increase the strength, modify the properties, and improve mechanical, durability, thermal,
and electrical properties of cementitious materials [45].



Coatings 2022, 12, 133 9 of 22

Nanoparticles act as a nano-reinforcement and as a nano-filler and also lead to denser
microstructure, thus reducing porosity [19,27,57]. Nanoparticles that are studied by re-
searchers and commonly used in cement products to improve their properties are SiO2,
ZnO, TiO2, alumina or aluminium oxide (Al2O3), zirconium dioxide (ZrO2), chromium (III)
oxide (Cr2O3), and carbon nanotubes [29,31,33,65,66]. However, utilization of titania and
ZnO nanoparticles in construction materials is the topic that is most extensively being stud-
ied and recently suggested. This is because both of those metal oxides have photocatalytic
properties that contribute towards environmental pollution remediation [66].

Technology of photocatalytic materials contribute to the mitigation of pollution due
to the presence of sunlight or other ultraviolet light sources, which provide energy to the
photocatalytic components, then converting them into harmless substances and serving
as self-cleaning material. Among the photocatalysts, TiO2 nanoparticles is one of the
most widely utilized in photocatalysis due to the highest photocatalytic activity [29].
Photocatalytic reactions occur when nanoparticles were incorporated into cementitious
matrices [12]. Other than TiO2 nanoparticles, zinc oxide has also been reported to exhibit
excellent photocatalytic properties. On the other hand, concrete that contains high dosage
of nanoparticles has an obvious effect on MB degradation, which is a higher degradation
ratio than the lower dosage of nanoparticles [44].

Li et al. [61] discovered that the nanoparticles incorporation into modified cementitious
composites contribute to the significant improvement in the microstructures of cementitious
composites, resulting in multifunctionality and also improvement of the durability and
brittleness of cementitious composites. The durability of concrete was improved when
nanoparticles were added because the permeability of the concrete to ions was reduced,
resulting in increased concrete strength and reduced porosity [31]. The beneficial action of
the nanoparticles in terms of microstructure and performance of cement-based materials
was revealed by the roles of nanoparticles that act as fillers in the empty space and fill
up the voids between grains of cement, resulting in the well-dispersed nanoparticles
acting as centres of crystallization of cement hydrates products in dense structure, hence
increasing the rate of hydration. Nanoparticles aided the formation of small-sized calcium
hydroxide (Ca(OH)2) crystals and homogeneous clusters C–S–H gel, which improved the
transition zone structure between aggregates and paste, resulting in good bonding between
aggregates and cement paste and nanoparticles that provide crack and interlocking effects
between the slip planes, resulting in improved shear, toughness, tensile, and flexural
strength of cement-based materials [64,66].

Chen at al. [21] revealed that the nano-SiO2 plays a role as a filler of pores in order to
provide sites for nucleation and microstructure modification. Besides, it is also an agent
for promoting pozzolanic reaction due to its considerable surface activity. On the other
hand, there are also several studies reporting the addition of nano-Fe2O3 and nano-Al2O3
into concrete improve compressive and flexural strengths as the interfacial transition zone
becomes compact. The results demonstrated that the change of pore structure and the
improvement of compressive strength are caused by micro-filling on fine powders. By
adding nano-TiO2 into cement-based materials, it affects the hydration degree at early
hydration period, which is enhanced with small dosages of nano-TiO2. Additionally,
porosity of TiO2 blended pastes was decreased, and the pore volume was reduced mainly
within the capillary pore range. Meanwhile, at early ages, compressive strength of the TiO2
blended paste was significantly improved, and shorter setting times as short as that of
nano-TiO2 particles were obtained. The author confirmed that nano-TiO2 is a non-reactive
fine filler that has no pozzolanic activity and has a potential to be a nucleation site for
the accumulation of hydration products. The nano-TiO2 also had a catalytic effect on the
reaction of cement hydration when it was mixed into cement-based materials [21].

There is a new discovery by a researcher on the combination of waste materials (e.g.,
fly ash) with nanoparticles, shown through the mechanical properties improvement and
alteration of microstructure of concrete was altered [19]. Another study found that adding
nanomaterials of multi-walled carbon nanotubes to a mixture of Portland cement and fly
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ash increased the strength of the mixture. This is due to the ultra-fine particle properties,
which act as filler and give a better result for hydration reaction [33]. Other than that,
utilization of nanoscale in industrial waste-based cement replacements contributes to
the reduction of carbon dioxide emissions [31]. Thus, there is still ongoing research on
the development of nanomaterials to be used with industrial waste products in order to
improve its properties. Additionally, nanoparticles of SiO2 are one of the photocatalyst
materials commonly being used by most researchers and are discussed in next section.

2.5.1. Silicon Oxide Nanoparticles

The nano silica (nano-SiO2) plays a role as a pore filler in order to provide nucle-
ation sites and modify the microstructure and as also an agent to promote pozzolanic
reaction due to its considerable surface activity. On the other hand, there are also several
studies reporting that the addition of nano iron oxide (Fe2O3) and nano alumina oxide
(Al2O3) into concrete improves compressive and flexural strengths due to the compaction
of interfacial transition zone. The results demonstrated that the change of pore structure
and the improvement of compressive strength are caused by micro-filling effect of fine
powders [21].

A researcher reported that the pozzolanic activity and compressive strength of mortar
containing nano-SiO2 is much higher than mortar containing silica fume [67]. Recent study
reported that nano-SiO2 can improve the mechanical properties and durability properties
of concrete, resulting in a more refined porous structure and increased resistance to chloride
penetration. It also demonstrated an improvement in the mechanical properties of these
cementitious mixes [41]. Another author reported that the compressive strength of mortars
with nano-SiO2 particles is higher than mortar containing silica fume [2]. Thus, ZnO
nanoparticles also are one of the best self-cleaning agents and are discussed in next section.

2.5.2. Zinc Oxide Nanoparticles

Zinc oxide nanoparticles as a photocatalyst have high potential in applications of self-
cleaning. The ZnO nanoparticles as an additive material affect setting time, compressive
strength, and cement hydration [33]. ZnO has been chosen as photocatalyst because it has
high photocatalytic activity and photocatalytic degradation of organic compounds and
highly resists microorganisms. Among other nanoparticles investigated, ZnO has been
identified to be used as alternative to titania due to the photoluminescence properties
and unique photocatalytic materials. Zinc oxide nanoparticles are a versatile inorganic
semiconductor material and a photocatalyst representative among semiconductors that
has a direct band gap (3.3 eV at room temperature) and is able to absorb a larger energy
fraction of the solar spectrum and more light quanta [33,65,68]. The nanoparticles of
ZnO are widely used in many products and materials, such as glass, plastics, paints, and
ceramics. Additionally, nano-ZnO was also utilized for photodegradation of pollutants in
concrete [33].

Similar to photocatalyst of TiO2, nano-ZnO as a nano-photocatalyst has great potential
to be applied as self-cleaning in concrete structures due to the effects on the setting time,
cement hydration, and compressive strength. The results indicate that, through partial
addition of ZnO in Portland cement pastes, the setting time period was prolonged. In
terms of compressive strength, mixing of ZnO up to 15% obtained the highest strength at
28 days via filler effect. Nochaiya et al. [33] explained the zinc ions effects on the hydration
reaction and the microstructure of hydration products. In addition, the hydration heat was
found to decrease when zinc oxide was incorporated with OPC. This is because the cement
hydration was retarded, caused by zinc through the layer of amorphous zinc hydroxide
(Zn(OH)2) and/or crystalline CaZn2(OH)62H2O formation around the anhydrous cement
grains. The effect of nano-ZnO on rheological behaviour of cement pastes was investigated
by Ghafari et al. [66].

Liu et al. [67] found that zinc oxide led to the decrement of compressive strength of the
sample. In contrast, Nochaiya et al. [33] reported that the compressive strength increases,
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and physical properties of concrete were improved as the amount of ZnO as an additive
material was increased (1 wt.%, 2 wt.%, and 5 wt.%) at 28 days. From microstructural
study, it was also described that nano-sized particles do not only act as fillers but also as an
activator in order to promote hydration. The photocatalysis of ZnO powder depends on
crystallinity. Portland cement with addition ZnO nanoparticles has higher compressive
strength than conventional concrete. Furthermore, zinc peroxide nanoparticles (ZnO2) also
could improve the mechanical and physical properties of concrete [33]. Nevertheless, there
are only a few reports on the incorporation of ZnO onto geopolymer materials, especially in
nano size. There is limited information on the characterization of ZnO nanoparticles and its
effect on physical-chemical properties in geopolymer structure. Consequently, the research
on the effect of zinc oxide nanoparticles in enhancing self-cleaning properties has to be
explored. The next section discusses about titanium oxide nanoparticles that are mostly
being used as a photocatalyst.

2.5.3. Titanium Oxide Nanoparticles

Titanium is the world’s fourth most abundant metal and the ninth most abundant
metallic element, made up about 0.63% of the earth’s crust. Properties of titanium are high
melting point, which is about 1668 ◦C, and low density, which is 4.5 g/cm3. Titanium is a
metal that is hard, ductile, malleable, and lustrous. Titanium oxide, with chemical formula
TiO2 or known as titania, is one of the natural oxides of titanium; it is also called rutile
titanium white. It appears in white and silver-grey materials in nature. In solid state, TiO2
exists in the form of three most common crystalline phases, namely rutile (tetragonal),
anatase (tetragonal), and brookite (orthorhombic) [20,24,26,29,60,69]. Rutile is made up
of pure TiO2 and is used as a pigment in white paints with low photocatalytic reactivity,
whereas anatase is the most active photocatalyst and is more widely used [20].

Meanwhile, the brookite phase is rarely used because of its structural instability and
unusual morphology, which is generated during the titanium ore weathering process [61].
In comparison to rutile, anatase is the most preferable phase for photocatalytic reactions
because of its high reactivity, stability, large surface area, and higher activity [26,69]. The
high photocatalytic efficiency of anatase is due to the low specific surface areas and interface
reaction of photocatalysis [39].

Besides the high photocatalytic efficiency of TiO2, anatase is suitable for the photo-
catalytic degradation process due to its chemically stable, inexpensive, unreactive metal
oxide, non-toxic materials, and semiconductors characteristics [24,26]. TiO2 is used in daily
products, such as in toothpaste, sunscreen, paint, plastics, cosmetics, foodstuff, glasses,
textiles, tiles, etc. Glasses, windows, or tiles are modified with the addition of TiO2 as
a photocatalytic thin film for their self-cleaning functions, which have been applied in
the glass surface of the National Opera Hall, China. In Japan, eco-friendly, self-cleaning
windows and roof tiles are widely used. Japan and Europe have been using this technol-
ogy to ensure that their polluted cities are kept clean, and the effect of air pollution is
mitigated [15,18,21,25,70].

Towards the end of the 1980s, TiO2 began to be applied as photocatalyst in construction
materials [15,23]. The interest to combining TiO2 photocatalysts with cementitious materi-
als has received considerable research and is growing rapidly to produce photocatalytic
functional products [21,49]. Due to its unique properties, such as anti-corrosion, safety,
high photocatalytic activity, compatibility with conventional construction materials (e.g.,
cement, without affecting original performance), and effectiveness in ambient atmospheric
environment under weak solar irradiation, TiO2 is widely used in photocatalytic building
materials [15]. In the field of photocatalytic construction and building materials, the ver-
satile function of TiO2 is that it serves as photocatalytic materials, coating materials, and
structural materials, which has facilitated its application in exterior construction materials
and interior furnishing materials, such as concrete, cement mortar, paving blocks, pavement,
stucco, glass, window, polyvinyl chloride (PVC) fabric, and ceramic tiles [21,24,27,71].
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This can be seen through the roof of Dubai Sports City’s Cricket Stadium, which has
been coated white cement containing TiO2 nanoparticles, and it has also used for designing
a church at Rome, Italy. It was proven that the buildings keep their original colour over
the years [16,26]. On the other hand, more recently, the use of TiO2 in nano-sized as a
zero-dimensional nanomaterial has received widespread and special attention from both
industry and research studies in the cementitious materials field for the production of
self-cleaning concrete, photocatalytic concrete, smog-eating concrete, or green concrete [24].

The self-cleaning effect is due to the photo-induced superhydrophilicity and the pho-
tocatalytic reaction of nanoparticles TiO2 that was activated by the UV light radiation.
Furthermore, nano-TiO2 appears in form of spherical or ellipsoidal that enhances pho-
tocatalytic activity. There is increasing interest in using photocatalyst in cementitious
materials due to their strong binding property, which can immobilize nano-TiO2 powders
within their matrices. Much research work demonstrated that nano-TiO2 could modify
material structures and influence physical and chemical properties for the development of
high-performance, durable, multifunctional, and environmentally friendly cementitious
composites [25,28,60].

It was believed that the addition of nano-TiO2 as photocatalyst into cement-based
material has won great attention and wide applications in large-scale due to its features
in terms of chemical stability, high photocatalytic activity, low price, easy availability,
high dielectric constant, weather ability, antimicrobial prosperities, and stability under
UV radiation, and the problem of urban air pollutants was solved due to its self-cleaning,
self-disinfecting, and air purifying properties, contributing to the environmental pollution
cleansing [20,21,53,72,73].

Titanium oxide has excellent ultraviolet (UV) resistant qualities and is used as sun-
screen in cosmetics due to its absorption of UV light without being consumed in the
reaction [24,70]. Under exposure to sunlight, TiO2 photocatalytic reaction is activated by
UV radiation (λ < 390 nm) to oxidize decomposition of organic materials (such as dirt, soot,
grime, oil, and particulates), biological organisms (mould, algae, bacteria, and allergens),
airborne pollutants (VOC, tobacco smoke, NOx, and SOx), and materials broken down into
simple molecules, such as oxygen, carbon dioxide, water, sulphate, nitrate, and other inor-
ganic compounds. The TiO2is not consumed in the reaction; thus, it can be used definitely
endlessly [59,70]. Other than that, the TiO2 photocatalyst naturally decomposes gaseous
pollutants and reduces NOx in the atmosphere [29,70]. TiO2 is photocatalyst for the photo-
catalytic oxidation process and is the most suitable as a semiconducting material in making
use of the UV-A part of sunlight for the NOx chemical conversion. TiO2 photocatalysis also
performed even in weak UV light [37,70].

Cardenas et al. [27] and Jayapalan et al. [63] focused on the depollution activity of
cement pastes with the addition of nano-TiO2 (0%, 0.5%, 1.0%, 3.0%, and 5.0%), which were
evaluated through the degradation of pollutants. The author preferred to choose nitrogen
oxides, NOx (NO + NO2), as a pollutant in the form of photochemical smog because it
causes serious environmental problem (i.e., asthma and lung problems) and contributes to
the acid rain, which is harmful for forests, crops, and aquatic life. The degradation of NOx,
also known as deNOx-process or depollution, which purifies photocatalytic surfaces the
environmental air at two different aging times, 65 h and 28 days, respectively, shows the
best photocatalytic activity at early age [26,27,69].

In certain cases, the anatase TiO2 addition leads for the mechanical performance
decrement and durability of the concrete [46]. The porous structure of the hardened cement
pastes or mortars increases due to the imparting TiO2 particles and other photo-oxidation
products. In contrast, the total porosity of the cement pastes decreased due to alteration
of distribution pore size and shortening initial and final setting time due to the nano-TiO2
addition [21]. Ratan and Saini [30] studied the related utilization of nanosized-TiO2 for the
production of self-cleaning white cement and found that there is also a drawback in usage of
TiO2 nanoparticles, which is that nano-TiO2 tends to agglomerate in the cementitious material.
However, these drawbacks are not a reason to replace nanosized-TiO2 with microsized-TiO2,
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as the reduction in the photoactivity of self-cleaning cement is the major disadvantage of
TiO2 in micro sizes. Ref. [31] stated that the use of TiO2 nanoparticles significantly increased
the photoactivity of TiO2-containing cements rather than larger TiO2 particles.

The addition of TiO2 powder to cement mixes significantly affects the cement hy-
dration rate and the properties of cement pastes and mortars. The author revealed that,
during the hydration process, TiO2 was inert and stable because the variation of relative
mass ratios at different curing ages was very small. By increasing the concentration of
TiO2, photocatalytic activity also increased due to more TiO2 deposition on the surface of
hydration products and fine aggregates. Nevertheless, the higher TiO2 concentration stirred
up an agglomeration problem of TiO2, which led to more recombination of electron-holes
and difficulties for TiO2 particles to be exposed to the photocatalytic reaction [69].

Many studies have found that nano-TiO2 acts as a catalyst in cement hydration reac-
tions, resulting in a significant increase in the rate of early-age hydration of cementitious
materials and a change in microstructure, which affects the physical and mechanical prop-
erties of cement-based materials. The mortar’s compressive strength was improved at an
early age, and it improved the abrasion resistance of concrete as well as the pore-refining
effect [13,21,49]. However, the early-age mechanical properties of the geopolymer product
with the TiO2 nanoparticles addition increased as the addition dosage of TiO2 nanoparti-
cles increased up to 10% by cement weight, and the later-age mechanical properties were
decreased. This is due to the nanoparticles tending to agglomerate at higher dosages [54].

Effects of nano-TiO2 on the mechanical properties of cement mortar was studied by
Meng et al. [71]; when cement mortar was substituted by nano-TiO2, the strength of cement
mortar at early ages increased due to the decrease and modification of the orientation index.
Meanwhile, strength at later ages decreased obviously, and it was useful to modify the
fluidity by adding superplasticizer and slag powder into cement mortar. Rakhimova and
Rakhimov [10] reported that compressive strength of cement mortar (0 to 20 wt% addition
of TiO2) is increased due to pozzolanic activity. Other than that, it is also reported that, by
increasing the nanoparticles TiO2 content up to 15 wt%, setting time of fresh mortar and
concrete was decreased. The self-cleaning performances of photocatalytic-cementitious
materials were evaluated based on the degradation of colour in organic dyes (e.g., methyl
orange (MO), Rhodamine B (RhB), and methylene blue (MB)) [16,44,49].

The self-cleaning test is conducted in order to evaluate self-cleaning abilities and
depollution effects of the material. Photocatalytic performance is measured by photo
degradation of MB solution or RhB in the concrete surface in order to evaluate self-cleaning
activities. The photo-induced bleaching of MB dye to evaluate photocatalytic materials can
be measured using the Ultraviolet-visible spectrophotometer (UV-Vis) [16]. The experimen-
tal study on the ability of silicate coating material, which contains various dosages of TiO2
is to clean the surface by itself and for degradation of particulate pollutants. Based on the
result of the experiment, an optimum dosage of TiO2 in the silicate coating is 15% TiO2 by
mass of solid silicate in photocatalytic degradation of RhB [45]. The investigation proved
that building materials that re coated with TiO2 re able to remove soot. These are based
on colour changes in RhB samples, and photocatalytic degradation was tested using a
closed-chamber experiment [28].

The effect of directly applying TiO2 into clear paint coated on the surface of self-
compacting architectural mortars under Ultraviolet-A (UV-A) and visible light irradiation
was studied by Guo et al. [49]. Self-cleaning purpose and weathering-resistant ability
were determined by the degradation of RhB. The result shows that properties of self-
cleaning improve a building’s aesthetic appearance due to high photocatalytic efficiency
and weathering resistant; hence, the costs of routine maintenance were reduced [49].

Other than Rhodamine B dye, an author reported that cationic dye methylene blue
was easily degraded compared to methyl orange and other dyes because of dye adsorption
onto the photocatalyst accelerated the degradation process. Furthermore, MB dye is
easily removed by adsorption because it has more affinity to adsorption. Shen et al. [44]
revealed that methylene blue was degraded effectively due to the ultra-smooth surface



Coatings 2022, 12, 133 14 of 22

and photocatalytic properties, which are to be utilized as a self-cleaning finishing material
for urban buildings (as shown in Figure 3). As a result, the residue of contaminants was
washed away by the rain. The photocatalytic activities of the nanosheets were evaluated in
terms of ability to degrade dye of methylene blue [16]. In addition, the second part of this
review discusses the potential of a geopolymer to be applied as self-cleaning coating.
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3. Geopolymer
Geopolymer Paste

Geopolymers have been manufactured as paste, mortar, and concrete [74]. For fin-
ishing materials, geopolymer paste has been chosen to be applied in the outer wall of
the building. Geopolymer paste is a hardened cementitious paste that combines waste
products into useful product. The reaction between source material that has higher con-
tent of silica and alumina with alkaline liquid results to form a geopolymer paste [74,75].
For testing purpose, the prepared geopolymer paste was cast into a mould and cured at
ambient temperature without elevated heat for hardening and for the geopolymerization
process to occur. The development mixtures of geopolymer are suitable for curing at room
temperature, which was the extent of its application [76].

However, based on published literature, fly ash is most commonly chosen as a base for
geopolymer paste. There is a study on fly ash-based geopolymer containing low calcium,
which was cured in ambient temperature (23 ◦C) without additional heat, and the results
show that geopolymer mixtures are suitable for ambient curing, as the condition of the
moisturized specimens after hardening was improved and under control [74]. However, in
certain cases, geopolymer paste was cured at the required temperature for a specific time
in order to be applied in construction materials, especially for precast concrete applica-
tions [76–79].

Geopolymer paste demonstrates various advantages in terms of properties and char-
acteristics, including sustainable high mechanical strength, which is gained in a short time;
excellent durability; low shrinkage; and high temperature resistance and acid resistance,
which is in contrast with OPC [74,80,81]. Geopolymers are ideal for applications in building,
repairing infrastructures, and also pre-casting due to high early strength properties and re-
maining intact under exposure for a long time, and setting time could be controlled [80].The
mechanical strength of geopolymer paste was believed to increase by considering the re-
action amounts of combination between SiO2 and Al2O3 in the fly ash. An experimental
result shows that the Si/Al ratio has a significant impact on the compressive strength
of geopolymer paste [79]. Other authors reported that there are other parameters that
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affect the compressive strength of geopolymer paste, such as the ratio of fly ash to alkaline
activator (solid-to-liquid ratio) and the ratio of alkaline activator (Na2SiO3/NaOH), which
had a greater influence on the strength. Thus, the research related to the solid-to-liquid
ratio with a range of 2.5 to 3.3 and a ratio of sodium silicate to NaOH in the range of 0.4 to
2.5 was investigated. The results demonstrate that the optimum solid-to-liquid ratio is 2,
while the optimum ratio of alkaline activator is 2.5, as the maximum compressive strength
was achieved at this ratio, respectively [5].

The strength development of the geopolymer paste is also affected by aluminosilicate
or geopolymer gel formation. The existence of the aluminosilicate or the geopolymer
gel can be identified in X-ray diffraction (XRD) pattern of geopolymer paste, which is
from the broad hump peaks around 20◦ to 40◦ of 2 theta with high intensity, as shown in
Figure 4 [82].
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The polymerization reactivity and the strength development of geopolymer paste
can be observed through scanning electron microscope (SEM) [79]. The microstructure of
aluminosilicate gel, which develops from the solution formed due to partial dissolution of
fly ash in alkali solution, underwent changes due to the Si/Al and Na/Al ratios.

SEM result revealed that (as shown in Figure 5) the main reaction product in alkali-
activated fly ash is to form calcium silicate hydrate gel (C-S-H), calcium aluminate hydrate
gel (C-A-H), calcium aluminium silicate gel (C-A-S-H), or sodium aluminosilicate hydrate
gel (N-A-S-H) (C = CaO, N = Na2O, A = Al2O3, S = SiO2, H = H2O) [7]. Additionally, the fly
ash-based geopolymer paste has been partially replaced or blended with a small amounts
of various additives supplementary cementing materials (e.g., silica fume, metakaolin, rice
husk ash and ground granulated blast-furnace slag), and their effects have been studied by
several researchers in order to accelerate the reaction at early-age properties and enhance
durability performance [76,80].
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Duan et al. [43] aimed at investigating the effects of nano-TiO2 addition into fluidized
bed fly ash-based geopolymer on properties including compressive strength, drying shrink-
age, carbonation, and microstructure. The geopolymer sample was prepared through alkali
activation of sodium silicate and sodium hydroxide solutions that are cured in microwave
radiation environment and heat curing period, then aged for 28 days. The experimental re-
sults demonstrated that the addition of TiO2 enhances compressive strength of geopolymer
with the increasing content of nano-TiO2 at both the early and later age, which is obvi-
ous when 5% nano-TiO2 is introduced into geopolymer paste. In terms of microstructure
analysis, the addition of nano-TiO2 promotes the formation of geopolymer and results in
compact microstructure with lesser cracks, as shown in Figure 6. The effect of incorporating
nano-TiO2 improves carbonation resistance and reduces geopolymer drying shrinkage [43].
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Figure 6. Microstructure formation of geopolymer paste with photocatalyst. Reprinted with permis-
sion from ref. [43]. Copyright Elsevier, 2016.

Other researchers reported that all samples of TiO2 in cementitious materials by
activated zeolite fly ash bead carrier (ZFAB/TiO2) yielded better photocatalytic effects at
higher efficiency and longer-term performance than samples with pure TiO2. This could
reduce the risks of cement hydrates on TiO2 particles. Moreover, with increasing dosage
of ZFAB/TiO2, the photocatalytic effects also increased. The mechanism of long-term
photocatalytic cementitious materials is illustrated in schematic diagram, as shown in
Figure 7 [57].
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from ref. [57]. Copyright Elsevier, 2016.

Yang et al. [57] stated that the addition of TiO2 nanoparticles enhances the reaction
products formation, which results in less cracks and dense microstructure of alkali-activated
slag paste. The same effects of nanoparticles addition have been reported by Guerrero
et al. [83], where geopolymer systems were enhanced with nano-TiO2 as a micro-filler in
geopolymer matrix, which became denser with reaction products that helped to reduce
cracks and improved compressive strength. In self-cleaning aspect, 1% nano-TiO2 was re-
marked as an optimum dosage by showing higher percentage of Rhodamine b degradation
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in alkali-activated materials (based of blended metakaolin and ground granulated blast
furnace slag) [83]. In the same work conducted by the author, self-cleaning testing was
examined through the immersion of the sample in red clay solution for several minutes;
then, the result after the sample was taken out so that there was no dirt or clay particulates
on the surface of the sample [84].

In XRD and fourier-transform infrared spectroscopy (FTIR) analyses, there were a few
researchers who stated that the results only indicate the geopolymerization or alkali activa-
tion process and no new phase formation except for the appearance of additional mineral
anatase [83,85]. Sastry et al. [85] reported that the fly ash-based geopolymer concrete mixed
alkaline activator ratio at 2.5 with 5% nano-TiO2 shows the highest compressive strength
than reference sample (without photocatalyst). Due to the addition of TiO2 photocatalyst,
the water absorption of low-calcium fly ash geopolymer concrete was reduced and led
to the formation of additional reactive products, which causes the geopolymer matrix to
become denser, as confirmed through XRD and SEM analyses [85]. Based on the litera-
ture, there is still limited study in utilizing the nanoparticles TiO2 in geopolymer paste
for self-cleaning applications. The purposes of applying the self-cleaning materials are to
improve physical and mechanical properties as well as photocatalytic activity, resulting in
a depollution effect for the products. Nonetheless, there are a few reports on the addition
of nanoparticles to geopolymer paste that have yet to be published.

4. Summary and Future Works

From the review that has been done, there are a few things that can be concluded.
Firstly, past studies on conventional cement that applied the self-cleaning concept showed
better performance in terms of physical, mechanical, and self-cleaning properties. This was
due to the unique properties of photocatalyst that has been added into it, which contributed
to better performance. Meanwhile, in certain cases, the strength was decreased when the
dosage of nanoparticles photocatalyst increased. Other than that, physical properties of
cement based photocatalyst were altered by the nanoparticle’s filler.

To overcome all of the issues, the innovation from conventional cement to the green
cementitious materials by using by-product materials was introduced. Therefore, the idea
of using nanoparticles as photocatalyst in a fly ash-based geopolymer paste to create novel
self-cleaning geopolymer materials with improved strength, physical, and photocatalytic
properties has been proposed. Thus, reviews were conducted on the geopolymer paste,
which has the potential to be used as a self-cleaning agent. The impact of adding photocat-
alyst on physical-mechanical properties in the application of geopolymer paste in the field
work has been discussed in depth. The result shows that nanoparticles materials are valid
to be used as a photocatalyst for the geopolymer. However, based on a limited experimental
study, there is a lack of studies on the use of geopolymers as self-cleaning materials. Only a
few researchers have studied geopolymer with nanoparticles photocatalyst, but they have
only focused on physical and mechanical properties and have not discussed self-cleaning
and photocatalytic degradation, among other things.

From the literature reviews, the following research gaps have been identified, and
several future works are proposed in this study, as listed below:

• More studies on the optimum dosage of photocatalyst are required due to its influence
on physical, mechanical, and photocatalytic properties;

• Studies on doping materials in order to enhance or extend the photocatalytic activity
and self-cleaning performance under both UV and sunlight;

• Further investigation on the reaction between nanoparticles photocatalyst and geopoly-
mer matrix;

• The geopolymer properties need to be observed based on the mechanical and physical
properties depending on the desired application; and

• Research on the photocatalytic activity of self-cleaning geopolymer paste.
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A B S T R A C T   

Activated carbon (AC) has received a lot of interest from researchers for the removal of heavy 
metals from wastewater due to its abundant porous structure. However, it was found unable to 
meet the required adsorption capacity due to its amorphous structure which restricts the 
fundamental studies and structural optimization for improved removal performance. In addition, 
AC is not applicable in large scale wastewater treatment due its expensive synthesis and difficulty 
in regeneration. Thus, the researchers are paying more attention in synthesis of low cost geo-
polymer based adsorbent for heavy metal removal due its excellent immobilization effect. 
However, limited studies have focused on the synthesis of geopolymer based adsorbent for heavy 
metal adsorption by utilizing industrial sludge. Thus, the aim of this research was to develop 
metakaolin (MK) based geopolymer adsorbent with incorporation of two types of industrial 
sludge (S1 and S3) that could be employed as an adsorbent for removing copper (Cu2+) from 
aqueous solution through the adsorption process. The effects of varied solid to liquid ratio (S/L) 
on the synthesis of metakaolin/sludge based geopolymer adsorbent and the removal efficiency of 
Cu2+ by the synthesis adsorbent were studied. The raw materials and synthesized geopolymer 
were characterized by using x-ray fluorescence (XRF), x-ray diffraction (XRD), scanning electron 
microscope (SEM), fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller 
(BET) and micro XRF. The concentration of Cu2+ before and after adsorption was determined 
by atomic absorption spectroscopy (AAS) and the removal efficiency was calculated. The 
experimental data indicated that the synthesized geopolymer at low S/L ratio has achieved the 
highest removal efficiency of Cu2+ about 99.62 % and 99.37 % at 25 %:75 % of MK/S1 and 25 
%:75 % of MK/S3 respectively compared to pure MK based geopolymer with 98.56 %. The best S/ 
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L ratio for MK/S1 and MK/S3 is 0.6 at which the reaction between the alkaline activator and the 
aluminosilicate materials has improved and enhanced the geopolymerization process. Finally, this 
work clearly indicated that industrial sludge can be utilized in developing low-cost adsorbent 
with high removal efficiency.   

1. Introduction 

Heavy metals are widely used in the engineering, papermaking, fine chemicals, dyes, paints, pharmaceuticals, petrochemical, and 
textile sectors, resulting in significant concentrations of heavy metal ions in their effluent. Heavy metals are specified as elements with 
atomic weight ranging from 63.5 g/mol to 200.6 g/mol with a specific density more than 5.0 g/cm3 [1–3]. According to United States 
Environmental Protection Agency, the most toxic heavy metal includes arsenic (As), copper (Cu), mercury (Hg), nickel (Ni), cadmium 
(Cd), lead (Pb) and chromium (Cr) [3,4]. These heavy metal ions have carcinogenic, teratogenic, mutagenic, non-biodegradable, and 
bioaccumulative properties, posing a serious hazard to the environment and human health. Therefore, these heavy metal ions need to 
be removed from the wastewater prior to being disposed into the ecosystem. There have been numerous methods for eliminating heavy 
metals from wastewater in the past [5–7]. 

Chemical precipitation, ion exchange, electrocoagulation, membrane filtration and adsorption methods can be used to remove 
heavy metals from wastewater [5–7]. Among other heavy metal treatment methods, adsorption has received a lot of attention because 
of its ease of use, minimum secondary contamination, high cost-effectiveness, and low energy consumption in removing heavy metals 
quickly from aqueous solution. The adsorbent is the most important component of the adsorption process. Activated carbon (AC), 
biochar, carbon nanotube (CNT), zeolite, geopolymer and clay mineral are some of the well-known adsorbents [8–10]. 

Among these adsorbents, AC is a carbonaceous material with high surface area and amorphous nature and offers a wider range of 
uses in water remediation process [11]. AC can be synthesized from carbon-rich organic materials including coconut shells, wood, coal, 
peat, and other sources. AC is frequently employed in wastewater treatment due to its extensive porous structure and large surface 
area. [12]. However, it failed to attain the specified adsorption capacity for heavy metal removal [13]. This is because, the disordered 
structure of amorphous carbon restricts the fundamental studies and structural optimization for improved removal performance [14]. 
Besides, its use in large-scale wastewater treatment is restricted by the expensive synthesis and challenging regeneration. 

Hence, geopolymer has gained great interest among researchers for the development of cost-effective adsorbents as it has excellent 
adsorption properties when compared to other adsorbents. Geopolymer composed of three-dimensional (3D) network structure, with 
fixed-sized pores and paths that allow only certain heavy metals to pass through. Geopolymer is composed of a polymeric silicon- 
oxygen-aluminum (Si-O-Al) framework with alternating linked silicon (SiO4) and aluminum (AlO4) tetrahedral by sharing all 
bridged oxygen atoms [15,16]. Geopolymers are semi-crystalline to amorphous structures and are made by an exothermal chemical 
reaction in an alkaline medium between silica and alumina-rich precursors and alkaline activators at low temperature [16,17]. 
Negatively charged alumina-silicate framework of geopolymer makes them a useful adsorbent to treat contaminated water at which it 
offers ion exchangeability between cations in alkaline activator and heavy metal ions. In addition, geopolymers are made up of cyclic 
molecular chains composed of a "crystal-like" structure [18,19]. Closed cage-like cavity generated through the conjunction of ring 
molecules can aid in the removal of heavy metals or other pollutants by fixing it in the cavity. Geopolymer materials are regarded as 
environmentally friendly owing to their low manufacturing temperature, low energy usage, and low carbon dioxide emissions. 
Moreover, geopolymers have remarkable advantages such as low cost, facile synthesis and local avail-ability of raw materials [18,20]. 
However, decreased of workability and high heat of hydration released are related to the disadvantages of geopolymer. In comparison 
to cementitious material, geopolymer produced by alkali activation releases more heat which will results in loss of water [21–23]. The 
continual loss of water from the matrix can result in inadequate wetting of the precursor particles, which would significantly impact 

Fig. 1. Documents published on geopolymer adsorbents.  
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the workability of paste and make molding very challenging. The line graph in Fig. 1 shows the number of documents published on 
geopolymer adsorbents in a span of ten years. The increasing trend of documents published over the years, indicates that most of the 
researchers have been focusing on investigating geopolymer adsorbents towards heavy metal removal from wastewater. Geopolymers 
are formed from various geological origins like kaolin and metakaolin as well as industrial waste such as red mud, fly ash, slag, and 
sludge. In 2019, Darmayanti et al. [24] investigated the adsorption of Cu2+ by fly ash based geopolymer. Moreover, a study by Panda 
et al. [25] explored the effectiveness of geopolymer adsorbent synthesized from pyrophyllite mine waste towards adsorption of Co2+, 
Cd2+, Ni2+, and Pb2+ from aqueous solution. 

On the other hand, sludge as a raw material, does contain some significant components compared to other industrial wastes. The 
primary inorganic components of sludge are SiO2, Fe2O3, and Al2O3, which make it potentially useful as a renewable energy source. In 
addition, sludge contains high concentrations of inorganic salts including inorganic ions such as (CO3

2-, PO4
3-, SO4

2- and NO3-) and other 
elements such as (Si, Al, K, Na, Ca and Mg) [26,27]. Thus, it can effectively adsorb heavy metal ions by the combined contribution of 
ion exchange, precipitation and ion complexation with heavy metals. In addition, the presence of metal oxides and inorganic salts in 
sludge will increase the active sites on the surface of geopolymer. Water treatment sludge (WTS) is a heterogeneous solid waste which 
is high in Si and Al and closely resembles natural aluminosilicates [28]. Formation of residue in the water treatment process by the 
addition of chemical reagents in the removal of fine particles and organic substances dissolution is called WTS, while waste glass sludge 
(WGS) is a byproduct of the numerous glass industries where the glass materials are cut and polished for manufacturing processes. 
WGS has greater amount of SiO2 and it has extremely small particles [29]. However, limited studies focused on the synthesis of 
geopolymer based adsorbent for heavy metal adsorption by utilizing sludge. Thus, the aim of this study is to develop metakaolin (MK) 
based geopolymer adsorbents by incorporating two types of industrial sludges (S1 and S3) and also to investigate the impact of various 
solid to liquid ratios (S/L) on the geopolymerization process and also on the removal efficiency of Cu2+. 

2. Materials and methods 

2.1. Raw materials 

In this study, Kaolin (K), industrial sludge (S1) and industrial sludge (S3) were used as raw materials. Kaolin was supplied by 
Associated Kaolin Industries Sdn Bhd, Petaling Jaya, Selangor, Malaysia, while S1 and S3 were supplied by Alam Aliran Kualiti (M) Sdn 
Bhd, Bukit Mertajam, Penang, Malaysia. Calcined kaolin was used as the starting material and S1 or S3 as a filler in the geo-
polymerization process. Sodium hydroxide (NaOH) and sodium silicate (NaSiO3) were used to make alkaline activator. NaOH and 
NaSiO3 were provided by Formosa Plastic Corporation, Taiwan and South Pacific Chemical Industries Sdn Bhd, Perai, Penang, 
Malaysia respectively. 

2.2. Preparation of geopolymer adsorbent 

Synthesis of geopolymer adsorbent involves several steps. First, S1 and S3 are oven dried at 100 ⁰C for 24 h to remove the moisture 
content. Then, Kaolin is calcined at 750 ⁰C for 5 h to increase the reactivity [30,31]. According to Oualit et al. [32], the first stage of the 
decomposition of kaolin begins at about 80 ºC to 150 ºC caused by the loss of moisture from kaolin. At the second stage, the highest 
mass loss occurs at temperatures between 400 ºC and 700 ºC, which is linked to the loss of water from kaolinite (dehydroxylation) and 
the creation of the metakaolinite phase. At temperatures between 650 ºC and 750 ºC, kaolinite is completely transformed into met-
akaolin. During calcination, the structural water is gradually lost, the aluminum coordination changes from six to four, and the 
structure becomes amorphous. After that, the raw materials are sieved through 300 µm to obtain fine particles. At the first stage, MK 
was mixed with S1 or S3 to prepare solid precursors at varied ratios of MK/S1 and MK/S3 as shown in Table 1. The ratio of MK to S1 or 
S3 was chosen to partially replace the aluminosilicate source which is MK, by using sludge with the increment of 25 total weight %. The 
alkaline activator ratio (Na2SiO3/NaOH) determines the modulus ratio of SiO2/Na2O which is the essential parameter in the formation 
of geopolymer product. At high alkali activator ratio, increasing the modulus ratio of SiO2/Na2O results in more Si ions in the solution, 
which can improve the polymerization and yield more compact silicon-rich gel phase [34,35]. Thus, alkaline activator as liquid part 
was prepared using 10 M of NaOH and Na2SiO3 with modulus ratio of Na2SiO3:NaOH being 1.5 [25,33]. Thereafter, the raw materials 
were mixed with alkaline activator at different solid-to-liquid (S:L) ratios by using mechanical mixer for 15 mins [36] as shown in  
Fig. 2. The varied S:L ratio was chosen based on the workability of pure MK based geopolymer paste at S:L ratio of 1:0. As the 
workability of pure MK geopolymer paste is lowest at S:L ratio of 1:0, thus, the ratio below 1:0 is considered for the geopolymerization 
process. Then, the obtained paste was oven cured at constant temperature for 2 days. Excessive alkaline residue in geopolymer will 

Table 1 
Parameters of synthesis geopolymer adsorbents.  

Parameter Details 

MK: S1 100:0, 75:25, 50:50, 25:75 
MK: S3 100:0, 75:25, 50:50, 25:75 
NaSiO3: NaOH 1.5 
S: L 0.4, 0.6, 0.8, 1.0 
Curing temperature 60 ⁰C  
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increase the pH of an aqueous solution containing heavy metals, and encourage the hydroxide precipitation process, consequently 
reducing the effectiveness of adsorption [37]. Therefore, the hardened geopolymer paste was then crushed by using porcelain mortar 
and washed three times using distilled water until the pH of the wash water is maintained at 7.0 ± 0.5 for at least 24 h. After that, the 
washed and dried powder was sieved to obtain a particle diameter of < 300 µm, which is then used for the sorption process. 

In the second stage, stock solution (1000 mg/L) of Cu2+ was prepared by dissolving an appropriate amount of analytical grade 
reagents copper sulfate pentahydrate (CuSO40.5H2O) in distilled water and then it was diluted to prepare 100 mg/L of initial copper 
solution. The pH of the solution was adjusted using 0.01 HCl or 0.01 NaOH. For batch adsorption experiment, a constant amount of 
geopolymer adsorbent was mixed with 100 ml of prepared copper solution and shaken for 1 h at 220 rpm as described in Table 2. The 
formulated products were labelled GMK100–0.4, GMK100–0.6, GMK100–0.8 and GMK100–1.0, where 0.4, 0.6, 0.8 and 1.0 represent 
S/L ratios, MK100 represents the percentage of MK by weight and G represents geopolymerization process as tabulated in Table 3. The 
experiment was repeated under same experiment conditions for MK: S1 and MK: S3 at 75:25, 50:50, and 25:75. Finally, the adsorption 
efficiency of geopolymer adsorbent was compared to the reference sample which was prepared without the geopolymerization process. 

2.3. Testing 

The chemical composition of raw materials was determined by X-ray fluorescence (XRF) and the phases present were characterized 
by a diffractometer-XRD system (model Bruker D2 Phaser), using Cu-Kα (at wavelength 1.54184 [Å]) radiation, fitted with a Cu tube 
on the secondary optics, and operated under 30 kV power and 10 mA current. The scanning 2θ ranged between 5 ⁰ to 90 ⁰. Highscore 
Plus software was used to conduct the semiqualitative analysis of the XRD data in order to identify the amorphous structure and 
crystalline phases of raw materials and geopolymer adsorbents. 

Fourier-transform infrared spectroscopy (FTIR) analysis was conducted using PerkinElmer (Frontier) to record transmittance 
spectra in the 400–4000 cm− 1 region, with a resolution of 4 cm− 1 (8 scans) to analyze the functional groups of raw materials and 
synthesized geopolymer adsorbents. 2 mg of sample powder mixed with 198 mg of potassium bromide (KBr) was then compacted into 
disc under a pressure of 8 tons for 2 mins using a hydraulic press. 

The microstructure and surface elemental distribution of raw materials and geopolymer adsorbents before and after adsorption was 
observed using a Scanning electron microscope (SEM) JEOL JSM-6460LA combined with an energy-dispersive detector at an accel-
eration energy of 15 keV. Sputter-coater Q150R S was used to coat the material by a conductive material which is gold for 1 min to 
avoid charging of electrons during examination in SEM. 

Brunauer-Emmett-Teller (BET) surface area and pore size distribution of raw materials were studied on Micromeritics Tristar II by 
degassing the sample with nitrogen gas at 200 ºC for 6 h. 

After adsorption, the supernatant liquid of the reaction was filtered and separated. The changes in the Cu2+ concentration was 
determined by conducting atomic absorption spectroscopy (AAS) (model Perkin Elmer Analyst 800). The obtained results were used to 
calculate the removal efficiency of Cu2+ by synthesized geopolymer adsorbents by using the formula shown in Eq. (1). 

Removal efficiency :
(Initial concentration − Final concentration)

Initial concentration
x 100 (1) 

Synchrotron micro-X-ray fluorescence at BL 7.2 W:MX beamline was used to determine the distributions of elements in synthesized 
geopolymer adsorbents which are located at the Synchrotron Light Research Institute (SLRI), Thailand. Synchrotron micro-XRF is an 

Fig. 2. Synthesis of metakaolin/sludge geopolymer adsorbent.  

Table 2 
Parameters of adsorption experiment.  

Parameter Details 

Adsorbent dosage 0.15 g 
pH 5 
Temperature 25 ⁰C 
Time 1 h  
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advanced technique for non-destructively visualizing the elemental distribution within a sample. The energy of the micro-X-ray beam 
is fixed at 12 keV. A total spot of 441 with detector time close to 15 % was scanned. The data was analyzed by using PyMca software 
and the rescaled images of the elemental mapping was illustrated using MATLAB software. 

3. Results and discussions 

3.1. Characterization of raw materials 

The chemical composition of raw materials is tabulated in Table 4. XRF analysis indicates that K is mainly made up of SiO2, Al2O3, 
with K2O and Fe2O3 as impurities. Upon calcination of K, the data obtained is not much different from kaolin and metakaolin, but the 
percentage of SiO2 decreased from 48.85 % to 42.68 %, while Al2O3 increased from 43.17 % to 52.96 %. MK can be used in the 
geopolymerization process as it is rich in Si and Al elements, as the main structural framework of geopolymer consists of Si and Al. In 
addition, S1 has the highest percentage of SiO2 (91.64 %) among other elements compared to other raw materials. On the other hand, 
SiO2, Al2O3, CaO, MgO and Fe2O3 are the main components in S3 with total sum-up of 86.98 %. Thus, S1 might have been obtained 
from glass industry and S3 might have come from water treatment plant based on the chemical composition. 

Similar observation was obtained in research conducted by Ayeni et al. [38] at which thermal treatment of K to MK results in an 
increase in the Al2O3 content. In another study by Karatas et al. [39], calcination of kaolin at 600 ºC for 3 h caused a decrease in SiO2 
from 73.4 % to 62.34 % and an increase in Al2O3 from 18.5 % to 34.68 %. As a result, it was concluded that, calcination favored 
aluminum availability during geopolymerization contributed to the quick hardening of the geopolymer specimens prepared [28]. 
Meanwhile, greater amount of Na2O and MgO in S1 could result in better ion exchangeability with Cu2+ and could increase the 
removal efficiency of Cu2+. In addition, Na is an important element for the geopolymerization process. However, in the case of high Na 
concentrated geopolymer, excess alkaline residue can be removed by washing with distilled water. Besides, S3 contains greater content 
of Fe2O3 compared to MK and S1. Based on a previous study, the participation of ferric ion in the tetrahedral network of the geo-
polymer is possible [40]. However, during geopolymerization, reactive iron is anticipated to precipitate quickly in the form of hy-
droxide or oxyhydroxide phases, eliminating OH ions from the solution and delaying the dissolution of the remaining raw materials. 
Apart from that, the Si/Al ratio is a critical factor in geopolymerization as it determines the degree of polycondensation, pore 
development and also directly influences the microstructure of geopolymer. Impurities phases such as Fe, Ti and Ca can influence the 
Si/Al ratio of geopolymer framework and the geopolymerization process to some extent [41]. 

The mineral composition of raw materials determined XRD are shown in Fig. 3. K contains kaolinite as main phase with muscovite 
and quartz as minor phases. After calcination at 750 ºC, kaolin is completely transformed into metakaolin with quartz as major phase 
and muscovite as minor phase. The broad hump in the XRD pattern of MK between 18º and 38º is attributed to amorphous structure of 
MK. In addition to quartz, MK is mainly hypocrystalline and amorphous. In contrast, the broad band in the XRD pattern of S1 and S3 
shows an amorphous structure of sludge materials. While, an amorphous halo with a high loss on ignition is visible, indicating the 
presence of organic chemicals in the S1 and S3 that volatilize, releasing principally CO, CO2 and CH4 [42]. It is also shown in the 

Table 3 
Sample descriptions according to process.  

Process Sample Process Sample S/L ratio 

Without geopolymerization MK 
S1 
S3 
MK75S1 
MK75S3 
MK50S1 
MK50S3 
MK25S1 
MK25S3 

With geopolymerization (G) GMK100 
GMK75S1 
GMK75S3 
GMK50S1 
GMK50S3 
GMK25S1 
GMK25S3 

0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0  

Table 4 
Chemical composition of raw materials.  

Chemical composition K wt (%) MK wt (%) S1 wt (%) S3 wt (%) 

SiO2 48.85 42.68 91.64 20.09 
Al2O3 43.17 52.96 0.01 31.50 
Na2O 0.17 0.49 2.75 1.07 
MgO 0.41 – 3.80 4.76 
CaO 0.20 0.01 0.10 11.97 
K2O 3.53 1.95 0.16 1.21 
TiO2 0.78 0.44 0.02 0.81 
Fe2O3 2.31 1.28 1.20 18.66 
P2O5 – – 0.07 0.21 
SO2 0.22 0.02 0.21 0.29 
LOI 0.36 2.12 0.04 9.43  
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pattern with the presence of quartz (SiO2), hematite (Fe2O3), calcite (CaCO3) and sillimanite (Al2SiO5). S1 is mainly composed of 
crystalline phases of quartz and hematite while crystalline phases in S3 are quartz, hematite, sillimanite and calcite. The major phase of 
quartz in S1 is due the presence of high silica content. The existence of calcite and hematite in S3 represents a greater amount of 
calcium and iron in the XRF results obtained. 

The disappearance of peak corresponding to kaolinite is noticed in metakaolin which is explained by the dehydroxylation of the 
water molecules that occur in the kaolinite structure in metakaolin and indicates the complete transformation of K to MK [43]. Besides, 
the results obtained also indicate that the material had good calcination and almost all of the kaolinite has been calcined. However, the 
presence of the quartz phase, which did not undergo amorphization completely after heat treatment, demonstrated that the K utilized 
in the calcination was not pure kaolinite [44]. The broad hump of S1 and S3 represents high concentration of disordered and unstable 
structures. This is because, the bonding in amorphous has short range order and is irregularly created when atomic locations are not 
randomly dispersed in 3-D orientation and thus amorphous is commonly formed in instable phase. Thus, the reactivity of materials 

Fig. 3. XRD patterns of (a) K, (b) MK, (c) S1 and (d) S3 (K-kaolinite Al2Si2O5(OH)4, Q-quartz SiO2, M-muscovite (KAl2(AlSi3O10)(OH)), H-hematite 
Fe2O3, C-calcite (CaCO3), S-sillimanite (Al2SiO5). 

Fig. 4. FTIR spectrum of raw materials.  
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increased when it is in amorphous phase and geopolymerization process is enhanced. 
FTIR spectra of K, MK, S1 and S3 are illustrated in Fig. 4. The peak of kaolin corresponding to 3355 cm− 1 is related to stretching of 

OH groups [45]. The ordered structure of kaolinite is confirmed by the well-defined peak in this area, while a peak at 1657 cm− 1 is 
related to deformation of the hydroxyl group and a strong peak uptake of 1824 cm− 1 is due to absorption of -OH buckling vibrations 
trapped in the crystal lattice [46]. In addition, absorption bands at 593 cm− 1 and 427 cm− 1 are due to bending vibration of Si-O-Al and 
Si-O-Si respectively [47]. Upon calcination of kaolin, the peaks related to stretching and deformation of OH- can still be observed in the 
FTIR spectra of MK with a new peak corresponding to bending vibration of Si-O-Al at 747 cm− 1. The stretching vibration of Al (VI)–O 
are connected to 747 cm− 1 in the IR spectra of MK which will reduce after geopolymerization during hydration reaction [48]. 
Moreover, FTIR spectra of S1 and S3 indicate the presence of OH, Si-O-Al and Si-O-Si functional groups. Absorption frequency of peak 
at 3202 cm− 1, 3191 cm− 1 and 1656 cm− 1 are related to OH functional groups, while 1016 cm− 1 and 953 cm− 1 corresponded to 
stretching vibration of Si-O-T (T = Si or Al). Besides, the FTIR spectrum at 753 cm− 1 and 721 cm− 1 and 542 cm− 1 and 530 cm− 1 

indicate the bending vibrations of Si-O-Al and Si-O-Si respectively. 
Fig. 5 shows the microstructure of raw materials. The layered structure of K is shown in Fig. 5(a). However, upon calcination, the 

amount of coarse fraction increased as revealed in Fig. 5(b). Calcination appears to have affected the crystalline arrangement of 
kaolinite. The disordered phase is indicated by the uneven arrangement and broken edges of the kaolinite platelets. On the other hand, 
Fig. 5(c) reveals that the material is made up of a large number of spheres like particles stacked on top of each other. This indicates that 
there are numerous pore channels between and within particles, indicating that small molecules have an easier time penetrating the 
material’s interior structure. In contrast, S3 particles consist of flake-like structure as shown in Fig. 5(d). 

The nitrogen adsorption and desorption isotherm of the MK, S1 and S3 used in this study is shown in Fig. 6. The adsorption and 
desorption isotherm curve of MK and S3 is almost shown the similar trend. The isothermal adsorption of these samples referred to as IV 
type at which indicating the mesopores structure of the materials [49]. However, S1 is obtained at a completely different trend 
compared to MK and S3 at which the amount of adsorbed nitrogen is reduced with increasing relative pressure. This observation 
demonstrates the small surface area and pore volume of S1 material compared to MK and S3. The surface area and pore characteristics 
of MK, S1 and S3 are tabulated in Table 5. The BET specific surface area of MK is approximately 8.38 m2/g which is larger than S1 and 
S3 with the pore volume of MK and S3 obtained having the same value at 0.02 cm3/g. The surface area of MK used in this study is larger 
than MK (2.54 m2/g) used in research by Lan et al. [25]. However, the average pore size of S3 is higher than MK and S1. 

Fig. 5. Morphology of raw materials (a) kaolin, (b) metakaolin, (c) S1, (d) S3.  
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3.2. Characterization of synthesized geopolymer adsorbent 

The phases present in the sample of synthesized geopolymer adsorbent at varied S/L ratio is shown in Fig. 7. Among all prepared 
samples, only six samples were selected for analysis based on their removal efficiency of having the highest and lowest value from the 
three different samples used namely MK/S1, MK/S3 and pure MK based geopolymer adsorbents at varied S/L ratio. Upon activation 
process, the crystalline phases are dissolved in the alkaline solution and the aluminosilicate is formed through geopolymerization 
reaction. This can be confirmed by observing the reduction in the intensity of the crystalline peaks in synthesized geopolymer in 
comparison to before geopolymerization. After geopolymerization, a wide diffraction hump in the range between 20 º to 35 º in Fig. 7 

Fig. 6. Nitrogen adsorption and desorption isotherm of raw materials: (a) MK, (b) S1 and (c) S3.  

Table 5 
BET surface area, pore volume and average pore size of samples.  

Sample SBET (m2/g) Pore volume (cm3/g) Average pore size (nm) 

MK 8.38 0.02 96.70 
S1 0.04 – – 
S3 6.98 0.02 108.43  

P. Arokiasamy et al.                                                                                                                                                                                                   



Case Studies in Construction Materials 17 (2022) e01428

9

(a) and (b) indicates an amorphous structure of MK geopolymer and it is attributed to amorphous aluminosilicate gel which is the 
primary binder phase in geopolymer. New peaks related to nepheline are formed upon geopolymerization of pure MK at low and high 
S/L ratio while characteristics of peaks for quartz and muscovite still exist in the range between 5º and 35º as shown in Eq. (2). 
However, when compared to the raw material, the number of these reflections is lower. On the other hand, synthesized geopolymer 
adsorbent at 25 % MK and 75 % of S1 at low S/L ratio has formed albite phases as shown in Eq. (3) and less unreacted peaks of quartz 
and hematite is remained. Whereas, at high S/L ratio, most unreacted peaks correspond to quartz and magnetite as shown in Fig. 7(c) 

Fig. 7. XRD pattern of synthesized geopolymer adsorbents (Q- quartz (SiO2), N- nepheline (2NaAlSiO4), T- Anorthite (CaAl2Si2O8), H-magnetite 
(Fe3O4), A- albite (Na(AlSi3O8), M-muscovite (KAl2(AlSi3O10)(OH)). 

Fig. 8. FTIR spectra of synthesized geopolymer adsorbents.  
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and (d). This indicates that at high S/L ratio, the aluminosilicate precursors do not dissolve completely due to the lack of alkaline 
solution. In addition, geopolymer adsorbent containing 25 % of MK and 75 % of S3 synthesized at S/L ratio of 0.6 is well geo-
polymerized and has formed anorthite phases as shown in Eq. (4). While at S/L ratio of 0.4, these geopolymer adsorbent has formed 
anorthite and most of the peaks related to quartz and muscovite still remained unreacted due to lack of the interaction between 
aluminosilicate precursor and excess alkaline solution as shown in Fig. 7(e) and (f). 

The halo peak with 2θ between 18 º and 38 º for MK is now between 20 º and 45 º for geopolymers which is the fingerprint of 
geopolymerization. However, the amorphous peak in the XRD patterns (Fig. 7(c,d,e,f)) clearly migrated towards 18 º and 38 º with S1 
and S3 addition in the geopolymer system, demonstrating the unreacted MK at high sludge containing geopolymers [40]. Besides, 
some of the raw materials’ peaks attenuated or disappeared when compared to the synthesized geopolymers, indicating crystalline 
phase breakdown and geopolymer formation [40]. In addition, the presence of characteristics of quartz in all geopolymer sample 
suggests that quartz was not involved in the geopolymerization reaction due to low dissolution of quartz in alkaline solution [50]. 
According to Zibouche et al. [51], the presence of quartz has no effect on the geopolymerization reaction. 

Na2O+Al2O3 + 2SiO2 → 2NaAlSiO4 (Nepheline) (2)  

Na2O+Al2O3 + 6SiO2 → 2Na(AlSi3O8) (Albite) (3)  

CaO+Al2O3 + 2SiO2 → CaAl2Si2O8(Anorthite) (4) 

The functional groups of an adsorbent are important to aid in the adsorption process as it provides attachment sites for the ad-
sorbates and then increase the binding capacity with heavy metal ions [52]. The FTIR spectra of synthesized geopolymer at different 
compositions of MK/S1, MK/S3 and pure MK at varied S: L ratio are illustrated in Fig. 8. The absorption peaks of FTIR located at 
approximately 3428 cm-1 and 1637 cm-1 are corresponded to stretching and bending vibration of -OH groups respectively. This broad 
bands belong to weakly–bound water molecules adsorbed on the surface or trapped between the rings of the geopolymeric products 
[53]. However, the existence of new peak at about 3708 cm− 1 in pure MK based geopolymer is assigned to the inner O–H stretching 
frequency which is bound to the octahedral Al. This might be attributed to the incomplete dihydroxylation of kaolinite. Moreover, the 
peaks at approximately 1450 cm− 1 are due to stretching vibration of O-C-O in CO3

2-. Entrapment and dissolution of CO2 in alkaline 
activator from atmosphere generate Na2CO3 in pure MK and MK/S1 geopolymeric matrix by the reaction of excess NaOH with CO2 in 
air [54]. Besides, dissolution of a part of carbonate mineral from sludge in the alkaline activator also generates CO3

2- in the geopolymer 
matrix of MK/S3. 

Besides, there is only a little difference in the FTIR spectra of MK and geopolymers in the range between 4000 cm− 1 and 400 cm− 1. 
This indicates that the geopolymerization product retains the most vibrant forms of the molecular chains present in the raw material 
[55]. The displacements in the peak at 747 cm− 1 in MK which are related to Si-O-Al to lower wavenumber at approximately 722 cm− 1 

after geopolymerization indicates the formation of geopolymeric structure with the transition hexa-to-tetra coordinated Al(IV) [50, 
56]. However, in a study by Kaya et al. [40], the major FTIR band of MK at 989 cm− 1 was observed to be systematically shifted to 
1004 cm− 1, possibly as a result of more unreacted metakaolin being present in the system with increasing red mud content. This can be 
slightly correlated with this study at which the band at 979 cm− 1 in the sample of 0 % of sludge is displaced with the increment of 
sludge up to 75 %. This indicates the presence of unreacted MK precursor in the GMK25S1 and GMK25S3. In contrast, the bending of 
the zeolite framework T-O created the bands at approximately 424 cm− 1 and 440 cm− 1 due to the transformation of the TO tetrahedral 
(T = Si, Al, Ca, Mg and etc) [54,57]. The presence of CO3

2- in the geopolymer matrix could promote the adsorption efficiency by the 
precipitation with Cu2+ [58]. In addition, ion complexation of Cu2+ with OH- functional groups could reduce Cu2+ in the aqueous 
solution as shown in Fig. 9. However, Si–O–Si/Al unit does not have an adsorption function, but serves as the adsorbent’s skeleton and 
strengthens the geopolymer adsorbent [59]. 

The morphology of synthesized geopolymer adsorbent which has been selected based on high removal efficiency of Cu2+ is shown 
in Fig. 10. Fig. 10(a) and (b) show the morphology of pure metakaolin based geopolymer at high and low S: L ratio. The layered like 

Fig. 9. Adsorption mechanism of synthesized geopolymer adsorbent.  
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structure of MK almost remained the same after geopolymerization process [55]. While, the surface layer of geopolymer contained S1 
sludge is changed from sphere like to sphere like with sharp edges as shown in Fig. 10(c) and (d). This morphological change in MK/S1 
based geopolymer is caused by dissolution of aluminosilicate material by alkaline activator especially at low S: L ratio [60]. In contrast, 
Fig. 10(e) and (f) indicate MK/S3 based geopolymer maintaining the flake like structure of sludge and is a uniformly distributed 
particles at slightly high S: L ratio. This observation indicates that, alkaline activation only occurs at the outer surface of the raw 
materials and thus its main shape is maintained since the solid-liquid reaction system provides a gel system [61]. 

Fig. 10. Morphology of synthesized geopolymer (a) GMK100–0.4, (b) GMK100–1.0, (c) GMK25S1–0.6, (d) GMK25S1–1.0, (e) GMK25S3–0.4 and 
(d) GMK25S3–0.6. 
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3.3. Effect of S: L ratio on Cu2+ removal efficiency 

Fig. 11 shows the Cu2+ removal efficiency by MK, S1 and S3 without geopolymerization. Pure MK and S1 yielded similar results of 
Cu2+ removal efficiency at approximately 6.85 % and 5.17 % respectively, while, S1 has achieved the lowest Cu2+ removal efficiency. 
However, the Cu2+ removal efficiency by pure S3 is highest (46.31 %) compared to MK and S1 without geopolymerization. 

This can contribute to a better chemical and physical properties of S3 compared to MK and S1. S3 has greater amount of MgO, CaO 
and Fe2O3 than MK and S1. Small amount of Cu2+ ions get adsorbed by pure S3 adsorbent particles by ion exchange mechanism with 
Ca and Mg. The ion exchangeability between Cu2+ and Ca2+ by S3 adsorbent particles is greater than the ion exchangeability between 
Cu2+ and Mg2+ in comparison to S1 and MK. This is due to the greater ionic radius of Ca2+ (0.100 nm) than Mg2+ (0.072 nm) which 
will be exchanged by Cu2+ (0.072 nm) [62]. Apart from that, smaller flake size of S3 adsorbent size particles can adsorb more Cu2+

ions faster due to higher surface area which provides more active sites [63]. In contrast, a research by Xu et al. [58] investigated the 
removal efficiency of Cu, Zn and As by using paper milled sludge derived biochar and found that the removal efficiencies of Cu, Zn, and 
As were above 95 % due to the wide pores, abundant carbonates, and OH groups. 

Fig. 12 shows the Cu2+ removal efficiency by 100 % of MK based adsorbent with and without geopolymerization. Pure MK based 
adsorbent without geopolymerization has the lowest removal efficiency (6.85 %) compared to pure MK based geopolymer adsorbent. 
Geopolymer adsorbent has obtained the highest Cu2+ removal efficiency of approximately 98.56 % at S: L ratio of 0.4. On the other 
hand, a study conducted by Tunali et al. [64] indicated the high removal efficiency of Cu2+ at about 95.02 % by using MK based 
geopolymer adsorbent. However, this value is lower than the value obtained in this study. Thus, it can be said that, geopolymerization 
has improved the adsorption capacity of the adsorbent and this might be due to the formation of nepheline phase upon geo-
polymerization of 100 % of MK [65,66]. 

The geopolymerization process is conducted at different S: L ratio in which the ratio of aluminosilicate material to alkaline activator 
varied. The dissolution process and subsequent reaction are influenced by the properties of the solid aluminosilicate, while the liquid 
activator dissolves the solid raw material partially or entirely, determining aluminosilicate structure break and recombination, 
polycondensation, and charge balance in the reaction system [33]. Besides, geopolymer synthesized at low S: L ratio is considered at 
the optimum ratio for better geopolymerization process of pure MK and for improved removal efficiency. This is further explained by 
the layered structure of MK which limits the mobility of the particles during mixing [67]. Thus, MK based geopolymer requires low S/L 
ratio to obtain a homogeneous reaction mixture. 

The effect of S: L ratio on the Cu2+ removal efficiency by MK/S1 and MK/S3 based adsorbent without and with geopolymerization 
at 75 %, 50 % and 25 % of MK is shown in Fig. 13. The sample with 75 %, 50 % and 25 % of MK without geopolymerization has lower 
Cu2+ removal efficiency compared to sample with geopolymerization. The Cu2+ removal efficiency by GMK75S1 fluctuates with 
increasing S: L ratio from 0.4 to 1.0 as shown in Fig. 13(a). 98.62 % of Cu2+ removal efficiency is achieved by GMK75S1–0.4, while this 
value is decreased to 73.15 % with increasing S: L ratio. However, in comparison to S1, S3 incorporated MK based geopolymer which 
has low Cu2+ removal efficiency at lowest S: L ratio (0.4) is increased by 12.44 % and has attained highest Cu2+ removal efficiency of 
99.07 % at GMK75S3–0.6. This value further dropped with the increase in S: L ratio and the lowest removal efficiency was obtained at 
GMK75S3–1.0. 

While, the effect of S: L ratio on the removal efficiency by MK/S1 and MK/S3 based geopolymer at 50 % of MK is shown in Fig. 13 
(b). Similar trend of Cu2+ removal efficiency by MK/S1 and MK/S3 based geopolymer at 75 % of MK is obtained at 50 % of MK. 
GMK50S1–0.4 with removal efficiency of 98.36 % is reduced by 1.94 % and 15.92 % at S: L ratio of 0.6 and 0.8 respectively followed by 
an increment at GMK50S1–1.0 to about 84.54 % of removal rate. Whereas, the Cu2+ removal efficiency of GMK50S3–0.4 (97.34 %) 
further raised to 97.55 % at GMK50S3–0.6 before starting to fall to 86.05 % at GMK50S3–1.0. This result indicates that, higher S/L 
ratio deteriorates the adsorption capacity of MK/S based adsorbents. 

In contrast, the relationship between varied S: L ratio and the Cu2+ removal efficiency by the prepared geopolymer adsorbents at 
25 % of MK is revealed in Fig. 13(c). 75 % of S1 and S3 filled MK based geopolymer adsorbent synthesized at S: L ratio of 0.6 achieved 
the highest removal efficiency among all compositions at 99.62 % and 99.37 % respectively. In comparison to previous study, the 
removal efficiency of Cu2+ obtained by the fly ash and iron ore tailing based geopolymer incorporated hydrogen peroxide was 90.7 %. 
Besides, a study by Tan et al. [68] on the removal efficiency of Cu2+ by facile fabricated foamed geopolymer sphere found that the 
removal efficiency increased from 47.5 % to 92.8 % due to the increasing number of binding sites. While, the removal efficiency of 

Fig. 11. Removal efficiency by 100 % raw materials.  
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Cu2+ obtained by synthesized adsorbent in this study is greater than previous studies. Thus, geopolymer adsorbents prepared at 25 of 
MK and 75 % S1 and S3 are considered the best ratios for an effective adsorbent among all compositions. Hence, at this ratio, MK/S 
based geopolymer synthesized at S: L ratio of 0.6 is chosen as an optimum ratio, whereas pure MK based geopolymer adsorbents 
prepared at 0.4 is chosen as the best S:L ratio. 

This might be due to high water demand of MK compared to S which influences the S/L ratio of the geopolymerization process [69]. 
Diminished MK content in sample of GMK25S1/S3 will result in the reduction of moisture absorption by MK at S/L ratio of 0.4. Hence, 
there will be more liquid medium than the solid precursors in the mix which will lead to incomplete reaction between them [34]. 
However, increasing MK content by increasing S/L ratio at 0.6 improved the reaction between the alkaline activator and the 

Fig. 12. Removal efficiency by 100 % MK without and with geopolymerization (G).  

Fig. 13. Removal efficiency by MK/S1 and MK/S3 geopolymer at (a) 75 % of MK, (b) 50 % of MK and (c) 25 % of MK without and with geo-
polymerization (G). 
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aluminosilicate materials and enhanced the geopolymerization process. In addition, at higher S/L ratio, the solid precursors do not 
dissolve properly due to the lack of alkaline solution in the matrix resulting in the inefficient hydrolysis reactions and gel formation 
[70,71]. This is because, the kinetics of the interchange of silicate units between species during geopolymerization is affected by an 
increase in the S/L ratio, which results in larger oligomers. This leads to a significant increase in the viscosity of the solution, limiting 
the workability of the activated pastes as a consequence [72]. In contrast, low S: L ratio hastens the dissolution of MK and promotes 
polycondensation of geopolymer [48,67,72]. This is due to the presence of sufficient OH- to catalyze the activation of the precursor by 
completely dissolving the reactive ions aluminosilicate precursors and Na+ to balance the charge deficit of aluminum [67]. Besides, 
MK/S3 based geopolymer has greater removal efficiency even at low concentration with higher removal rate of Cu2+ compared to 
MK/S1. This can be correlated with high specific surface area and average pore size of MK and S3 compared to S1 [73]. Larger surface 
area offers more active sites for better adsorption performance. Whereas, with the incorporation of high content of sludge into MK, 
MK/S1 based geopolymer had shown greater Cu2+ removal efficiency compared to MK/S3. This can be correlated with the structural 
changes from sphere like to sphere like with sharp edges which is caused by the greater dissolution of S1 material by alkaline activator. 
The greater the exposure of S1 towards alkaline activator, the greater the removal efficiency. 

3.4. Elemental mapping on the synthesized geopolymer adsorbents 

The elemental distribution of Si and Al on pure MK, MK/S1 and MK/S3 geopolymer based adsorbent prepared at low S/L ratio has 
obtained highest Cu2+ removal efficiency compared to pure MK based geopolymer as illustrated in Fig. 14. The color bar indicates the 
concentration level of elements at which red color represents high concentration and blue color represents low concentration. The 
distribution of Si and Al allowed for the identification of backbone of the geopolymer (Si-O-Si/Al) [74]. Even distribution of medium 
concentration of Si region in all three samples can be seen. This emphasizes the homogeneity of the geopolymer samples which is 
related to nepheline and albite phases. However, only low concentration of Al can be noticed in Fig. 14(a) and (b). Whereas, evenly 
distributed medium concentration of Al and randomly distributed high concentration of Al in Fig. 14(c) reflect the anorthite phase. 
This distribution of Al in the geopolymer matrix might lead to greater capacity for Cu2+ adsorption. 

Fig. 15 reveals the elemental distribution of Si and Al in the sample of pure MK, MK/S1 and MK/S3 based geopolymer adsorbent 
that has lower Cu2+ removal efficiency. Greater distribution of Si and Al is attributed to quartz and muscovite as can be observed in 
Fig. 15(a) and (b) which was due to the remaining of unreacted phases. However, the distribution of medium concentration and high 
concentration of Si and Al are more obvious in GMK25S3 at S/L ratio of 0.4 as shown in Fig. 15(c) than the other two samples which 
represent muscovite and sillimanite phases. This might be due to incomplete geopolymerization reaction between MK/S3 and alkaline 
activator. 

The fundamental structural components of geopolymers are Si and Al, and Si/Al is an important factor to take into account when 
deciding on a geopolymer application. The ratio of SiO2/Al2O3 which comes from aluminosilicate solid precursors is directly pro-
portional to the setting time of geopolymer. Increase in the alkaline activator delays the reaction of geopolymerization and requires 
longer coagulation time [75]. This can be further explained by the less contact between alkaline activator and reacting materials as 
illustrated in Fig. 16(a). There was more fluid medium than solid content in the mix, and the contact between the activating solution 
and the reacting materials was far and limited. Thus, it was believed that as the alkaline attack began on the material’s outer surface, 
the dissolution of aluminosilicate materials would be slowed down. Besides, precipitation of reactive species occurs with increasing 
S/L ratio as shown in Fig. 16(c). Increasing S/L ratio increases the amount of aluminosilicate precursors. A small amount of alkaline 
activator is insufficient to provide an alkaline environment for the MK, S1 and S3 to complete the polymerization reaction and resulting 
in the inefficient hydrolysis reactions and gel formation. Therefore, most of the phases remain unreacted due to low dissolution of 
aluminosilicate precursors at low liquid content [71], while geopolymer adsorbent synthesized at optimum S/L ratio results in 
excellent homogeneity of the sample as revealed in Fig. 16(b). 

4. Conclusion 

In this study, the best formulation for the synthesis of geopolymer based adsorbent with highest removal efficiency in terms of MK 
and sludge composition and the optimum S/L ratio was determined. Besides, the characteristics of raw materials and synthesized 
geopolymer adsorbents were analyzed based on phases present, functional groups and changes in microstructure. Based on the results 
obtained from the analysis and experimental data, the following conclusions can be derived:  

• The optimum ratio of MK to S1 and MK to S3 is 25:75 among all compositions as it has achieved highest Cu2+ removal efficiency at 
approximately 99.62 % and 99.37 % respectively compared to pure MK based geopolymer with 98.56 %. The best S/L ratio for MK/ 
S1 and MK/S3 is 0.6 at which the reaction between the alkaline activator and the aluminosilicate materials has improved and 
enhanced the geopolymerization process.  

• At low S/L ratio, it hastens the dissolution of MK and promotes polycondensation of geopolymer. This is further explained by the 
layered structure of MK which limits the mobility of the particles during mixing. Thus, MK based geopolymer requires low S/L ratio 
to obtain a homogeneous reaction mixture. Besides, at low S/L ratio, the presence of sufficient OH- catalyzes the activation of the 
precursor by completely dissolving the reactive ions aluminosilicate precursors and Na+ balances the charge deficit of aluminum.  

• However, at higher S/L ratio, it deteriorates the removal efficiency of MK/S1 and MK/S3 based adsorbents. At higher S/L ratio, the 
solid precursors do not dissolve properly due to the lack of alkaline solution in the matrix resulting in inefficient hydrolysis re-
actions and gel formation. 
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• Increase in the alkaline activator delayed the reaction of geopolymerization and required longer coagulation time. This can be 
further explained by the less contact between alkaline activator and reacting materials. There was more fluid medium than solid 
content in the mix, and the contact between the activating solution and the reacting materials was far and limited. 

Fig. 14. Elemental mapping of Si and Al (a) GMK100–0.4, (b) GMK25S1–0.6 and (c) GMK25S3–0.6.  

Fig. 15. Elemental mapping of Si and Al (a) GMK100–1.0, (b) GMK25S1–1.0 and (c) GMK25S3–0.4.  
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• The presence of CO3
2- in the geopolymer matrix could promote the adsorption efficiency through the precipitation with Cu2+. In 

addition, ion complexation of Cu2+ with OH- functional groups could reduce Cu2+ in the aqueous solution. Besides, the presence of 
metal oxide such as CaO and MgO offer ion-exchangeability with Cu2+. 

The effectiveness of an adsorbent is influenced by the physical and chemical properties of the adsorbents. An ideal adsorbent 
material should have a small volume and greater surface area. Apart from that, additional characteristics must include strong me-
chanical strength, chemical and thermal stability, high porosity and small pore diameter, which result in increased exposed surface 
area and adequate surface chemistry, leading to high adsorption capacity. Thus, the mechanical properties of the adsorbent are crucial 
to support the application in wastewater treatment. Therefore, the synthesized metakaolin/sludge geopolymer adsorbent in this study 
should be further investigated by sintering at various sintering temperature and then subjected to compressive test in order to 
investigate the compressive strength of the adsorbent before and after heat treatment to be applied in wastewater treatment. 
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Abstract: Underwater concrete is a cohesive self-consolidated concrete used for concreting underwa-
ter structures such as bridge piers. Conventional concrete used anti-washout admixture (AWA) to
form a high-viscosity underwater concrete to minimise the dispersion of concrete material into the
surrounding water. The reduction of quality for conventional concrete is mainly due to the washing
out of cement and fine particles upon casting in the water. This research focused on the detailed
investigations into the setting time, washout effect, compressive strength, and chemical composition
analysis of alkali-activated fly ash (AAFA) paste through underwater placement in seawater and
freshwater. Class C fly ash as source materials, sodium silicate, and sodium hydroxide solution as
alkaline activator were used for this study. Specimens produced through underwater placement in
seawater showed impressive performance with strength 71.10 MPa on 28 days. According to the
Standard of the Japan Society of Civil Engineers (JSCE), the strength of specimens for underwater
placement must not be lower than 80% of the specimen’s strength prepared in dry conditions. As
result, the AAFA specimens only showed 12.11% reduction in strength compared to the specimen
prepared in dry conditions, thus proving that AAFA paste has high potential to be applied in seawater
and freshwater applications.

Keywords: alkali-activated; underwater placement; class C fly ash; seawater; fresh water

1. Introduction

The construction of structures involving concrete underwater placement usually
require additional considerations due to its unique circumstances. Typically, the effective
placement of conventional concrete mixture underwater depends on two main factors: the
mix design of concrete itself and placement method during concreting [1,2]. For the mix
design of concrete, additions of anti-washout admixtures (AWA) and viscosity-modifying
admixtures (VMAs) are necessary for conventional concrete to minimise the washout
effect and the ability to self-consolidate during the underwater placement [3–5]. Concrete
resistance against washout can also be improved using mineral admixture with high
fineness. The most used mineral admixture includes silica fume, ground granulated blast
furnace slag (GGBS) and fly ash (FA) [2,6]. Heniegal [7] confirmed that the inclusion of
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fly ash and silica fume with the addition of limestone or bentonite powder improved the
flowing properties of conventional concrete and minimised the washout effect.

Past researchers had also investigated the use of seawater as replacement for water in
ordinary Portland cement (OPC) concrete. The justification for using seawater in concrete
is for offshore structures where it involves underwater concreting. According to Wang
et al. [8] it is possible to mix seawater with cement where the early strength increased
due to the existence of Cl− and Na+ ions. Specimens with low water/cement (w/c) ratio
showed more significant early strength development. For 28 days strength, it also showed
an increment about 10% compared to specimen produced with fresh water but it induced
corrosion on the rebars [9].

Meanwhile for the placement method, the concreting process can be made using
Tremie pipe for mass concrete. This method required steel pipe with a hopper attached to
the upper end and injectable plug on the bottom of pipe. The pipe is immersed in water
and when the pipe is full of concrete, its bottom is opened for the concreting process. Using
this technique, a hydro crane is required to lift the Tremie pipe after finishing concrete
placement and the bottom of the pipe need to be kept in the fresh concrete during the
process to avoid washout effect [2]. For a small concrete placement underwater, the skip
and toggle bag methods are most suitable [1]. The concrete is filled up into different sized
buckets, where the top covers are sealed to prevent water infiltration during the lowering
process of the concrete placement. The bottom door of the bucket is slowly opened during
concreting to allow free flowing of the concrete.

Moreover, for underwater concrete mostly refer to the Standard by Japan Society of
Civil Engineers (JSCE). This standard stated that the w/c ratio should be in range 0.50
to 0.55 when placing reinforced concrete in seawater and fresh water [10]. The w/c ratio
can be increased up to 0.60 and 0.65 when concreting for non-reinforced concrete. For the
strength of hardened concrete through underwater placement, JSCE standards required
the compressive strength of specimens attain a minimum of 80% strength with respect to
specimen cast in dry conditions [2,10].

The manufacturing of ordinary Portland cement (OPC) consumes a lot of natural
resources, is energy intensive and contributed to carbon dioxide (CO2) emission to the
atmosphere [11]. It was estimated that 7% of CO2 emission comes from the OPC indus-
try [12], which is about 1.35 billion tons per annum. This is a serious environmental concern,
and research endeavours involve finding a suitable alternative binder to replace OPC in
concrete. The literature [13] refers to the work of Davidovits that found geopolymer in 1978
which also known as amorphous alkali aluminosilicate, and are sometimes referred to as
inorganic polymers, geocements, or alkali-activated cements. This new alternative binder
is produced by activating source materials with alkaline activators, and its classification
is dictated by the content of silica, aluminium, and calcium. If the source materials are
made up of mainly silica and aluminium (Class F fly ash, metakaolin, or some natural
pozzolan), its final product is the sodium aluminosilicate hydrate (N-A-S-H) backbone of
the geopolymer [14]. If the source materials are made up of calcium, aluminium, and silica
(Class C fly ash and slag), then the main product after hardening is calcium silicate hydrate
(C-S-H) or calcium alumino silicate hydrate (C-A-S-H), which also can be described as
alkali-activated materials (AAM) [15].

Fly ash is an industrial waste material that is ubiquitous due to the increasing demand
for energy, which is met by increasing coal-fired power plant’s usage. The world coal
production is expected to rise between 2006 and 2030 by almost 60%, with volumes output
to 7011 Mtce by 2030 [16–19]. The management of fly ash disposal is always concerned
by environmentalist since only 20–30% of the generated fly ash is reused whereas the
rest was disposed either in landfills or ponds [17,18]. Therefore, the use of fly ash as
aluminosilicates sources in AAM production is a waste-to-health approach that could also
mitigate environmental concerns.

The parameters that influence the properties of AAM have been intensively investi-
gated [19–25], and AAM are known to be resistant against aggressive ions, freeze-thaw
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resistance, have high early and long-term strength, and excellent fire resistance [13,26–30].
The main issue of using conventional concrete for underwater structure is its resistance
to washout. Concrete resistance to washout depends on the content of fine fraction in the
binder, water cement ratio, and cement content. Concrete resistance to washout depends
on the content of fine fractions in the binder, water cement ratio, and cement. Previous
studies are mainly focused on underwater concrete placement using OPC as a binder and
addition of special admixture for construction offshore structures such as bridge piers, but
studies involving the application of AAM for underwater concreting remain scarce. The
current study investigated the performance of alkali-activated fly ash (AAFA) paste through
underwater placement in seawater and freshwater (river water and lake water). The com-
pressive strength, changes in pH, X-ray fluorescence (XRF) and Field Emission Scanning
Electron Microscope coupled with Energy Dispersive X-ray spectroscopy (FESEM-EDS)
are analysed, respectively.

2. Materials and Methods
2.1. Materials

In this study, fly ash was used as source materials for AAM which is supplied by
Cement Industries of Malaysia Berhad (CIMA), Perlis, Malaysia. Noted that the major
elements in fly ash are silica (SiO2), alumina (Al2O3), ferum (Fe2O3) and calcium (CaO).
According to the American Society for Testing Materials (ASTM C618), the ash containing
more than 70 wt.% of SiO2, Al2O3, Fe2O3, and low CaO is considered to be Class F; while
that with total of SiO2, Al2O3, and Fe2O3 ranging within 50–70 wt.% defined Class C.
Due to the relatively high calcium content (22.30%), the fly ash used in this experiment is
classified as Class C according to the ASTM C618 [31].

Waterglass or sodium silicate solution was supplied by South Pacific Chemical Indus-
tries Sdn. Bhd. (SPCI), Malaysia. The waterglass consists of 30.1% SiO2, 9.4% Na2O and
60.5% H2O (modulus SiO2/Na2O = 3.2). Its specific gravity and viscosity are 1.4 g/cm3

and 0.4 Pas, respectively.
Sodium hydroxide (NaOH) powder brand Formosoda-P from Taipei, Taiwan with

99% purity was used. The desired concentration of NaOH solution was prepared 24 h
before experiments by diluting NaOH powder with distilled water. The activator solution
was prepared by mixing waterglass and NaOH solution at a ratio of 2.5.

2.2. Collection of Water Samples

In this study, the seawater, river water, and lake water samples are collected around
Perlis, Malaysia. The water collected was left in the laboratory to allow the impurities to
precipitate at the container’s bottom. Later, the water was transferred to a plastic tank via
infiltration and the pH value for each type of water was recorded.

2.3. Specimens Preparation

The concentration of NaOH solution is fixed at 12 M [32], the ratio of waterglass-to-
NaOH and ratio fly ash-to-alkaline activator fixed at 2.0 and 2.5 respectively [22]. The
details of mix design are summarized in Table 1. The fly ash and alkaline activator were
mixed and stirred for 5 min using a mechanical mixer. Then the fresh AAFA paste poured
into the 50 mm × 50 mm × 50 mm [33] moulds that already placed in a container with sea-
water, river water, and lake water as shown in Figure 1. The AAFA specimens were left in
the container for 3, 7, and 28 days, respectively. The pH level and temperature of the water
before and after the placement of AAFA paste were recorded. For the control specimens,
the AAFA paste was prepared in dry conditions (without underwater placement).
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Table 1. Mix design for AAFA paste.

Parameter Indicator

Ratio fly ash/alkaline activator 2
Ratio waterglass/NaOH 2.5

Mass of fly ash (wt.%) 66.7
Mass of NaOH solution (wt.%) 9.6

Mass of sodium silicate solution (wt.%) 23.8
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Figure 1. AAFA paste poured into mould in seawater.

2.4. Testing and Analysis Methods

The setting time of AAFA paste through underwater placement was measured using
the Vicat test [33]. The test was conducted at room temperature using the Vicat apparatus,
where the mould was placed beneath the water level. The initial setting and final setting
time of the AAFA paste were recorded.

The specimen’s compressive strength was determined based on ASTM C109 [34]
using Instron 5582 Mechanical Tester (Instron, Massachusetts, United States America).
A minimum of three specimens was tested for each mix design, and the average results
recorded. Total of all 108 specimens were produced for this testing. The AAFA were
tested on 3rd days, 7th days, and 28th days for both the control specimens and specimens
cast underwater.

The chemical composition of the AAFA paste after going through underwater place-
ment and dry condition is determined using X-ray fluorescence (XRF). XRF was conducted
using the PA Nanalytic PW 4030, MiniPAL 4 (Malvern Panalytical, Malvern, United King-
dom) X-ray fluorescence spectrometer. After 28 days placement in various water types, the
specimens were crushed to a powder form for analyses.

A JSM-7001F (JEOL, Tokyo, Japan) model of Field Emission Scanning Electron equipped
with energy dispersive spectroscopy (EDS) was used to image the AAFA’s morphology
and determine its elemental composition after underwater placement. The specimens were
cut into small pieces and coated with carbon using Auto Fine Coater (JEOL, Tokyo, Japan).
The images were observed with accelerating voltage of 15 kV for all specimens.

3. Results and Discussion
3.1. pH Value and Temperature of Water

The water’s pH value and temperature before and after underwater placement of the
AAFA are illustrated in Figures 2 and 3. The seawater’s original pH is 7.5, while the river
water and lake water pH value are 7.4. All types of water recorded an increment in value
when the AAFA paste was placed into the tanks. The seawater’s pH value recorded the
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lowest increment of 0.6, while the highest increment was 1.8 from the lake water. From the
underwater placement of AAFA paste, there is washout effect with the increment in the
surrounding water’s pH value. However, visible changes in the pH are evident, probably
due to the smaller tank (275 mm length × 160 mm width × 160 mm depth) used during
underwater placement of the AAFA specimens.
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Figure 3. Effect on temperature when casting the AAFA in water.

The temperature for all types of water increased when the AAFA paste was placed
into the tanks, proving that the AAFA reaction is exothermic, as heat is released during
the hardening process, which increased the temperature of the water. Temperature in-
crement in the seawater and river water was 2.5 ◦C, while lake water had a temperature
increment of 2.6 ◦C. Previous researchers reported that the reaction between the source
materials and alkaline activator is an exothermic reaction when the AAFA is cured at high



Materials 2021, 14, 6865 6 of 15

temperature [33–37]. However, it was observed in this study that even though the AAFA
paste was placed in water, heat release can still be detected.

3.2. Setting Time

The setting time of cement or binder occurred when it loses its plasticity and slowly
formed into hard rock type material. The initial setting time can be defined as the time
taken by the paste to start stiffening; whereas the final setting time is when the paste begins
to harden and able to carry some loads. The initial and final setting times for the AAFA
paste through underwater placement in various water types are shown in Table 2. For the
initial setting time, the AAFA specimens placed in seawater were recorded at the fastest
time of 26 min, while the river water specimens recorded with the longest time of 30 min.
For final setting time, the specimens in seawater and lake water recorded the same value
of 35 min and for river water it recorded 37 min. The final setting time of Class C fly ash
in dry condition (room temperature) is usually between 1–2 h, depending on the content
of calcium (CaO) [38]. For the current study, the initial and final setting time of the AAFA
specimens casted in dry condition reported 31 min and 40 min, respectively. This finding in
agreement with past research where it was found that Class C fly ash recorded initial and
final setting times of 32.15 min and 60.00 min for specimens casted in dry condition [39].
Source materials rich in Ca content have quick setting time in dry condition due to the
higher dissolution rate of Ca2+ compared to Si4+ and Al3+. The reaction product of the
source materials rich in calcium is expected to form of Ca-rich phases that will develop
the fundamental skeleton of the AAFA network. According to previous research, reaction
products such as calcium silicate hydrate (C-S-H), calcium aluminate silicate hydrate (C-
A-S-H) and sodium calcium aluminate silicate hydrate (N, C-A-S-H) are expected to be
present in Ca-rich phase [40].

Table 2. Setting time of AAFA cast underwater.

Types of Water
Setting Times (minutes)

Initial Final

Dry Condition 31 ± 0.5 40 ± 0.5
Seawater 26 ± 0.5 35 ± 0.5

River Water 30 ± 0.5 37 ± 0.5
Lake Water 28 ± 0.5 35 ± 0.5

The quick setting time for underwater placement of the AAFA in seawater is due to Cl−

ions which react with cations in the AAFA paste such as Na+ and Ca2+. The formation of
calcium chloride (CaCl2) is widely known as an accelerator for early strength development
as well as a minimiser for the setting time [41]. Additionally, during underwater placement
of the AAFA specimens, the existence of water helps to improve the properties of AAFA.
According to Duxson et al. [42], water helps accelerate Si and Al dissolution process
from the source materials by providing discontinuous gel nanopores to the paste, hence
improved its performance. For practical application, it is suggested to use the retarding
admixture to control the setting time, as it can delay the setting time and keep the AAFA
concrete workable throughout the placing process.

3.3. Compressive Strength

The compressive strength of the AAFA specimens through underwater placement
was evaluated on 3rd, 7th, and 28th days. All specimens displayed increment in strength
with respect to aging days as per Figure 4. The AAFA specimens cast in seawater displayed
the highest compressive strength for all the aging days; for example, on 3rd days, the
AAFA specimens reported a strength of 36.8 MPa. Meanwhile, the lowest compressive
strength was found in the specimens cast in river water with strength 34.6 MPa on 3rd days.
For control specimens (dry condition), the compressive strength on 3rd days is 79.1 MPa.
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The specimens cast in seawater recorded a decrease in their compressive strength by 54%
compared to the specimens cast in dry condition for 3rd days of testing.

The compressive strength of the AAFA specimens cast in seawater was reported to be
46.0MPa on the 7th days, whereas its dry counterpart has a reported strength of 79.9 MPa.
This translates to a 20% strength increment in the AAFA specimens cast in seawater from
day 3 to day 7. However, the strength increment from day 7 to day 28 was even higher,
which is 55%. In contrast, the 28 day’s strength of the specimens cast in dry condition
was found to be 80.9 MPa, indicating that it has a lower strength increment. According
to Kumar et al. [43], the increment of strength with respect to time can be attributed to
calcium silicate hydrate (C-S-H) formation. Further discussion about the reaction product
will be provided in Section 3.4.
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The AAFA cast in dry condition exhibited almost complete strength development
within 3 days, as the strength increment from 3rd days to 28th days testing was only
2%. For the AAFA cast in water, the strength slowly increased from 3rd days to 28th
days for all water types. In the case of the 28-day strength, the AAFA specimens cast in
seawater recorded a strength decrease by 12% relative to the specimen cast in dry condition,
implying that the AAFA can be used for constructing a structure in water due to its
impressive strength. Normally, conventional concrete (ordinary Portland cement) requires
anti-washout admixture (AWA) and high range water reducer admixture (HRWR) before
it can be used as binder materials in construction, especially for underwater structures.
However, using AAFA only requires materials rich in silica and alumina, as well as alkaline
activator. Additionally, the raw materials used in this case (silica and alumina sources) are
waste materials, which falls in line with green technology promotion.

3.4. Chemical Composition Analysis

The chemical composition of control and AAFA specimens placed in different types of
water is presented in Table 3. All the AAFA paste showed an increment in SiO2 content
due to the reaction of the fly ash with waterglass (Na2SiO3). Meanwhile the content of
Al2O3 showed a reduction in AAFA paste relative to the raw fly ash. This is due to the par-
ticipation of Al2O3 in setting time of the AAFA via acceleration of the condensation of the
AAFA product formation [44,45]. The content of Fe2O3 also increased in the AAFA paste,
especially those cast in dry condition, hence contributing to the maximum compressive
strength. It was suggested that Fe3+ contributed to the formation of AAFA network due
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to the similar charge and ionic radius with Al3+ [46,47]. However, the increment of most
chemical composition between different specimens is almost similar, which is related to
the compressive strength. The compressive strength of the AAFA depends on a few factors
such as the formation of reaction products, distribution of Si-Al ratio, calcium content, and
the surface reaction between the unreacted Si-Al particles [48,49].

Table 3. Comparison of chemical composition for all specimens.

AAFA Paste (wt. %)

Composition Fly Ash Dry Condition Seawater River Water Lake Water

SiO2 30.80 34.30 34.60 34.20 34.00
Al2O3 13.10 10.60 10.80 10.70 10.70
CaO 22.30 21.50 22.00 21.20 21.20

Fe2O3 22.99 24.75 24.38 23.64 23.47
MgO 4.00 3.10 3.10 3.00 3.20
TiO2 0.89 0.94 0.93 0.88 0.88
K2O 1.60 1.43 1.42 1.30 1.33
SO3 2.67 2.02 1.20 0.93 0.91

MnO 0.21 0.22 0.22 0.21 0.20
Si/Al ratio 2.35 3.24 3.20 3.20 3.18
Ca/Si ratio 0.72 0.63 0.64 0.62 0.62
Fe/Si ratio 0.75 0.72 0.70 0.69 0.69

Strength (MPa) - 80.9 71.1 63.7 69.5

The molar ratio of Si/Al, Ca/Si, and Fe/Si of raw fly ash and the AAFA paste was
calculated based on the result from XRF. For the ratio of Si/Al, the compressive strength
increased when the Si/Al ratio increased due to the formation of Si-O-Si bonds. The
maximum ratio of Si/Al is contributed by the AAFA specimens cast in dry condition.
Nevertheless, the ratios between the specimens do not differ much.

The Ca/Si ratio for the source materials rich in Ca content is also linked with the
compressive strength of the AAFA. The Ca/Si is responsible for the formation of C-S-H, and
according to Timakul et al. [50], the compressive strength increased alongside the Ca/Si
ratio. However, in this study, the ratio of Ca/Si is almost similar (~0.64–0.63) between the
AAFA specimens cast in dry condition and seawater, which resulted in less of a difference
in terms of compressive strength. For the AAFA cast in river water and lake water, the ratio
of Ca/Si is similar (Ca/Si~0.62). Additionally, the formation of C-S-H, as AAFA reaction
product and/or as OPC hydration product is entirely different. For the formation of C-S-H
as hydration of OPC, the ratio of Ca/Si is in the range of 1.2 to 2.3, which is much higher
relative to the AAFA [51,52]. The ratio of Fe/Si also plays essential role in forming the
reaction product of the AAFA. The specimens’ compressive strength increased when the
ratio of Fe/Si increased due to the formation of ferro-sialate-siloxo and/or ferro-sialate-
disiloxo poly. The XRF result indicated that iron oxide is involved in the forming of the
AAFA network and contributed to the AAFA’s strength.

3.5. Microstructure and Elemental Composition of Reaction Products

The morphology image of fly ash shown spheres particles shapes with smooth surface
and various sizes of particles as in Figure 5. Figures 6–9 show the microstructure and EDS
of the specimens at three selected spots (represented by the spectrum numbers) in the
matrix. Elements such as Si, Na, Fe, Al, Ca, and O were identified in the AAFA matrix for
each specimen. The selected spot for each specimen is often different, which means that
the EDS elemental composition is incomparable between each specimen.
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For the AAFA specimens casted in the dry condition as in Figure 6a, the present of
unreacted fly ash still detected on the specimen. For the elemental composition of spectrum
15 is occupied by Si, Al, and Fe, with Ca and Na less than 5 wt.%. Referring to the FESEM
images, spectrum 15 showed the particle shapes of fly ash. It can therefore be surmised
that the unreacted fly ash contributed to the strength increment with respect to the aging
period due to the complex reaction between the surfaces of the particles via bonding
strength [53–57]. Meanwhile, the elemental composition in spectrum 16 majorly consists
of Si, but for spectrum 17 is dominated by Si, Ca, Na, and Al as in Figure 6b. It can be
hypothesised that these elemental compositions represent the reaction product of C-A-S-H
and C-S-H due to the high content of Ca in the source material (fly ash).

Figure 7a shows the specimen cast in seawater where unreacted and partially reacted
fly ash were detected. Through EDS analysis spectrum 1 is dominated mostly by Si with
Na, Al, Ca, and Fe less than 5 wt.%. Spectrum 3 is dominated by Ca, Na, and Si, which
indicate the formation of C-S-H. Additionally, spectrum 4 show high concentration of Si
and Al as in Figure 7b which represent unreacted fly ash.

The unreacted fly ash remains present between AAFA matrix as confirmed by the
FESEM image in Figure 8a. The AAFA specimen’s elemental compositions cast in river
water (Figure 8b) are represented by spectrum 27, 28, and 29. From the three different spots,
the Ca and Si are predominant indicating the existing of calcium silicate hydrate (C-S-H).

The microstructure of specimens cast in lake water (Figure 9a) showed micro-crack
and it is believed to be due to sample preparation for FESEM. For spectrum 54, it is
dominated by Ca, Na, and Si, which signifying the formation of C-S-H. However, spectrum
55 is mostly dominated by Ca, Si, Al, Fe and by referring to Figure 9b, the location of this
spectrum is on spherical shape of fly ash. The elemental composition of spectrum 56 is
predominated by Si, Al, and Fe.
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In Section 3.4, C-S-H presence is confirmed via XRF analysis due to the increment in Ca
and Si content. Additionally, the same finding also noted in EDS analysis where the C-S-H
supported the compressive strength by acting as a micro-aggregate in the AAFA which
produced denser AAFA matrix. The formation of C-S-H started from dissolution of Ca from
the source material where some of the Ca will precipitate in the form of calcium hydroxide
(Ca(OH)2) and C-S-H. Likewise, Si species also favourably to react with dissolved Ca rather
than polymerise with soluble Al [58,59]. Hence, the presence of excessive Al will force
out from Ca-rich area into the AAFA network. Past research also found that C-S-H gel
contribute to the strength development at later age such as at 28th days [57,58].

Through EDS analysis, the existence of Fe was noticeable from all specimens and
was reconfirmed by the XRF result. The high percentage of Fe in AAFA network due
to involvement as substitution for Al, which leads to formation ferro-sialate-siloxo and
ferro-sialate-disiloxo poly binders where Ca2+ and Na+ act as charge-balancing cations [57].
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4. Conclusions

The use of concrete for underwater placement is a significant challenge due to washout
effect as well as the presence of various ions in the water which can influence the properties
of concrete. The present study analysed the strength, changes in water pH, and AAFA
setting time when go through underwater placement in seawater and freshwater. The
chemical composition of AAFA paste is analysed using XRF and EDS. The AAFA can be
used as binder for underwater concrete without the addition of anti-washout admixture
(AWA). The maximum compressive strength of 71.10 MPa was obtained from the specimens
cast in seawater on 28th days. It demonstrates 12.11% of strength reduction compared to
specimens cast in dry condition and according to JSCE standard, the AAFA specimens
are qualified to use for underwater casting. It was found that the presence of Cl- ions in
seawater leads to formation of calcium chloride (CaCl2) which acts as accelerator for early
setting time and strength development.
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a b s t r a c t

This paper investigates the strength development of solely ground granulated blast furnace slag geopoly-
mers (GGBFS). An optimal combination of GGBFS with various solid/liquid and alkaline activator ratios
had been determined by performing a number of compressive strength tests. It was found that GGBFS
with 3.0 solid/liquid ratio and 2.5 alkaline activator ratio resulted in high compressive strength at
168.7 MPa after 28 days of curing. The microstructure analysis of the GGBFS geopolymers using SEM,
FTIR and XRD revealed the formation of tobermorite and calcite (CaCO3) phases within a three-
dimensional system. In addition, an advanced characterisation non-destructive technique using the syn-
chrotron micro-XRF was performed to reveal detail phase distribution in the system. It displayed that the
calcium concentration was higher at silica and alumina regions, which described the formation of tober-
morite and CaCO3 as the contributing factor towards high compressive strength.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The term ‘‘geopolymer” refers to the inorganic aluminosilicates
based on materials with geological sources that react with alkaline
solution to generate a binder material via polycondensation
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Table 1
Chemical composition of GGBFS.

Oxides Content (wt %)

CaO 50.37
SiO2 30.4
Al2O3 10.5
MgO 3.2
Fe2O3 0.53
TiO2 0.98
ZrO2 0.05
MnO2 0.71
LOI 0.32
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process at ambient or elevated temperature [1,2]. Nevertheless,
geopolymers can also be defined as alkali-activated material
(AAM) if the precursor materials contain high calcium oxide [3].
This third-generation cement has been garnering attention as an
alternative to ordinary Portland cement due to the increasing
greenhouse gas emission and the deteriorating reserves of raw
materials (80–90% less compared to cement) [4]. The geopolymer
productions are manufactured via alkaline activation of alumi-
nosilicates source materials, such as kaolinite, fly ash, and metal-
lurgical slag. Generally, geopolymers composites are composed of
chemicals that are rich in aluminate and silicate components,
which are used in geopolymer synthesis to form tetrahedral
network of silico-aluminates structures. The mechanism of this
geopolymerisation incorporates three major chemical reactions,
namely (i) the aluminate-silicate-oxygen bonds in the source
material is broken by OH� ion in alkaline activator via dissolution
process, (ii) the formation of dimers by alumino-silicate monomer,
which then reacts with another monomer to construct polymer
chain during polycondensation, and (iii) the precipitation of reac-
tion products along crystallisation [5]. The aluminosilicate sources
can be activated using two systems, which are mild alkali solution
for alkali activation of blast furnace slag (Si + Ca), and medium to
high alkali solution for alkali activation of metakaolin and Class F
fly ash (Si + Al) [6].

The ground granulated blast furnace slag (GGBFS) is a glass
granular material that is produced as a result of the condition
when molten blast furnace slag is rapidly chilled, via immersion
in water during the formation of iron in steel industry. The GGBFS
refers to a non-metallic product that comprises of silica, alumina,
calcium oxide, and other bases developed in molten simultane-
ously with iron in a blast furnace. The application of GGBFS as an
alternative cement in concrete is a valuable practice in the areas
of technologies, economics, and environmental. The literature pre-
sents a number of studies that have incorporated slag into geopoly-
mers properties. Kürklü et al. [7] synthesised fly ash/slag
geopolymers and concluded that the slag contents were indeed
the most significant factor for strength development. A compres-
sive strength of 22 MPa was recorded for a mixture of fly ash/slag
at thermal curing of 24 h. Ling et al. [8] studied the bond strength
of fly ash-slag based on geopolymers. The role of slag as a filler in
fly ash geopolymer has been studied extensively, which seems to
reduce crack appearance and to offer excellent ductility with
increased slag content in the specimens. The compressive strength
of fly ash-slag geopolymers (50% slag and 50% fly ash) decreased
from 43 MPa to 29 MPa [9]. The degradation of compressive
strength has been due to the low dissolution and reaction of fly
ash at ambient temperature. Generating high calcium geopolymer
concrete by activating high calcium fly ash with liquid alkaline
activator could result in compressive strength of 45.8 MPa [10].
Increased slag content in geopolymers system led to increased dis-
solved concentration of calcium, which led to calcium silicate
hydrate (CSH) gel production. Relatively, incorporation of slag or
high calcium material in geopolymer system appears appropriate
for strength development. Nonetheless, for solely GGBFS-based
geopolymers, only a handful of studies have looked into the effects
of solid/liquid and alkaline activator ratios on the mechanical per-
formance. Sufficient ratios of chemical components in the geopoly-
mer network may exert a key role towards high strength structural
materials. As a result, there is a pressing need to investigate in
detail geopolymers designed using varying ratios of solid/liquid
and alkaline activator, particularly to study the mechanical proper-
ties of solely GGBFS-based geopolymers.

As such, this study evaluated the strength development of a
novel solely GGBFS-based geopolymers under ambient condition.
Extensive analysis was performed to reveal the mechanism and
the formation of hydration products that govern the strength
development of GGBFS geopolymers as binder solely. Besides con-
ventional characterisation techniques using scanning electron
microscopy (SEM) and X-ray powder diffraction (XRD), an
advanced non-destructive technique using synchrotron micro X-
ray fluorescence (m-XRF) was performed to reveal detail phase dis-
tribution in the system. Most of the element in GGBFS geopolymers
including light elements were able to be mapped which could not
be obtained from conventional techniques. The generation of
tobermorite and hydration products was located by using m-XRF,
which reflected the strength development in the system. The out-
comes related to developing solely GGBFS geopolymers may serve
as a basis in developing high-strength construction material for
structural application.
2. Experimental details

2.1. Materials

The chemical composition of GGBFS based on X-ray fluores-
cence spectroscopy (XRF) is tabulated in Table 1. Based on the pre-
cursor mineral of geopolymer, which is composed mainly of Si and
Al mineral in chemical structure, the total composition of GGBFS
was 40.9% of SiO2 and Al2O3 content. The highest CaO content
(50.37%) in slag material is due to utilization of limestone during
slag production in order to discard impurities from the iron ore
reduction. An industrial by-product GGBFS was used as a material
source to synthesise geopolymers in this study. The GGBFS was
supplied by Ann Joo Integrated Steel Sdn. Bhd., Penang.

In this study, the mixture of sodium hydroxide (NaOH) and
sodium silicate (Na2SiO3) solution was used as the alkaline activa-
tor solution. The NaOH flakes (99% in purity, purchased from For-
mosa Plastic Corporation, Taiwan) were dissolved in distilled
water to produce sodium hydroxide solution. Sodium silicate solu-
tion with chemical compositions of 30.1% SiO2, 9.4% Na2O, and
60.5% H2O (SiO2/Na2O ratio of 3.20) was purchased from the South
Pacific Chemical Industries Sdn. Bhd., Malaysia. The NaOH clear
solution was mixed with sodium silicate solution and cooled down
to room temperature a day prior to mixing.

2.2. Mixture proportion and sample preparation

The geopolymer samples were prepared by mixing the GGBFS,
sodium hydroxide (NaOH) solution, and sodium silicate solution
(Na2SiO3), as portrayed in Fig. 1. The GGBFS powder was oven-
dried for 24 h at 105 �C to eliminate moisture in the raw materials
[11]. The 10 M NaOH was prepared with the fixed weight of NaOH
flakes which then was dissolved in a 1-liter distilled water. The
alkaline activator solution was prepared by mixing NaOH solution
with Na2SiO3 solution (ratios from 1.5 to 2.5) and cooled down to
room temperature for at least 24 h prior to use. The alkaline acti-
vator ratio was mixed with GGBFS powder at solid/liquid ratios,
by mass ranging between 1.0 and 3.0.



Fig. 1. The process of solely GGBFS-based geopolymer.
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For each mixing design, the effects of solid/liquid and alkaline
activator ratios of GGBFS-based geopolymers (GS) were investi-
gated. Hence, nine designs are synthesised. Samples are denoted
as GSx/y where � refers to solid/liquid ratios, while y for alkaline
activator ratios. For instance, GS1.0/2.0 refers to the samples
obtained from mixing of 1.0 solid/liquid and 2.0 alkaline activator
ratios of solely GGBFS-based geopolymers. The details of the mix-
ture design and the nomenclature of the samples synthesised are
presented in Table 2.

2.3. Experimental tests and characterization

2.3.1. Scanning electron microscopy (SEM)
The surface microstructural of GGBFS geopolymers was deter-

mined by using JSM-6460LA model Scanning Electron Microscope
(JEOL) by applying secondary electron detectors. The GGBFS
geopolymers samples were sliced prior to compressive strength.
The morphology analysis was carried out at 10 kV acceleration
voltage with 10 mm working distance.

2.3.2. Fourier-transform infrared spectroscopy (FTIR)
Raw GGBFS was powdered and the samples were scanned from

4000 cm�1 to 650 cm�1 at a resolution of 4 cm�1 using Perkin
Elmer FTIR Spectrum RX1 Spectrometer. The shifting of functional
groups from GGBFS geopolymer with various ratios was recorded.

2.3.3. Compressive strength test
The compressive strength was tested using Instron machine

5569 Mechanical tester by adhering to ASTM C109/109 M�05
Table 2
Mixture proportion of GGBFS geopolymer.

GGBFS (kg/m3) NaOH solution (kg/m3) Sodium si

GS1.0/1.5 625 250 375
GS2.0/1.5 833.3 166.67 250
GS3.0/1.5 937.5 125 187.5
GS1.0/2.0 625 208.3 416.7
GS2.0/2.0 833.3 138.9 277.8
GS3.0/2.0 937.5 104.2 208.3
GS1.0/2.5 625 178.6 446.4
GS2.0/2.5 833.3 119.1 297.6
GS3.0/2.5 937.5 89.3 223.21
[12]. Three specimens were measured for each ratio to obtain the
value of compressive strength. Loading displacement was con-
trolled at a constant rate of 5 mm/min. The maximum load was
recorded and the strength was calculated by dividing the load
applied to the specimen by cross-sectional area. The strength
was recorded in MPa.

2.3.4. X-ray diffraction (XRD) analysis
The phase analysis was conducted by using XRD-6000, Shi-

madzu X-ray diffractometer. The specimen for the analysis was
prepared in powder form. The XRD analysis was performed using
Cu Ka radiation (k = 1.5418 Α), which was operated at 40 kV,
30 mA, at 2h ranging between 10� and 80� with a scan rate of 1�/
min. The XRD pattern was analysed by using X’pert High score Plus
software.

2.3.5. Synchrotron micro X-ray fluorescence (m-XRF)
The distribution of elements in GGBFS geopolymers was

assessed by using synchrotron m-XRF at BL6b beamline at the Syn-
chrotron Light Research Institute (SLRI) located in Thailand. Syn-
chrotron micro-XRF is an advanced technique to visualize the
elemental distribution within a sample in an essentially non-
destructive manner. By using synchrotron sources, the detection
limits at the sub-parts per million concentration level can be
achieved more than 100 nm and sensitivities approach the atto-
gram (10�18 g) level [13]. The white X-ray beam was generated
from a bending magnet with the limitation of beam size by a circu-
lar aperture. The continuous synchrotron radiation was focused by
a polycapillary lens to establish a micro X-ray beam (beam size of
30 mm � 30 mm) on the samples. The energy of micro X-ray beam
was set between 2 and 12 keV without monochromator feature.
The samples were mounted vertically on the holder, while raster
scanning was performed by using high precision motorised stages.
The experiments were conducted in helium gas atmosphere and
the exposure time for each point was 30 s. A total scan of 961
points was obtained with a detector time close to 20%, as pre-
scribed in [14]. The resultant images were created in bilinear inter-
polation and analysed using PyMca software [15]. Fig. 2 portrays
the details of sample specification and the scan point on the sur-
face of the samples.
3. Results and discussion

3.1. Microstructure observations

The SEM revealed the morphological features of GGBFS
geopolymers at various solid/liquid and alkaline activator ratios,
as displayed in Figs. 3–5. These images clearly show that the
geopolymerisation reactions of GGBFS samples activated with
alkaline solution produced a denser microstructure as increasing
the solid/liquid and alkaline activator ratio, respectively. The
micrographs were taken with the objective of analysing the
licate solution (kg/m3) Solid/liquidratio Alkaline activatorratio

1.0 1.5
2.0 1.5
3.0 1.5
1.0 2.0
2.0 2.0
3.0 2.0
1.0 2.5
2.0 2.5
3.0 2.5



Fig. 2. Specification of sample and point of scan on sample surface.

Fig. 3. SEM micrograph of 1.5 alkaline activator at various solid/liquid ratio, (a) GS1.0/1.5, (b) GS2.0/1.5 and (c) GS3.0/1.5.

Fig. 4. SEM micrograph of 2.0 alkaline activator at various solid/liquid ratio, (a) GS1.0/2.0, (b) GS2.0/2.0 and (c) GS3.0/2.0.
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microstructural development. The SEM micrographs of GGBFS
geopolymers with varied alkaline activator ratios are portrayed
in Fig. 3 (1.5), Fig. 4 (2.0), and Fig. 5 (2.5) at different solid/liquid
ratios (1.0 to 3.0).

The images displayed in Fig. 3a demonstrate the appearance of
voids and cracks. The rapid curing of solidification process and
excessive water content led to incomplete geopolymerisation reac-
tion which forms voids and cracks, thus decreasing the strength of
the geopolymer matrix [16,17]. Upon contact with alkaline activa-
tor solution, the water medium promoted the chemical reaction by
allowing the dissolution medium and serving as transportation for
further polymerisation reaction. Nevertheless, the crack in appear-
ance reflected the loosely grained structure with incomplete
microstructure of GGBFS geopolymers. The excessive water
demand in geopolymerisation reaction contributed in generating
porous cement product. The microstructure of GGBFS geopolymers
with a solid/liquid ratio of 3.0 (GS3.0/1.5) gave near similar outcome
to that of solid/liquid ratios of 1.0 (GS1.0/1.5) and 2.0 (GS2.0/1.5),
excluding the disappearance of voids, as projected in Fig. 3c.
Although the solid ratio did not affect the pozzolanic reaction rate,
increasing formation of geopolymer and hydration product precip-
itation were noted with increment in solid/liquid ratio. Chen et al.
[18] also reported that higher solid/liquid ratio promoted the pro-
duction of precipitation. Higher solid/liquid ratio also contributed
to the shortage of water within the geopolymer sample, apart from
preventing the development of autogenous shrinkage [19].

Fig. 4 illustrates that as the alkaline activator ratio increased,
the microstructure of the activated GGBFS formed spherical voids



Fig. 5. SEM micrograph of 2.5 alkaline activator at various solid/liquid ratio, (a) GS1.0/2.5, (b) GS2.0/2.5 and (c) GS3.0/2.5.
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at lower solid/liquid ratio of 1.0. The presence of spherical voids
were likely attributed by (i) the occurrence of cavity after evapora-
tion process that led to formation of hole space, and (ii) the resid-
ual air bubbles during geopolymerisation reaction or water
trapped inside the geopolymer during molding process [20].
Increased air bubbles can lead to crack propagation, which causes
low strength of concrete. Fig. 5 shows the microstructure of GGBFS
geopolymers at various solid/liquid ratios and constant alkaline
activator ratio of 2.5. Distribution of micro-cracks was noted
throughout the geopolymer matrix (see Fig. 5a and 5b). The occur-
rence of these micro cracks is attributable to self-desiccation and
water evaporation at the curing stage [21]. Besides, alkali-
activated slag cement suffered from crack formation due to high
drying shrinkage during alkali activation process. Nonetheless,
the SEM micrograph of GGBFS geopolymers in this study depicted
homogenous and compact microstructure. The appearance of com-
pact structure is ascribed by the sufficient dissolution of alkali-
activated species (Al3+, Si4+, and Ca2+) and the hydrated product
within the geopolymer structure.

From the high dense microstructures, it showed the GGBFS
geopolymers did undergo complete geopolymerisation and was
incorporated into the polymeric backbone chain structure (Si-O-
Si/Al) with the hydrated products. The dissolution of GGBFS in
alkaline activator solution was extremely fast and led to rapid
development of tobermorite, as well as the formation of a strong
structure. This is in agreement with prior studies [22–24] that
the geopolymer structure with incorporation of slag constructed
a firmer structure. However, only a handful of studies have focused
on using slag as the sole source of material in geopolymerisation
due to high cracking and weak geopolymer formation. As GGBFS
needs shorter time for geopolymerisation reaction, it is assumed
that more strength and denser structure can be gained with suffi-
cient solid/liquid and alkaline activator ratios.
3.2. Chemical bonding analysis

Fig. 6 illustrates the IR spectra of GGBFS geopolymers with a
range of solid/liquid and alkaline activator ratios. The transforma-
tion occurred throughout the synthesis of geopolymers, which was
specified by the varied absorption frequencies of GGBFS geopoly-
merisation reaction. In the IR spectrum of GGBFS, the weak vibra-
tion modes at 3200–3300 cm�1 and 1640–1650 cm�1 were in
correspondence to OH-stretching vibration and OH-bending mode,
respectively [25,26].

These OH vibrations were traced mainly because a typical poly-
meric structure contains aluminosilicate networks and the water
bond is absorbed in the hydration products [27]. The peak
observed at ~1430 cm�1 was attributed to OACAO bonds and
reflected the formation of carbonate compound (CO)32� [28,29].
The bands at ~930 cm�1 and ~780 cm�1 are the major fingerprints
of the geopolymer, which signify the main chain structure of Si-O-
Si/Al and the extent of tobermorite formation in geopolymers sys-
tem [30,31]. Fig. 6 clearly portrays that the peaks at 947.1 cm�1

were shifted to higher frequencies with increment in solid/liquid
ratio due to the alkalination of Al(OH)� and the lower degree of sil-
icate polymerisation noted in SiAOASi bonds [32]. Simultaneously,
the frequency moved to a higher wavenumber at ~1430 cm�1 as
increasing the solid/liquid ratios, which indicated the vibration of
calcite. The shifting wavenumber was due to the decalcification
of tobermorite to form calcite and amorphous silica [33]. The peak
intensity of calcium-based component revealed the domination of
high strength geopolymer structure.
3.3. Compressive strength evaluation

Fig. 7 displays the compressive strength of GGBFS-based
geopolymers at various solid/liquid ratios and alkaline activator
ratio with constant NaOH molarity of 10 M. The overall results
exemplified that compressive strength increased with increment
in solid/liquid and alkaline activator ratios. In fact, the impressive
massive improvement in strength was primarily because the
GGBFS-based geopolymers were composed of high calcium oxide,
which was the key role for the enhanced strength. The formation
of tobermorite within the geopolymer backbone can be said as a
factor of strength increment. The sufficiency of activator during
geopolymerisation tends to boost the stabilised structure of
geopolymers.

The compressive strength increased linearly from solid/liquid
ratio (1.0–3.0) and alkaline activator ratio (1.5–2.5). The GGBFS
geopolymers with solid/liquid ratio of 3.0 and alkaline activator
ratio of 2.5 (GS3.0/2.5) recorded the highest compressive strength
(168.7 MPa), whereas GGBFS geopolymers with solid/liquid ratio
of 1.0 and alkaline activator ratio of 1.5 displayed the lowest com-
pressive strength (32.1 MPa). The higher solid/liquid ratio provided
homogenous slurry and subjected to the optimal strength, as por-
trayed in Fig. 5c. Simultaneously, increment in solid/liquid ratios
enhanced the composition of CaO, which contributed to strength
development [34,35]. The high reactivity of soluble aluminosili-
cate, along with the addition of calcium sources material in the
alkaline solution, boosted the silicon, aluminium and calcium spe-
cies in the aqueous phase. These aluminosilicate induced the effi-
ciency of polycondensation process and assisted in the formation
of better quality geopolymer matrix [36]. Therefore, high compres-
sive strength was gained upon achieving a stronger material.



Fig. 6. FTIR spectra of GGBFS geopolymers for various solid/liquid ratios and alkaline activator ratios (a) GS1.0/1.5 to GS3.0/1.5, (b) GS1.0/2.0 to GS3.0/2.0 and (c) GS1.0/2.5 to GS3.0/2.5.

Fig. 7. Compressive strength of resulted GGBFS geopolymers for various solid/
liquid ratios and alkaline activator ratios.
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Meanwhile, low solid/liquid ratio of 1.0 decreased the composition
of SiO2, Al2O3, and CaO, wherein these components are essential in
the formation of geopolymer.

It was noted that more activator components were presented in
the geopolymer system for 1.0 solid/liquid ratio, which resulted in
good homogeneity and applicable workability of the geopolymer
slurry. Nonetheless, the high water content in the formed geopoly-
mer led to a higher dissolution rate as the diffusion dissolved spe-
cies is difficult, which contributed to the presence of cracks, as
illustrated in Fig. 3a, 4a, and 5a. The abundance of alkaline compo-
nent in geopolymer matrix contributed to an inappropriate disso-
lution of slag, thus ascribing to the formation of sodium
carbonate that was attributed by the reaction of excess alkali with
atmospheric carbonation [37]. The excess Na+ ions depressed the
charge balance within the geopolymers network. The development
in compressive strength with the optimum solid/liquid ratio (3.0)
demonstrated the suitable saturation of particle that led to opti-
mum ion dissolution. On the contrary, geopolymerisation was
incomplete when the solid/liquid ratio exceeded 3.0, which con-
stricted water content and curing time. This had caused difficulty
in molding the GGBFS paste and nil strength was recorded.

Fig. 7 displays that increased alkaline activator ratio favoured
the compressive strength at each ratio of solid/liquid. The optimum
compressive strength was recorded at 2.5 alkaline activator for 1.0
solid/liquid (53 MPa), 2.0 solid/liquid (79 MPa), and 3.0 solid/liquid
(168.7 MPa). The liquid content of sodium silicate was essential in
the geopolmerisation reaction, which attributed to soluble silicate
component and promoted good inter-particle bonding, thus the
enhanced compressive strength [38]. Meanwhile, GGBFS paste
with alkaline activator ratios exceeding 2.5 did not promote
geopolymerisation reaction, but increased the viscosity. The high
amount of sodium silicate solution at high alkaline activator ratios
did not only form the sticky mixture, but also prevented geopoly-
mer formation and water evaporation due to the excessive content
of sodium silicate. Similarly, Xie et al. [39] reported that excessive
content of sodium silicate prevented geopolymerisaton and evapo-
ration of water during the polycondensation process. The high Si
component favoured the formation of oligomers silicate by afford-
ing ample silicate component, whereas the Al species led to the for-
mation of high Al(OH)44� and the oligomers silicate resulted in rigid
3D network [40]. Therefore, the sodium silicate-to-sodium hydrox-
ide ratios should be optimised to achieve geopolymer samples with
high strength.

Villa et al. [41] revealed increment in water glass content when
the activator ratios were increased, which led to geopolymerisa-
tion reactions. Alkali hydroxide is essential to dissolve sources
materials, in which the waterglass component served as binder
or plasticizer [42]. Incorporation of calcium sources materials
enhanced the compressive strength, which induced the formation
of a more compact binder microstructure. As for concrete forma-
tion, the bulk of compressive load was carried with the assistance
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of aggregate, when compared to the cement pastes alone. The qual-
ity of the coarse aggregate, hence, should be weighed in. The failure
in such concrete is often due to the aggregates [43]. In opposed to
this work, the GGBFS paste geopolymer has proven that a sole bin-
der can gain high strength without the need of embedding addi-
tional aggregate or binder into the systems.

3.4. Phases and elemental distribution analysis

Fig. 8a illustrates the XRD pattern of the highest strength of
GGBFS geopolymers with 3.0 solid/liquid ratio and 2.5 alkaline
activator ratio. The selected mixture (GS3.0/2.5) was applied to study
the contribution of calcium mineral in enhancing the compressive
strength of GGBFS geopolymers in detail. The XRD diffractogram
displayed a broad hump at 2h between 20� and 40� with the
Fig. 8. (a) XRD diffractogram of GGBFS geopolymers, C-Calcite (PDF no. 01–072-1650),
Broad hump at 2h (20�- 40�) of GGBFS geopolymers.

Fig. 9. Micro-XRF elemental distribution maps of Al, Si, Ca, Fe
presence of crystalline phase, such as calcite (CaCO3), tobermorite
(Ca5Si6O16(OH)2�4H2O) and dolomite (CaMg(CO3)2) as referring to
Fig. 8b. The broad hump also representing the presence of geopoly-
mer phase. During alkali activation, Ca, Si, and Al were dissipated
to form the Si-O-Si/Al/Ca linkage of geopolymers and tobermorite
phase. The tobermorite hump was set between 30� and 40� at 2h.

Simultaneously, following the Eqs. (1) and (2) [44], the Ca2+ dis-
solved from GGBFS and reacted with OH� in alkali solution to form
calcium hydroxide (Ca(OH)2), which then reacted with carbon
dioxide (CO2) in open environment to form calcite (CaCO3) as can
be observed in Fig. 8.

Ca2þ aqð Þ þ OH� aqð Þ ! Ca OHð Þ2 sð Þ ð1Þ

Ca OHð Þ2 sð Þ þ CO2 gð Þ ! CaCO3 sð Þ þH2O ð2Þ
T-Tobermorite (PDF no. 01–070-0859), D-Dolomite (PDF no. 01–079-1343) and (b)

and Mg in ~961 � 50 mm of GGBFS geopolymers samples.
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In order to obtain an overview regarding the element distribu-
tion, as well as the potential of tobermorite and calcite formation
of the highest compressive strength, the GGBFS geopolymers were
further analysed via synchrotron micro-XRF mapping. Fig. 9 illus-
trates the localised area and the micro-XRF mapping in Al-Si-Ca-
Fe-Mg of GGBFS geopolymers, signifying that Ca, Al, and Si are
mostly located within the geopolymers samples.

The presence of pores, as noted in the scanned images, had been
due to hydration and geopolymerisation reaction. Through the use
of synchrotron micro-XRF, the distribution of major elements
including light elements which could reflected the minerals within
the geopolymers structure can be located. The distribution of Si,
along with the combination of Al map, allowed for the identifica-
tion of geopolymer backbone (Si-O-Al/Si). The colours red, green,
and blue represent high, medium, and low intensities for each
Fig. 10. Point analysis s

Fig. 11. Proposed of tobermo
distribution element at the integrated area. The Si region portrayed
the medium concentration (green) of Si element for the GGBFS
geopolymers, which was indicated in the well homogeneity of
the samples. The high concentrated Si region (red) refers to quartz
grain. Upon obtaining the homogenous and dense microstructure
of GGBFS geopolymer (Fig. 5c), the spot analysis was conducted
on selected areas for imaging analysis. Based on the retrieved out-
puts, the Ca distribution was demonstrated in the territory of
hydrated GGBFS minerals. The intermediate concentrated Ca zones
reflect the presence of calcite (CaCO3). Regions with less Ca exhib-
ited the boundaries of tobermorite (Ca5Si6O16(OH)2�4H2O), which
formed within the geopolymer backbone. These hydration prod-
ucts, along with aluminosilicate structure in GGBFS paste, con-
tributed to significant gain of strength, as portrayed in Fig. 7. The
incorporation of calcite in the geopolymer structure served as
pectrum at point 1.

rite and CaCO3 structure.
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physical filler/micro-aggregates that favoured strength develop-
ment [45]. The use of sodium silicate in slag-based geopolymer
formed the binder, wherein the structure is mainly tobermorite,
thus the reaction displayed by the product is primarily responsible
for strength development [46]. The combination of Mg and Ca dis-
tribution maps determined the formation of dolomite, as proven in
the phase analysis shown in Fig. 8. The latter case exhibited the
presence of calcium-based mineral in hardened material, which
promoted higher mechanical strength [47–49].

Detailed point element analysis of Ca, Al, Si and Mg revealed by
‘‘Point 1” analysis spectrum is illustrated in Fig. 10. The most
intense peaks were observed at 3.68 keV and 4.01 keV, which were
associated with Ca-K alpha and Ca-K beta, respectively. The rela-
tively small amounts of Al (K-beta, at 1.48 keV), Si (K-beta, at
1.74 keV), Mg (K-alpha, at 1.25 keV), and Fe (K-alpha, at
6.39 keV) were also detected in GGBFS geopolymers. These peaks
signified the presence of tobermorite, calcite and dolomite within
the geopolymer network. Most of the calcium-based minerals
exhibited steadier and higher strength [50,51].

Apart from the formation of tobermorite within the geopolymer
structure, the hydration product also appeared to be a significant
factor for strength development. This describes the formation of
calcite, tobermorite, and dolomite minerals, as depicted from the
XRD analysis (see Fig. 8a). During the geopolymerisation, the
Si- linkage of geopolymers was connected with the ionic bond of
Ca-O to form a stronger chemical connection, thus enhancing the
mechanical strength, as demonstrated in Section 3.3.

The geopolymerisation ofGGBFS corresponded to a complex pro-
cess that was composed of several stages, including the initial
destruction of GGBFS bonds and a later polycondensation simulta-
neous with the formation of hydration products. Clearly, the incor-
poration of hydration products (CaCO3) and tobermorite within
the geopolymer network led to a significant mechanical property.
The sources of Ca2+ cations from GGBFS enhanced the geopolymer
system. The chemical nature of the calcium authorised the Ca2+

cations tomanufacture a strong ionicbondingwithSi4+ throughoxy-
gen atoms that were connected, while the excessive amount of Ca2+

contacted with OH� from the water component and generated cal-
cium hydroxide (Ca(OH)2). The Ca(OH)2 in the system offered the
covalent-bonding in the geopolymer matrix due to the formation
of CaCO3 as bonded with three oxygen atoms by covalent bonds, as
illustrated in Fig. 11. Such formation of hydration product may con-
tribute to high compressive geopolymer properties.

4. Conclusion

In this work, GGBFS geopolymers with sole binder was synthe-
sised. The hardened GGBFS geopolymers resulted in steady com-
pressive strength after 28 days of curing. The conclusions drawn
from this study are as follows:

(a) The appearances of dense microstructure, as well as tober-
morite and calcite, was influenced by better mechanical
strength of GGBFS geopolymers. At lower solid/liquid ratio,
cracks were observed during the microstructure analysis.

(b) The formation of calcite (CaCO3) and extent of tobermorite
were able to be identified based on FTIR peaks at
~1430 cm�1 and ~780 cm�1

.

(c) Optimal composition was noted with 3.0 solid/liquid ratio
and 2.5 alkaline activator ratio, which exhibited the highest
strength of 168.7 MPa. The coexistence of CaCO3 and tober-
morite components significantly contributed to higher
mechanical performance.

(d) The non-destructive m-XRF technique displayed its ability in
illustrating the distribution of Si, Al, and Ca as the main
element in the GGBFS geopolymer, which represents the
formation of calcium-based mineral. High concentration of
Ca signified the appearance of tobermorite structure and
the formation of CaCO3 in the geopolymer structure, as
observed in the XRD phase analysis.

This study reveals that the mechanical property of geopolymer
materials is dominated by the materials applied and method devel-
oped during the formulation.
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[38] V. Živica, Effects of type and dosage of alkaline activator and temperature on
the properties of alkali-activated slag mixtures, Constr. Build Mater. 21 (2007)
1463–1469.

[39] J. Xie, O. Kayali, Effect of superplasticiser on workability enhancement of Class
F and Class C fly ash-based geopolymers, Construction and Building Materials.
122 (2016) 36–42.

[40] C. Shi, A.F. Jiménez, A. Palomo, New cements for the 21st century: The pursuit
of an alternative to Portland cement, Cem. Concr. Res. 41 (2011) 750–763.

[41] C. Villa et al., Geopolymer synthesis using alkaline activation of natural zeolite,
Constr. Build Mater. 24 (2010) 2084–2090.

[42] Z. Sun, A. Vollpracht, Isothermal calorimetry and in-situ XRD study of the
NaOH activated fly ash, metakaolin and slag, Cem. Concr. Res. 103 (2018) 110–
122.

[43] H. Beshr, A. Almusallam, M. Maslehuddin, Effect of coarse aggregate quality on
the mechanical properties of high strength concrete, Constr. Build Mater. 17
(2003) 97–103.

[44] K. Pasupathy et al., Durability of low-calcium fly ash based geopolymer
concrete culvert in a saline environment, Cem. Concr. Res. 100 (2017) 297–
310.

[45] P.N. Lemougna et al., Effect of slag and calcium carbonate addition on the
development of geopolymer from indurated laterite, Appl. Clay. Sci. 148
(2017) 109–117.

[46] C. Suksiripattanapong et al., Strength and microstructure properties of spent
coffee grounds stabilized with rice husk ash and slag geopolymers, Constr.
Build Mater. 146 (2017) 312–320.

[47] F. Puertas et al., Alkali-activated fly ash/slag cements: strength behaviour and
hydration products, Cem. Concr. Res. 30 (2000) 1625–1632.

[48] M.O. Yusuf et al., Evolution of alkaline activated ground blast furnace slag–
ultrafine palm oil fuel ash based concrete, Mater. Des. 55 (2014) 387–393.

[49] M.S. Kim et al., Use of CaO as an activator for producing a price-competitive
non-cement structural binder using ground granulated blast furnace slag,
Cem. Concr. Res. 54 (2013) 208–214.

[50] P. Nuaklong, V. Sata, P. Chindaprasirt, Properties of metakaolin-high calcium
fly ash geopolymer concrete containing recycled aggregate from crushed
concrete specimens, Constr. Build Mater. 161 (2018) 365–373.

[51] A. Wongkvanklom et al., Setting time, compressive strength and sulfuric acid
resistance of a high calcium fly ash geopolymer containing borax, Eng. Appl.
Sci. Res. 45 (2018) 89–94.

http://refhub.elsevier.com/S0950-0618(20)30725-X/h0070
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0070
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0070
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0075
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0075
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0080
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0080
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0080
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0085
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0085
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0085
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0090
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0090
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0095
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0095
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0095
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0100
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0100
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0100
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0105
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0105
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0110
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0110
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0110
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0115
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0115
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0115
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0120
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0120
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0125
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0125
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0125
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0130
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0130
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0130
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0135
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0135
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0135
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0135
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0135
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0135
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0140
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0140
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0145
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0145
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0150
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0150
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0150
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0155
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0155
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0160
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0160
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0160
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0165
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0165
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0170
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0170
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0170
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0175
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0175
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0175
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0180
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0180
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0185
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0185
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0190
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0190
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0190
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0195
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0195
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0195
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0200
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0200
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0205
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0205
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0210
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0210
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0210
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0215
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0215
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0215
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0220
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0220
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0220
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0225
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0225
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0225
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0230
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0230
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0230
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0235
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0235
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0240
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0240
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0245
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0245
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0245
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0250
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0250
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0250
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0255
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0255
http://refhub.elsevier.com/S0950-0618(20)30725-X/h0255


materials

Article

XRD and TG-DTA Study of New Alkali Activated
Materials Based on Fly Ash with Sand and
Glass Powder

Dumitru Doru Burduhos Nergis 1 , Mohd Mustafa Al Bakri Abdullah 1,
Andrei Victor Sandu 1,2,3,* and Petrică Vizureanu 1,*

1 Faculty of Materials Science and Engineering, “Gheorghe Asachi” Technical University, Blvd. D. Mangeron
71, 700050 Iasi, Romania; bunduc.doru@yahoo.com (D.D.B.N.); mustafaalbakri79@gmail.com (M.M.A.B.A.)

2 Romanian Inventors Forum, Str. Sf. P. Movila 3, 700089 Iasi, Romania
3 National Institute for Research and Development in Environmental Protection, 294 Splaiul Independent,ei

Blv, 060031 Bucharest, Romania
* Correspondence: sav@tuiasi.ro (A.V.S.); peviz2002@yahoo.com (P.V.)

Received: 18 November 2019; Accepted: 8 January 2020; Published: 11 January 2020
����������
�������

Abstract: In this paper, the effect on thermal behavior and compounds mineralogy of replacing
different percentages of fly ash with compact particles was studied. A total of 30% of fly ash was
replaced with mass powder glass (PG), 70% with mass natural aggregates (S), and 85% with mass
PG and S. According to this study, the obtained fly ash based geopolymer exhibits a 20% mass loss
in the 25–300 ◦C temperature range due to the free or physically bound water removal. However,
the mass loss is closely related to the particle percentage. Multiple endothermic peaks exhibit the
dihydroxylation of β-FeOOH (goethite) at close to 320 ◦C, the Ca(OH)2 (Portlandite) transformation
to CaCO3 (calcite) occurs at close to 490 ◦C, and Al(OH)3 decomposition occurs at close to 570 ◦C.
Moreover, above 600 ◦C, the curves show only very small peaks which may correspond to Ti or Mg
hydroxides decomposition. Also, the X-ray diffraction (XRD) pattern confirms the presence of sodalite
after fly ash alkaline activation, whose content highly depends on the compact particles percentage.
These results highlight the thermal stability of geopolymers in the 25–1000 ◦C temperature range
through the use of thermogravimetric analysis, differential thermal analysis, and XRD.

Keywords: geopolymers; fly ash; thermal behavior; Thermogravimetry-Differential Thermal Analysis
(TG-DTA); XRD

1. Introduction

In recent years, strong technological development, the population increase, and the rapid
development of the house-building industry in particular have led not only to a large lack of housing
areas but also to high demand for building materials. The use of waste resulting from coal combustion
in power plants offers two major advantages for this purpose: first, large tailings areas can be liberated
by utilizing the waste, and second, a soil contaminant material can be converted into an advanced
material with appropriate chemical and mechanical properties for engineering application through a
geopolymerization process [1]. Geopolymers are inorganic materials, based on silica-alumina, which
are chemically balanced by Group I oxides [2]. These are rigid gels, created under normal conditions
of temperature and pressure, which can then be transformed into crystalline or glass-ceramic materials
that are similar to zeolite materials [3]. A geopolymer, resulting from the exothermic process involving
oligomers, is a very long reticular polymer with silicon groups (SiO4) and a specific tetragonal network
of aluminum oxide (AlO4) [4]. The bonds between these tetragons are balanced by alkaline ions of K+,
Na+, or Li+ [4]. Any geopolymer can be divided into two main constituents: the base material and the
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activator (an alkaline liquid) [5]. The major constituent is the base material, which must be rich in
silicon and aluminum and can be a natural mineral, such as clays, kaolin, etc. or alternatively can be a
form of waste, such as fly ash, red mud, slag, etc. [1].

Due to their physical [6], mechanical [7], and chemical properties [8,9], geopolymers show high
usefulness in multiple civil engineering applications [10,11] as a replacement material for conventional
cement or ceramics [12–15]. Therefore, the thermal behavior and phase transition of fly ash based
geopolymers during the exposed temperature range must be analyzed in order to evaluate the stability
of their structure.

An additional advantage is the fact that the geopolymer microstructure contains multiple unreacted
particles, which are continuously reacting with the extra-gel remained in the micropores [16,17].
As a result, some harmful cracks and pores could be repaired through the self-healing mechanism [18,19].
Obviously, this self-healing feature positively influences the time depending behavior of the composites
due to its high durability. Despite the fact that geopolymers possess many chemical and mechanical
properties and can be obtained through simple methods, most of them are obtained from natural
minerals instead [20]. Therefore, it is essential to design, create, and characterize new geopolymers that
use mineral waste as a source of raw materials, especially indigenous waste, and recyclized reinforcing
particles. This is encouraged for both economic and environmental reasons, because through the
geopolymerization reaction, we can obtain useful materials using “free” wastes that have negative
effects on dumping areas [21].

There are multiple studies regarding the influence of different types of particles on the mechanical
properties of geopolymers [17,22–26]. However, the presence of these particles will influence all the
characteristics of the geopolymers, including their thermal behavior. The aim of this study is to evaluate
the thermal behavior changes and the phase transition due to the introduction of different types of
particles in new geopolymers based on indigenous fly ash.

2. Materials and Methods

Geopolymerization is a multiple-stage chemical reaction which occurs when a raw material rich
in aluminum and silicon oxides is mixed with an alkaline solution of sodium silicate and sodium
hydroxide [27,28]. Also, this reaction is mainly influenced by the raw material characteristics [29],
activator concentration, and curing process (drying time and temperature) [30]. In this study, fly ash
was used as the main raw material, and different percentages of glass powder and/or natural aggregates
were introduced in the binder as reinforcement particles. Their chemical composition was analyzed by
using X-ray fluorescence (XRF) involving XRF S8 Tiger equipment (Bruker, Karlsruhe, Germany).

2.1. Materials

Geopolymers consist of two main components: the liquid component (activator solution) and the
solid component (the material rich in aluminum and silicon oxides and the reinforcing particles).

2.1.1. Indigenous Fly Ash

Fly ashes are, generally, solid torque spheres which result from coal combustion in power
plants burning chambers [31]. This micrometric powder ends up being deposited in huge areas near
many cities all over the world. Because different dumps present different chemical compositions,
the activation solution, as well as the ratio between constituents, must be calculated. The performance
of fly ash in geopolymers is strongly influenced by its physical, chemical, and mineralogical properties,
and moreover, by its particle dimensions. While the mineralogical and chemical composition (Table 1)
depends mainly on the coal composition, the particles can be ground or sifted (Figure 1).
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Table 1. Indigenous fly ash oxide chemical composition.

Oxide SiO2 Al2O3 FexOy CaO K2O MgO TiO2 Na2O P2O5 Oth 1

%, weight 47.80 28.60 10.20 6.40 2.40 2.00 1.30 0.60 0.40 0.30
Stat. error, % 0.32 0.27 0.95 0.77 0.71 1.09 1.81 0.63 0.24 -

1 Sum of chemical elements lower than 0.1%.
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Figure 1. Scanning Electron Microscope (SEM) micrographs of indigenous fly ash after sifting: (a) 100X
magnification; (b) 750X magnification.

In Romania, there are large areas covered by industrial waste from coal burning in the city’s
power plants. The indigenous thermal power plant ash used for the geopolymer tests comes from
CET II—Holboca Iasi Romania ash dumps, which occupied an area of approximately 50 hectares
in 2013 [32].

According to the Standard ASTM C618-92a, indigenous fly ash belongs to class F because it has a
main oxides (silicon, aluminum and iron) sum that is higher than 70% (Equation (1)):

SiO2 + Al2O3 + Fe2O3 = 47.8% + 28.6% + 10.2% = 86.6%. (1)

2.1.2. Glass Powder

Another waste that appears in large quantities due to industrialization is glass. This inert
material does not decompose naturally, producing negative effects on the environment following
storage in landfills. Therefore, the use of glass particles in the manufacturing of environmentally
friendly materials has become a worldwide concern. Due to the incorporation ability of geopolymer
paste, the introduction of glass powder into the composition of these materials can be done using
simple methods.

The glass powder (Figure 2) used as a reinforcing element in geopolymer samples contains only
particles smaller than 100 µm (SR EN 933-1/2012) and is obtained by conducting glass waste grinding
in a local factory.

By comparing the chemical composition (Table 2) with that of the thermal power plant ash
(Table 1), the glass powder contained much higher SiO2, CaO, and Na2O, but much lower Al2O3.
However, according to several studies [33], glass powder reacts in alkaline environments. Therefore,
this should increase the geopolymerization rate.
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Table 2. Glass powder oxide chemical composition.

Oxide SiO2 Al2O3 FexOy CaO MgO Na2O Oth 1

%, weight 70–71 1.5–2 0.8–1 9–11 2–3 12–14 <0.1
1 Sum of chemical elements lower than 0.1%.

By using glass particles for geopolymers manufacturing, two main advantages emerge: the first
is related to waste recycling and second refers to improving mechanical properties by introducing
particles with high mechanical properties.

2.1.3. Natural Aggregates

In order to improve the mechanical characteristics of geopolymers based on local powerplant
ash, different quantities or types of aggregates can be added to the composition. Besides the use of
waste, another category of reinforcing elements studied [25,34] worldwide is natural aggregates (sand).
Depending on the geometric peculiarities of the particles, by introducing them in the geopolymer
matrix, compressive strength increases of up to 150% can be obtained. The quantity and type of
aggregate used is chosen according to the particle size distribution of the sand, because it may affect
the homogeneity of the samples, but also their porosity.

The sand granulometric characteristics analysis conducted by using sifting (SR EN 933-1/2012)
was performed after drying the aggregates, in order to reduce the measurement errors due to the fine
particles sticking or adhesion to the sieve surface. According to the particle size distribution, close to
30% of particles had a diameter higher than 1.25 mm, and 50% (d50) had a diameter lower or equal
to 0.19 mm. Therefore, the type of sand used belongs to the 0/4 aggregate class because all particles
pass through the 4 mm mesh sieve (SR ISO 3310-3). The XRF analysis of sand indicated the following
composition: 98.8% SiO2, 0.57% Al2O3, 0.33% FexOy, and the rest being CaO, Na2O, and other materials
as traces.

2.1.4. Sodium Silicate

Sodium silicate is made by a sand (SiO2) fusion with sodium or potassium carbonate (Na2CO3

or K2CO3) at temperatures above 1100 ◦C and dissolving the high-pressure vapor product in a
semi-viscous liquid known as silicate. Silicate is rarely used as an independent activator because it
does not have a sufficient activation capacity to initiate a geopolymerization reaction.

A commercially purchased high purity Na2SiO3 solution (Scharlab S.L., Barcelona, Spain) with a
density of 1.37 g/cm3 and a lower pH than 11.5 was used in this study.
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2.1.5. Sodium Hydroxide

The NaOH solution concentration and molarity strongly influence the final properties of the
geopolymers. The high concentrations of the NaOH solution result in high resistance to the early
reaction stages. NaOH-activated geopolymers possess high crystallinity, having better stability in
acidic or sulfate environments [35].

The NaOH solution was prepared at a 10-molar concentration by dissolving the high purity (99%)
NaOH flakes in distilled water for 24 h before use (mixing).

2.1.6. Sample Preparation

The samples mixture was prepared according to the BS EN 196-1:1995 by means of a variable
speed mixer. In order to increase the homogeneity of the samples, firstly, the solid component was
poured into the mixer and stirred in a dry state for 4 min. Secondly, the liquid component was added
gradually and mixed for 10 min until a homogeneous binder was obtained. The mix proportion of
liquid and solid component of each sample are presented in Table 3, and the process flow diagram is
shown in Figure 3.

Table 3. Samples components mix proportion.

Sample
Liquid Component,

% Weight
Solid Component,

% Weight

Na2SiO3 NaOH Fly Ash Glass Powder Sand

100FA 60 40 100 0 0
70FA_30PG 60 40 70 30 0
30FA_70S 60 40 30 0 70

15FA_15PG_70S 60 40 15 15 70
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Because the geopolymer characteristics and properties depend on multiple factors, it is essential
to set the optimal parameters to be specific to the raw material, the activation solution, and the curing
process. Therefore, the following parameters were used in this study:

- a raw materials relative humidity of 0;
- fly ash particles lower than 80 µm;
- glass powder particles lower than 100 µm;
- sand particles lower than 4 mm;
- curing temperature of 70 ◦C;
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- curing time of 8 h.

During the geopolymerization process, minerals rich in aluminum and silicon pass through several
phases. In the first phase, these are dissolved by the alkaline solution, forming a gel whose viscosity is
given by the ratio between solid and liquid (Equation (2)). In the second phase, the reorganization of
the molecules takes place, while water is removed and the material hardening begins.

g of solid (powerplant ash)
g of activating solution (sodium silicate + sodium hydroxide)

= 1.5 (2)

In order to evaluate the effect on thermal behavior and compounds mineralogy of replacing
different percentages of fly ash with reinforcing elements, four types of geopolymers samples were
obtained and studied.

2.2. Methods

Simultaneous thermal analysis consisting of thermogravimetric analysis (TGA) and Differential
thermal analysis (DTA) was performed on the obtained samples in order to evaluate their thermal
behavior. Because the DTA curve showed multiple peaks in the temperature range where the evaluation
was made, X-ray diffraction (XRD) was performed to confirm the phase transition during heating.

2.2.1. Simultaneous Thermal Analysis

The sample’s mass evolution by TGA was analyzed simultaneously with the phase transformations
analysis using DTA by means of a STA PT-1600 equipment (Linseis, Selb, Germany). The analysis was
performed in the 25–1000 ◦C temperature range, with a heating rate of 10 ◦C/min on samples and a
mass lower than 50 mg, in a static air atmosphere.

Materials analysis conducted using TG-DTA emphasized their thermal stability and the content/type
of volatile compounds through two curves simultaneously plotted based on the temperature.

2.2.2. X-ray Diffraction

X-ray diffraction (XRD) is a technique used to identify crystalline phases in different materials and
for quantitative analysis of these phases. XRD is used, in particular, due to the superior highlighting of
the three-dimensional atomic structure that directly influences the properties and characteristics of the
materials. In order to analyze the mineralogical composition of the obtained geopolymers, an X’Pert
Pro MPD equipment (Malvern Panalytical Ltd., Eindhoven, The Netherlands) equipped with a copper
x-ray tube and a single channel detector was used. The diffractograms between the X-ray intensity on
the ordinate and the Bragg angle, θ, on the abscissa were performed on a θ–2θ angle range between
5◦ and 90◦ through continuous scanning at a step size of 0.013◦ at every 60 s, with a scan speed of
0.054 (◦/s) at a 45 KV voltage and 40 mA current intensity.

The mineralogical changes produced by the alkaline activator on the fly ash was analyzed on
powder obtained by grinding the samples maintained in normal atmosphere conditions (clean air,
≤20 ◦C) for 90 days, and after being analyzed by TG-DTA.

3. Results and Discussion

3.1. Thermal Behavior Evaluation

The TG-DTA simultaneous thermal analysis was used to evaluate the thermal stability of
geopolymers after replacing high percentages of fly ash with two types of particles. By monitoring the
mass change during the heating of samples, the fraction of volatile compounds could be determined,
so if the DTA curve is plotted at the same time, the mass change at specific temperatures could confirm
the quantity of a specific compound.
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The DTA curves of samples show multiple peaks at 123–130 ◦C, 185 ◦C, 232–240 ◦C, 312–358 ◦C,
490–497 ◦C, and 572–576 ◦C, respectively. These peaks correspond to the removal of water molecules,
which are free or bound are with the structural compounds. In totally inorganic materials, such as
geopolymers, water can be found in two main forms:

(i) hygroscopic (free) water, which is removed at rising temperatures up to 120 ◦C [36]. This water
is absorbed into the structure due to the hygroscopicity of geopolymers [37].

(ii) strong physically bonded water which is removed in the 120–300 ◦C temperature range. This
type of water can be divided into three sub-types:

- crystallization water (anionic and cationic or coordinative) which is removed from the structure in
the 120–200 ◦C temperature range. This sub-type of water molecules are bonded in the structure
during the formation of crystals from aqueous solution [38].

- water from hydrogels that can be intercrystalline and network types that interact with the
crystallization water. This sub-type of water is removed during heating in the 180–300 ◦C
temperature range [39].

- zeolitic water from cavities and channels, which is removed from the structure in the 200–300 ◦C
temperature range [37,40].

When the temperatures exceed 300 ◦C, the (iii) chemically bound water starts being removed.
The peaks on the DTA curve above this temperature corresponded to the decomposition of M (metal)
and OH groups compounds [39,41,42]. These compounds exist in the fly-ash based geopolymers
structure in different forms, such as:

- Acids: M-O−H+ (Si(IV), Ti(IV), Fe(III))
- Basics: M+HO− hydroxide (Na, Ca (II), K, Mg (II))
- Neutral: M-OH hydroxyl (Al (III), Mn (III)).

The DTA curves (Figure 4a) of the analyzed samples showed an endothermic peak whose
minimum was positioned at 123 ◦C for an 100FA sample, 115 ◦C for an 70FA_30PG sample, and 130 ◦C
for 30FA_70S and 15FA_15PG_70S, respectively. The peak “A” corresponds to the overlapping of the
removing of hygroscopic water evaporation and crystallization water removal [37]. By comparing the
peaks broadening, it can be seen that by increasing the percentage of compact particles, the amount of
water in these forms is lower. Because the used particles are compact bodies (Figure 5), the porosity of
the sample can be related only with the percentage of fly ash. Therefore, high fly ash content ensures a
highly porous structure which will increase the amount of absorbed water.

The “B” peaks which are in the temperature range of hydrogel water removal are higher in the
case of the 100FA sample. This can be related to the hydrogel-forming capability of fly ash during
geopolymerization [43].

Close to 230 ◦C, another peak, “C”, appeared. During this endothermic reaction, the water
molecules were removed from the calcium silicate hydrate (C-S-H), C-S-H with Al in its structure
(C-A-S-H), and sodium aluminosilicate hydrate (N-A-S-H) channels and pores [44,45].

The “D” peaks corresponded to the iron oxides transition from FeO(OH) amorphous phase
(Goethite) into the α-Fe2O3 (Hematite) crystalline phase (Equation (3)) [46–49]. The transformation
reaction of Fe compounds occurred at around 300 ◦C but could be moved to higher temperatures due
to the presence of silica and aluminum [50].

The “E” peaks represented an endothermic reaction in the 490–497 ◦C temperature range and
corresponded to calcium hydroxide Ca(OH)2 (Portlandite) decomposition following a reaction with
carbon from the atmosphere, resulting in CaCO3 and H2 (Equation (4)) [51–53].
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Also, at up to 570 ◦C, the “F” peaks which appeared on the DTA curve corresponded to the
α-quartz to β-quartz conversion and the reaction between the unreacted particles and the activator
caught in gel pores [54]. However, in the same temperature range, aluminum hydroxide, (Al(OH)3)
decomposition occured (Equation (5)) [55–58].

FeO(OH)(s) + 3H+(aq) = Fe2+(aq) + 2H2O(aq) (3)

Ca(OH)2(s) + CO(g)→ CaCO3(s) + H2(aq) (4)

2Al(OH)3(s)→ Al2O3(s) + 3H2O(aq) (5)

In addition, in the same temperature range, the water resulting from the silicon or aluminum
hydroxide groups condensation could appear. According to references [5,59], this chemical reaction
consists of (Equation (6)):

≡M-OH + HO-M≡→ ≡M-O-M≡ + H2O (6)

As can be seen in Figure 6a, the obtained geopolymers presented large pores distributed on the
entire analyzed surface. After introducing the aggregates, the large pores especially decreased in
number (Figure 6b).
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The samples mass loss (Figure 4b) caused by hygroscopic water evaporation was close to 10%
for the 100FA sample, 8% for 70FA_30PG, 5% for 30FA_70S, and 2% for 15FA_15PG_70S, respectively.
The water absorbance capacity of samples was related to the calcium oxides and silica gel concentration.
Up to the temperature when the hydrogels water is removed, the samples mass decreased to close to
16% in the case of 100FA and 70FA_30PG samples, while the samples with sand show lower than 10%
mass reduction. However, up to 250 ◦C, the mass decreases reached close to 18% in the case of 100FA
and 70FA_30PG samples, 12% in the case of 30FA_70S, and only 3% in the case of 15FA_15PG_70S.

Even if the percentage of mass loss up to this temperature is relatively high, because these types
of water molecules are free or physically bonded, their influence on the mechanical properties is
insignificant. However, if these materials are subjected to freeze-thaw cycles, cracks formation may
occur due to the water (ice) from the expansion of the pores, which reduces the mechanical resistance
of the geopolymers [60].

In the 360–700 ◦C temperature range, the mass loss is due to the removing of chemical bound
water molecules. Therefore, an increase of between 460 ◦C and 515 ◦C corresponds to a 1% mass
reduction of the 100FA sample and close to a 0.2% mass reduction of 15FA_15PG_70S sample, which is
related to the CaOH decomposition. Also, in the Al(OH)3 and FeO(OH) decomposition temperature
range, the samples mass loss are lower than 1%.

Furthermore, above this temperature range, the DTA curves still show small peaks. These
endothermic or exothermic reactions correspond to the decomposition of CaCO3 at close to 750 ◦C [61]
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(Equation (7)), Ti(OH)4 close to 790 ◦C [62], or Mg(OH)2 close to 670 ◦C [63]. Yet, these compounds
exist only at the tracks level. Therefore, the effects on sample characteristics are low. At over 700 ◦C, a
mass gain can be observed, which appears to be due to the oxidation of oxygen-poor iron species or
pure iron [64].

CaCO3(s)→ CaO(s) + CO2(g) (7)

The 100FA sample shows four peaks with the largest area. Therefore, the compounds that
decompose in the analyzed temperature range come from the power plant fly ash particles.

3.2. Mineralogical Evaluation

The initial phases specific to the raw material and the transition in other phases that is specific to
the zeolites are governed by the characteristics of the geopolymerization reaction. This transition is
based on the raw material dissolution under alkaline conditions, resulting in reactive precursors of
Si(OH)4 and Al(OH)4, and the polymerization and precipitation of the system, resulting in condensation
of Si-O-Al molecules in various compounds.

The fly ash diffractogram (Figure 7) shows multiple peaks specific to the main chemical components
oxides, such as Q—quartz, C—corundum, M—mullite or H—hematite, but also other more complex
crystalline phases including calcium, titanium, or magnesium, such as A—anorthite, G—goethite,
Al—albite, Ca—calcite, P—portlandite, Gb—gibbsite, magnesium hydroxide, etc. Both in the case of
the raw material diffractogram and in the case of the obtained geopolymers, most of the peaks were
positioned between 20◦ and 45◦ (2θ). Moreover, the peaks with the highest intensities specific to the
quartz and corundum were positioned between 25◦ and 30◦ (2θ).
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The detected quartz or silicon dioxide is a mineral with a tetrahedral structure formed between
silicon atoms and oxygen, crystallizing in the hexagonal system. Its concentration positively influences
the mechanical properties of geopolymers, due to the quartz particles capacity of creating barriers for
crack propagation.

The corundum detected crystallizes in the rhombohedral system, which is known as one of the
main aluminum oxides. This compound is essential for geopolymers due to its hardness being close to
that of diamond.
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Mullite crystallizes in the orthorhombic system, and is a less commonly encountered compound
that forms between aluminum, silicon, and oxygen. Due to its very high melting temperature, 1840 ◦C,
the presence of this mineral produces the increase of the geopolymers refractivity.

Hematite crystallizes in the rhombohedral system due to being a compound of iron with oxygen.
It has the same crystallographic structure as that of the corundum, being frequently encountered with it.

Augite crystallizes in the monoclinic system being a complex compound of calcium, magnesium,
silica and oxygen. It has a stone-like structure and color, and is rarely encountered with a shiny surface.

The anorthite crystallizes in the triclinic (anorthic) crystalline system, as it has the richest calcium
content in the group of plagioclase feldspars. It is found in several colors and consists of calcium,
aluminum, silicon, oxygen, but also potassium, sodium, iron, and titanium at trace levels.

Sodalite crystallizes in the cubic system as a mineral complex formed by the reaction between
sodium and chlorine with the main elements of the raw material (aluminum, silicon, and oxygen).
The natural sodalite consists of an Al-O-Si network that encompasses Cl+ cations, but the one resulting
from geopolymerization shows inter-structural Na+ cations, similar to zeolites [3].

Following the geopolymerization chemical reaction between the fly ash and the activation solution,
the main phase specific to the raw material, the quartz, whose peak is positioned at 26.62◦, 2θ, decreases
in intensity as a result of the decrease of the glass phase, but there is a significant increase in the
anorthite intensity, 28.03◦, 2θ, while new peaks specific to the phases created as a result of the reaction
between Na and the other compounds also appear.

The diffractogram specific to the sample 100FA (Figure 7) shows the formation of the most
important phase specific to the geopolymerization, i.e., sodalite, which shows three peaks between 8◦

and 35◦, with the highest intensity at 24.50◦, 2θ. The appearance of such a phase specific to zeolites
suggests the formation of a mesoporous material (contains small pores with a diameter between 20
and 50 nm) of semi-crystalline nature [65]. The sodalite content formed is directly proportional to the
cation exchange capacity between the raw material and the activation solution. However, prior to and
after activation, secondary phases, such as corundum with the highest intensity peak at 35.47◦, 2θ,
portlandite with the highest intensity peak at 36.48◦, 2θ, mullite with the highest intensity peak at
60.76◦, 2θ, hematite with the highest intensity peak at 33.69◦, 2θ, goethite with the highest intensity
peak at 21.09◦, 2θ, and calcite were confirmed.

After replacing 30% of the fly ash quantity with glass particles, the sample 70FA_30PG results
(Figure 8a) showed a decrease in intensity of the phases characteristic of the chemical reaction between
the activation solution and ash.

To confirm the portlandite and goethite decomposition during heating, XRD analysis has
been performed after TG-DTA tests. Therefore, the heated samples diffractograms—Figures 8b,
9b and 10b—shows high peaks intensity modifications, especially for calcite and hematite, due to
the chemical reactions (Equations (4) and (5)) follow the portlandite and goethite decomposition.
Moreover, because the geopolymerization continues during heating, anorthite reacts with the Na+

cations, creating new phase albite with the highest intensity peak at 27.85◦, 2θ.
These type of geopolymers have multiple phases which present similar XRD patterns, and,

according to the database, one peak corresponded to multiple phases in this study we have presented,
which was the phase with the highest intensity on the diffractograms. Therefore, after STA analysis,
some peaks were changed to other phases because the phase intensity is different, e.g., the highest
intensity peak at 21.09◦, 2θ prior STA corresponds to goethite, yet, after STA it appears at 20.85◦, 2θ
and corresponds to quartz.

Following the replacement of 70% of the fly ash powder specific to the 100FA sample with sand
particles, it was found that the intensity of some phases increased exponentially (Figure 9) while the
specific phases of activation decrease significantly as a result of the reduction of the Al content available
in the system.
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The XRD diffractogram of the sample 15FA_15PG_70S (Figure 10b) shows a decrease in peaks
intensity specific to the aluminum-containing compounds due to the sample ash content reduction.

Because the differences between the diffractograms specific to the raw material and those of the
geopolymer samples are small, we can consider that the geopolymers have a granular structure whose
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surface is covered by phases resulting from the geopolymerization, which helps to bind them, resulting
in a semi-crystalline structure.

The diffractogram of the thermal power plant fly ash shows mainly phases specific to the
compounds of Al and Si, and at the trace level Fe, Ca, or Ti compounds can be observed. Following
activation, an additional phase specific to zeolites appeared known as sodalite, while the initial phases
showed minimal changes.

4. Conclusions

In the analyzed temperature range, the fly ash-based geopolymers exhibited high mass loss due
to the removal of free and physically bound water molecules at up to 300 ◦C. Above this temperature
multiple compounds, such as goethite, portlandite, gibbsite, etc. decomposed due to the OH groups
(chemically bound water) removed. Yet, it was observed that the mass lose percentage depends on
the sample fly ash content. Therefore, the hygroscopicity, as well as the concentration of unstable
compounds, are strongly related to the matrix structure.

Taking into account the high number of chemical elements and so many possibilities of compounds
formation during heating, such phase transition and structural modifications will result in geopolymers
characteristics changing. Therefore, in order to obtain a much thermally stable geopolymer, based on
indigenous fly ash, a high percentage of natural aggregates should be introduced in the matrix.

The glass powder introduction in the matrix will result in a denser sample, yet, due to the high
calcium content, the thermal stability at high temperatures decreases.
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Abstract: Geopolymers are zeolites like structures based on hydrated aluminosilicates units of
SiO4 and AlO4. These units, known as poly(sialate), poly(sialate)-siloxo or poly(sialate)-disiloxo
are chemically balanced by the group I cations of K+, Li+, or Na+. Simultaneously, the chemical
reaction of formation, known as geopolymerization, governs the orientation of the unit, generating
mesoporous structures. Multiple methods can be used for pore structure and porosity characterization.
Among them, nuclear magnetic resonance (NMR) relaxometry allows the detection of the porous
structure in a completely nonperturbative manner. NMR relaxometry may be used to monitor
the relaxation of protons belonging to the liquid molecules confined inside the porous structure
and, thus, to get access to the pore size distribution. This monitoring can take place even during
the polymerization process. The present study implements transverse relaxation measurements to
monitor the influence introduced by the curing time on the residual liquid phase of geopolymers
prepared with two different types of reinforcing particles. According to our results, the obtained
geopolymers contain three types of pores formed by the arrangement of the OH− and Si groups
(Si-OH), Si-O-Si groups, Si-O-Al groups, and Si-O rings. After 48 days, the samples cured for 8 h
show a high percentage of all three types of pores, however, by increasing the curing time and the
percentage of reinforcing particle, the percent of pores decrease, especially, the gel pores.

Keywords: coal ash-based geopolymers; NMR relaxation; industrial waste; geopolymer; chemical
structure

1. Introduction

After mixing a material rich in aluminum and silicon oxides with a strongly alkaline solution
a binder is formed which through the geopolymerization chemical reaction passes into a tetragonal
Si-O-Al structure, resulting in an inorganic material called geopolymer [1–3]. Due to their physical [4],
chemical, and mechanical properties, geopolymers present high interest in many industrial applications.
Initially, these materials were developed as high fire resistance materials ideal for civil engineering [5,6],
but later multiple fields, such as automotive [7], ceramic [8], metallurgical [9], aerospace [10], etc.,
started using geopolymers as substitutes for conventional oxide materials or polymers. Moreover,
their microstructure contains several unreacted particles that continuously react with the gel remaining
in the micropores [11]. As a result, some defects (cracks) can be repaired by the self-healing
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mechanism [12,13]. This self-healing characteristic positively influences the time behavior (durability)
of geopolymers.

However, both the properties and the quality of the geopolymers are strongly affected by multiple
parameters [14,15] specific to the mixed components, but also by the obtaining process. According to
previous studies, the geopolymers depend on the chemical composition of the raw material [16],
humidity [17], particles’ dimensions [18], liquid to solid ratio [19], type of activator [20], curing time [21],
temperature [22], and reinforcing particles characteristics [3,23], if used. Moreover, the pore size and
distribution can negatively influence, in particular, the main mechanical properties of the geopolymers,
as the structure compactness decreases allowing the water or acidic substances to penetrate the sample.
According to another study [24], the pores type and size depend, mainly, on the raw material calcium
content because this contributes to the formation of the porous phases such as calcium alumino-silicate
hydrate (C-A-S-H) and sodium alumino-silicate hydrate (N-A-S-H). Also, it was found that the total
porosity and pore size distribution are the most important factors affecting the compressive strength of
geopolymers [25,26].

Proton nuclear magnetic resonance (NMR) relaxometry is a valuable technique that can be used
to extract information about the pore size distribution of porous materials. The technique relies on
the proportionality between the pore size and the relaxation time (transverse or longitudinal) of
protons belonging to the liquid molecules confined inside pores [27–29]. Thus, from the relaxation time
distribution, it is possible to extract the pore size distribution. Note, however, that the proportionality
between the pore size and relaxation time is valid only if one neglects the bulk relaxation rate of the
confined molecules. Moreover, in the case of porous media with magnetic impurities, it is necessary to
reduce diffusion effects on transverse relaxation measurements [26,27]. A valuable approach to reduce
diffusion effects on transverse relaxation measurements is to implement the well-known Carr Purcell
Meiboom Gill (CPMG) technique [30] in combination with a lowfield NMR instrument.

The geopolymers are porous materials and the effect of high porosity results in low mechanical
properties. Consequently, in order to improve certain characteristics, such as compressive or bending
strength [3] of geopolymers, different types of aggregates can be introduced into the solid component.
In the present work, two types of aggregates will be considered: powdered glass (PG) and sand (S).
They will be gradually introduced in the coal-ash based geopolymers and their effect on the relative
pore size distribution and chemical structure will be investigated using proton NMR relaxometry and
Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy.

2. Materials and Methods

2.1. Materials

Coal-ash is a secondary product resulted from coal combustion in the burning room of the city’s
power plants. The chemical composition analyzed by X-ray fluorescence (XRF) using an XRF S8 Tiger
equipment (Bruker GmbH, Karlsruhe, Germany) shows high silica and alumina content being suitable
for geopolymers synthesis. However, because different dumps present various chemical compositions
the obtaining process must be particularly designed, to obtain a final material with high performances.
In this study, the coal-ash (FA) from Holboca CET II (S.C. C.E.T. Iasi S.A., Iasi, Romania) power plant,
with a bulk density of 2.16 ± 0.01 g/cm3, has been used as raw material.

Other parameters related to the coal-ash which influence the final characteristics of geopolymers
are humidity and particle dimension. Therefore, prior mixing with the activating solution the raw
materials have been dried at 110 ± 5 ◦C until the humidity was removed (considered when there is no
weight loss for 30 min. of heating). After the drying stage, the powder has been sieved, according to
SR EN 933-1:2012, to remove the large impurities.

The PG was obtained by crushing and milling glass bottles and containers from the food industry.
Further, the PG was sifted and the particles that passed the 1250 mesh sieve, i.e., particles finer than
10 µm, were used for the geopolymers.
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The natural aggregates, i.e., sand, used in this study contains particles dimensions in the range of
0 to 4 mm [3], and a bulk density of 1.41 ± 0.01 g/cm3. These particles have a high content of silica and
ferrous oxides [31].

The coal-ash collected can be activated with an alkaline solution of sodium silicate (SS) and 10 M
sodium hydroxide (NaOH) in the ration of SS to NaOH of 1.5, according to previous studies [3,32].
A commercially purchased high purity SS solution (SO06401000 Sodium Silicate, Scharlab S.L., Barcelona,
Spain) with a density of 1.37 g/cm3 and a lower pH than 11.5 was used in this study. The NaOH
solution was prepared at a 10-molar concentration by dissolving the commercially purchased high
purity (99%) NaOH flakes (M-1500 Sodium Hydroxide, Elemental S.R.L., Bihor, Romania) in distilled
water for 24 h before use.

2.2. Sample Preparation

To control the porosity of the sample, two types of reinforcing particles have been introduced in
the geopolymers matrix. To evaluate the effects of curing time, the type and the quantity of reinforcing
particles, on the relative distribution of pores, four different compositions, for the solid component,
were considered: 100% coal-ash (sample 100 FA); 70% coal-ash and 30% glass powder (sample 70 FA),
30% coal-ash and 70% sand (sample 30 FA) 15% coal-ash, 15% glass powder, and 70% sand (sample 15
FA), respectively, which were subjected to a curing process at 70 ◦C for three different periods: 8, 16,
and 24 h (Figure 1).

Materials 2020, 12, x 3 of 16 

 

The natural aggregates, i.e., sand, used in this study contains particles dimensions in the range 
of 0 to 4 mm [3], and a bulk density of 1.41 ± 0.01 g/cm3. These particles have a high content of silica 
and ferrous oxides [31]. 

The coal-ash collected can be activated with an alkaline solution of sodium silicate (SS) and 10 M 
sodium hydroxide (NaOH) in the ration of SS to NaOH of 1.5, according to previous studies [3,32]. A 
commercially purchased high purity SS solution (SO06401000 Sodium Silicate, Scharlab S.L.,  
Barcelona, Spain) with a density of 1.37 g/cm3 and a lower pH than 11.5 was used in this study. The 
NaOH solution was prepared at a 10-molar concentration by dissolving the commercially purchased 
high purity (99%) NaOH flakes (M-1500 Sodium Hydroxide, Elemental S.R.L., Bihor, Romania) in 
distilled water for 24 h before use. 

2.2. Sample Preparation 

To control the porosity of the sample, two types of reinforcing particles have been introduced in 
the geopolymers matrix. To evaluate the effects of curing time, the type and the quantity of 
reinforcing particles, on the relative distribution of pores, four different compositions, for the solid 
component, were considered: 100% coal-ash (sample 100 FA); 70% coal-ash and 30% glass powder 
(sample 70 FA), 30% coal-ash and 70% sand (sample 30 FA) 15% coal-ash, 15% glass powder, and 
70% sand (sample 15 FA), respectively, which were subjected to a curing process at 70 °C for three 
different periods: 8, 16, and 24 h (Figure 1). 

 

Figure 1. Process flow diagram of sample obtaining. 

The solid component was mixed with the activating solution, in a solid to liquid ratio of 1, using 
a variable speed mixer for 10 minutes until a homogeneous binder was obtained. In the case of 
samples with multi constituents in the solid component (70 FA, 30 FA, and 15 FA), these must be 
mixed in a dry state before introducing the activation solution. Activating the geopolymer with a 
multi-component solution involves mixing these before introducing the solid component. After 
mixing, the binder was poured in cylindrical shape molds and subjected to vibrations to reduce the 
air bubbles caught inside. 

Therefore, the following materials and technological parameters were used in this study: 

• Coal-ash particles lower than 80 µm; 
• Glass powder particles lower than 10 µm; 
• Sand particles lower than 4 mm; 
• Raw material relative humidity close to 0%; 
• Raw material percentage of silicon and aluminum oxides higher than 75%; 
• Curing temperature 70 °C; 
• Curing time of 8, 16 or 24 h; 
• Solid to liquid ratio of 1; and 
• Sodium silicate to 10 M sodium hydroxide ratio of 1.5. 
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The solid component was mixed with the activating solution, in a solid to liquid ratio of 1, using a
variable speed mixer for 10 minutes until a homogeneous binder was obtained. In the case of samples
with multi constituents in the solid component (70 FA, 30 FA, and 15 FA), these must be mixed in a dry
state before introducing the activation solution. Activating the geopolymer with a multi-component
solution involves mixing these before introducing the solid component. After mixing, the binder was
poured in cylindrical shape molds and subjected to vibrations to reduce the air bubbles caught inside.

Therefore, the following materials and technological parameters were used in this study:

• Coal-ash particles lower than 80 µm;
• Glass powder particles lower than 10 µm;
• Sand particles lower than 4 mm;
• Raw material relative humidity close to 0%;
• Raw material percentage of silicon and aluminum oxides higher than 75%;
• Curing temperature 70 ◦C;
• Curing time of 8, 16 or 24 h;
• Solid to liquid ratio of 1; and
• Sodium silicate to 10 M sodium hydroxide ratio of 1.5.
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2.3. Methods

The microstructural analysis was performed by a Scanning Electron Microscope with field emission
type FEI Quanta FEG 450 (FEI Company, Washington, DC, USA.) and a Polarized Light Microscope type
Axio Imager A1m (Carl Zeiss AG, Oberkochen, Germany). The bulk density was determined through
a Densimètre Le Chatelier, and the values presented are the mean value of three determinations.

2.3.1. NMR Relaxometry

Transverse relaxation measurements of the proton spins confined inside geopolymers were
performed using the CPMG technique [28]. Recording of the CPMG echo trains was performed using
a low field NMR instrument, operating at 20 MHz proton resonance frequency (Minispec MQ20,
Bruker Optics, Bremen, Germany). The echo time used in our investigations was 0.1 ms, which allowed
neglecting of the diffusion effects on echo train attenuation. The NMR measurements were performed
first on samples maintained in fresh air at room temperature conditions (21–23 ◦C; 40–48% air humidity)
for 48 days to highlight the residual activator in pores. Then all the samples were immersed in water
for 7 days and measured again in order to evaluate water absorption and the relative size distribution
of all pores in the structure. The relaxation time distribution was obtained from the CPMG echo trains
using a numerical Laplace transform [33]. Provided that one can neglect the bulk contribution to the
relaxation rate and the interaction of confined molecules with the surface of the investigated samples is
identical, then the relaxation time distribution mimics the pore size distribution.

2.3.2. Fourier Transform Infrared Spectroscopy

FTIR is a non-destructive technique for analyzing the chemical structure of a material. This consists
of obtaining an infrared light absorption spectrum at different wavelengths of a beam. The analysis
was performed using a Bruker Hyperion 1000 FTIR spectrometer (Bruker Optics, Bremen, Germany),
coupled with a microscope (Bruker Optics, Bremen, Germany), equipped with a 15× lens. Due to the
use of the microscope, the samples didn’t need to be embedded in KBr pellets. Therefore, the analysis
was carried out directly on polished samples in a range of wave numbers between 4000 cm−1 and
600 cm−1 with a resolution of 4 cm−1 at a scan frequency of 10 kHz through a 6 mm diameter aperture
and 64 scans for each surface. The absorbance spectrum of the samples show multiple peaks included
in the vibration bands of the chemical bonds in the present groups. The spectra were analyzed using
OPUS 65 Bruker (Bruker Optics, Bremen, Germany) software to study, in particular, the groups formed
between Si, Al, H, and O.

3. Results and Discussion

Raw Materials Characterization

According to the chemical composition (Table 1) the coal-ash powder used as raw material belongs
to class F fly ashes (ASTM C618-92a). Figure 2 show the coal-ash particle morphology after sifting.
As can be seen, at a magnification ratio of 1,000× times the coal-ash particles, are porous bodies with
different sizes and shapes (Figure 2a), while at a magnification ratio of 15,000×, particles with round
shape, i.e., fly ash, accumulated in a porous matrix can be observed (Figure 2b).

Table 1. Indigenous coal ash oxide chemical composition.

Oxide SiO2 Al2O3 FexOy CaO K2O MgO TiO2 Na2O P2O5 Oth.1

%, weight 47.80 28.60 10.20 6.40 2.40 2.00 1.30 0.60 0.40 0.30
1 Sum of chemical elements lower than 0.1%.
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The PG (Figure 3) used, with a bulk density of 2.52 ± 0.01 g/cm3, has low aluminum and iron
oxides contents (Table 2) and it reacts in alkaline environments [34]. Consequently, the introduction of
PG into geopolymers contributes positively to the geopolymerization reaction, due to its pozzolanic
activity [35].
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Table 2. PG oxide chemical composition.

Oxide SiO2 Al2O3 FexOy CaO Na2O MgO Oth.1

%, weight 71.69 1.81 0.93 13.2 9.89 2.40 0.08
1 Sum of chemical elements lower than 0.1%.

From a structural point of view, the geopolymers contain unreacted raw material due to several
factors, such as improper mixing, too low a liquid to solid ratio, etc. This can be observed in the form
of surfaces covered with spheres (ash particles) in SEM micrographs (Figure 4). However, there is
no exact method to quantitatively evaluate the unreacted ash from a specific sample. Due to their
spherical structure, the coal-ash particles which do not react before the setting time ending, influence
significantly the porosity of the geopolymers.
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Figure 4. Coal-ash based geopolymers morphology.

Following the formation of the solid structure (Figure 5a), the regions inside the samples containing
ash particles and activation solution will react in time creating pores of different sizes. Also, the pores
formation or their increase in size could be affected by the curing time increase, because the conversion
of the amorphous phase into the crystalline phase occurs during the curing stage (Figure 5b).
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Figure 5. Schematic representation of geopolymers morphology: (a) after setting time ending and (b)
after reacting [36].

The CPMG series collected from the NMR measurements were used to obtain the relaxation
time distributions (T2) as presented in the following figures. The resulting peaks were analyzed by a
comparison between different types of samples. The graphs specific to the samples maintained in the
room conditions (21–23 ◦C; 40–48 % air humidity) for 48 days (Figures 6a, 7a, 8a and 9a) reveal two
peaks. The first peak can be assigned to the liquid protons (residual activator solution) resulting from
the geopolymerization process in the partially filled gel pores. The second peak can be attributed to the
water absorbed inside the capillary pores from the atmosphere or can be an artifact of the numerical
Laplace inversion [28]. It is known that numerical inverse Laplace is ill-conditioned and may lead
to spurious peaks when applied to noisy data. Comparing the data on the samples maintained at
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room conditions with those of the samples immersed in water for 7 days, one can observe a significant
increase of the peak area which is proportional to the number of protons confined inside the pores. It is
also observed that different types of pores cannot be graphically separated due to the rapid exchange
of water molecules from one type of pore to another.

The graph of the sample 100 FA (Figure 6b) dried for 8 h shows several peaks on the curve
(black dots curve), the first peak between ≈0.1 ms and 1 ms corresponds to the liquid in the gel-type
pores (<50 nm), the second peak between ≈1 ms and 7.5 ms corresponds to the capillary pores (50–600
nm), and the third peak >7.5 ms corresponds to the liquid in the voids (pores larger than 600 nm)
or the cracks results from the crystalline phase growth [32,37]. As the drying time increases, the gel
remaining on the surface of the unreacted or partially dissolved coal-ash particles continues to activate,
resulting in the ash spheres opening, therefore, pores volume increases. At the same time, the density
of the sample decreases as a result of the structure permeability increase due to the remaining water
elimination from the small pores.
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As can be seen in Figure 6b, the effect of drying time increasing, from 8 to 16 h, on the gel pore size
distribution is minimum, but in the case of 24 h dried samples the amount of liquid detected is much
smaller. This phenomenon can be explained by the decrease in the number of gel pores following the
reaction between the activator and the unreacted ash particles, i.e., pore growth. Therefore, the increase
of the structure dehydration degree as a result of the drying time increase produces a decrease in the
total volume occupied by gel-type pores.

When replacing 30% of the FA with glass particles smaller than 10 µm in diameter, a significant
decrease in gel pores occurs, mostly because the sample volume is filled with compact particles. As the
drying time increases, the number of pores specific to the first peak decreases significantly, but the
characteristic curve of the sample maintained for 24 h shows an additional peak between 0.54 and
2.51 ms (Figure 7b). This additional peak can be explained by the gel pores connection following
activation of the unreacted ash forming a category of intermediate pores. Also, it can be observed that
with the increase of the drying time the curves become more flattened and the transition from one
category of pores to another is less visible. This phenomenon can be related to the increase of the
structure permeability and also to the pores size distribution.
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The geopolymers samples with 70% by mass sand of solid components present a higher decrease
in the number of gel-type pores (Figure 8b). When the drying time is increased the number of gel-type
pores decreases even higher due to the conversion of gel pores in capillary pores and capillary pores in
large pores (voids). Therefore, the drying time positively influences the growth of the pores as a result
of the reaction between the undissolved ash particles and the activation solution from the gel pores.

However, the lowest pores size distribution was obtained for the samples with 15% ash, 15% glass
powder, and 70% sand due to the percentage of compact particles in the analyzed sample volume.
Therefore, the coal-ash percentage from the solid component is directly proportional to the matrix
volume, its replacement with compact particles results in the decrease of gel pores number (Figure 9b).
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activation and (b) after 7 days of immersion in water.

Also, the type of aggregate influences the geopolymers microstructure, by introducing the glass
powder into the composition, a decrease of gel pores occurs, but the relative distribution of capillary
and large pores is approximately the same. However, when sand is introduced, the gel pores relative
distribution decreases, but that of capillary and large pores increases.

When the pore size relative distributions are compared depending on the sample composition
for 8 h (Figure 10a), 16 h (Figure 10b), and 24 h (Figure 10c) drying time, all the curves present three
peaks which area is decreased by the increase of the percentage of the reinforcing particles. The first
peak with the smallest area decreases as a result of the coal-ash percentage decreasing. However,
the influence of the particles on the relative distribution of capillary and large pores is relatively low.
The area values and peaks position (X1 and X2) on the T2 axis are presented in Table 3.
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Table 3. Peaks areas and positions on the T2 axis.

Sample Drying
Time

Peak 1 Peak 2 Peak 3

X1
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X2
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(a.u.)
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(a.u.)
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(ms)
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15FA 8 h 0.07 1.07 0.01 1.07 5.17 0.02 5.17 86.81 0.11

30FA 8 h 0.07 0.91 0.01 0.91 5.24 0.01 5.24 61.16 0.12

70FA 8 h 0.09 0.89 0.01 0.89 3.71 0.01 3.71 63.17 0.18

100FA 8 h 0.07 0.91 0.02 0.91 5.63 0.03 5.62 50.40 0.17

15FA 16 h 0.11 0.88 0.01 0.88 5.08 0.02 5.08 76.65 0.20

30FA 16 h 0.08 0.69 0.01 0.69 9.91 0.05 9.91 40.40 0.10

70FA 16 h 0.09 1.25 0.01 1.25 6.42 0.03 6.42 60.60 0.12

100FA 16 h 0.07 0.80 0.02 0.80 3.83 0.02 3.83 91.74 0.24

15FA 24 h 0.10 0.53 0.01 0.53 4.94 0.02 4.94 150.2 0.35

30FA 24 h 0.09 0.56 0.01 0.56 5.57 0.02 5.57 76.65 0.30

70FA 24 h 0.06 1.65 0.01 1.65 12.65 0.05 12.65 53.02 0.09

100FA 24 h 0.08 0.82 0.01 0.82 10.37 0.07 40.37 55.78 0.18
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The chemical structure of the obtained geopolymers reveals multiple vibration bands specific to
OH− and Si groups (Si-OH), or asymmetric stretching vibrations of the Si-O-Si bridge and Si-O-Al
bridge and the stretching vibrations of the Si-O rings. The FTIR spectra (Figure 11) of FA and PG
shows a broad signal (I) between 3700 and 3000 cm−1 which is attributed to the stretching vibration
and bending vibration of OH− groups [38]. The large bandwidth is due to the high degree of hydrogen
association with other hydroxyl groups by creating strong links between the OH− and Si (≡Si-OH)
groups. The second significant peak (II), between 1150 cm−1 and 1250 cm−1, can be associated with the
specific rhythmic band along the covalent bond axis, which is known as stretching vibration of the
Si-O-Si groups [39]. The vibration band between 800 and 700 cm−1 (III) is specific to the asymmetric
stretching vibrations of the Si-O-Al bridge in the compounds [40], (corundum, anorthite) of the
analyzed material, and the band between 700 and 600 cm−1 is attributed to the Si-O rings [41].
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The chemical structure analysis of the raw materials through FTIR confirms the presence, on the
analyzed surface, of hydroxide groups and silicon, oxygen and aluminum compounds which correspond
to a high percentage of quartz, corundum, anorthite, and vitreous phase.

As a result of the coal-ash activation (Figure 12), the vibration band I show an increase in
intensity due to the Si-OH bond’s appearance and OH− group concentration increase. Simultaneously,
another vibration band (1) between 1650 and 1480 cm−1 appears, which corresponds to the change of
the angle between two covalent bonds, known as deformation vibration. In this case, the deformation
vibration of the δ-HO-H bonds between the hydrogen and oxygen atoms specific to the adsorbed water
molecules [42] is recorded. The bands III and IV undergo significant transformations as a result of
the reaction between the compounds rich in aluminum and silicon and the alkaline activator, thus a
specific vibration band (3) appears. The position change of the band is attributed to the internal
vibrations of the sialates tetrahedra (Si-O-Al, Si-O-Al-O-Si-O, or Si-O-Al-O-Si-O-Si-O) resulting from
geopolymerization [24]. Moreover, band II is also shifted to low frequencies (2) as a result of the
increase in OH− groups concentration on the analyzed surface and also due to Al3+ atoms penetration
into the initial Si-O-Si structure forming the N-A-S-H and C-A-S-H phases, a phenomenon specific
to zeolites [43]. A high peak corresponds to a high rate of the aluminum atom in the [SiO4]4− group
penetration, i.e. a higher content of N-A-S-H and C-A-S-H. The main element of influence is the
sodium ions concentration in the activator that cause the Si-O bond breakage and increase the ability
to incorporate aluminum during the gel phase [44]. This aspect is confirmed by the appearance of
the crystalline phase in the structure and the increase of the hygroscopicity of the material by the
appearance of the small pores that can be observed in the SEM micrographs (see Figure 4).
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Besides the main vibration bands which correspond to silicon, oxygen, aluminum, and hydrogen
compounds, another peak at 3640 cm−1 which corresponds to OH− stretching vibration appears.
Following the replacement of 30% of FA with PG, the FTIR spectrum (Figure 12) does not present
significant changes. However, the band I is higher due to the increase of hydroxide groups, introduced
in the sample by the activation solutions, to raw material ratio. Moreover, a new band (4) between 1480
and 1370 cm−1 appears, which is attributed to the C-O groups in CO3

2− of calcite, especially, from glass
particles [45].

After replacing 70% of coal-ash with sand particles two significant peaks, between 1250 and
1100 cm−1, appear on the sample 30FA_70S FTIR spectrum (Figure 12). These peaks correspond to the
stretching vibration band of the asymmetric groups of ν(Si–O–Si) and δ(Si–O) [46]. These two groups
are characteristic to the quartz from the sand.

The sample 15FA_15PG_70S FTIR spectrum (Figure 12) shows a decrease in the intensity of peaks
from the bands 2 and 3 as a result of the aluminum concentration decrease. Therefore, the coal-ash
concentration is directly proportional to the number of sialates groups present in the structure.

4. Conclusions

The relative pore size distribution of the coal-ash geopolymers confirms the presence of three types
of pores in the geopolymers structure. These reveal a high size distribution, ranging from nanometers
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(gel or capillary pores) to millimeters (large pores or voids). The relative distribution between these
three types of pores is influenced by the drying time and also by the percentage of reinforcing particles.
Therefore, by increasing the drying time, the gel remaining on the surface of the unreacted or partially
dissolved coal-ash particles continues to activate, resulting in the ash spheres opening and pores
volume increase. Moreover, by increasing the percentage of the reinforcing particles the number of
gel-type pores decreases proportionally. Therefore, the lowest gel-type pores size distribution was
obtained for the samples with 15% FA, 15% PG, and 70% Sdue to the percentage of compact particles
in the analyzed sample volume. In other words, the coal-ash percentage from the solid component
is directly proportional to the matrix volume, its replacement with compact particles results in the
decrease of gel pores number. Also, the type of aggregate influences the geopolymers microstructure,
by introducing the PG into the composition, a decrease of gel pores occurs, but the relative distribution
of capillary and large pores is approximately the same.

FTIR spectroscopy analysis of the obtained geopolymer samples reveals their chemical
structure—mainly based, on groups formed between silicon, oxygen, and aluminum atoms, but also
hydrogen. As a result of the activation, on the FTIR spectra also appear bands specific to the sialates
that confirm the geopolymerization reaction between the raw material and the activator. Moreover,
the FTIR spectra of the analyzed samples show a band specific to water molecules that highlights the
hygroscopic characteristics of these materials.

According to this study, the obtained geopolymers contain three types of pores: gel (<50 nm),
capillary (50–600 nm) and large pores (pores greater than 600 nm) formed by the arrangement of the
OH− and Si groups (Si-OH), Si-O-Si groups, Si-O-Al groups, and Si-O rings.
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