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Abstract: The depletion of aggregate-related natural resources is the primary concern of all re-
searchers globally. Recent studies emphasize the significance of recycling and reusing various types
of natural or by-product material waste from industry as a result of the building industry’s rising
demand for aggregate as the primary component in concrete production. It has been demonstrated
that the geopolymer system has exceptional features, such as high strength, superior durability, and
greater resistance to fire exposure, making it a viable alternative to ordinary Portland Cement (OPC)
concrete. This study will examine the present method utilized to generate artificial aggregate-based
geopolymers, including their physical and mechanical properties, as well as their characterization.
The production process of geopolymer derived from synthetic aggregates will be highlighted. In con-
junction with the bonding of aggregates and the cement matrix, the interfacial transition zone (ITZ) is
highlighted in this work as an additional important property to be researched in the future. It will
be discussed how to improve the properties of geopolymers based on artificial aggregates. It has
been demonstrated that cold bonding provides superior qualities for artificial aggregate while con-
serving energy during production. The creation of ITZ has a significant impact on the bonding
strength between artificial aggregates and the cement matrix. Additionally, improvement strategies
demonstrate viable methods for enhancing the quality of manufactured aggregates. In addition, other
recommendations are discussed in this study for future work.

Keywords: artificial aggregate; geopolymer; sintering; cold bonding; autoclaving

1. Introduction

Natural crushed rocks or stones are commonly used as coarse aggregates in the
production of concrete. Various types of natural rocks (e.g., limestone [1], basalt [2],
and gravel [3]) have been employed in the concrete industry based on local geological
circumstances. However, increasing construction demand and rapid consumption of rock
resources have created a significant challenge to the sustainable development of the concrete
industry. Concern for sustainable economic and social progress necessitates additional
measures to alleviate the scarcity of natural aggregates and improve the sustainability of
the concrete industry.

To address the aforementioned difficulties, three technological approaches have been
proposed: recycling aggregates from waste concrete [4–7], direct utilization of coarse waste
particles such as bottom ash and steel slag as aggregates [8,9], and generating artificial
aggregates based on industrial wastes or byproducts [10,11]. Recycling aggregates involve
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the utilization of waste produced through construction and demolition (C&D) containing
different types of materials such as steel, glass, and hazardous materials including as-
bestos and mercury, and for these different materials, further treatment is always required.
Meanwhile, direct utilization of course waste such as bottom ash [8] and steel slag [9] also
requires enhanced treatment such as wet treatment and steam pressure. In the meantime,
towards focusing on sustainability and saving the environment, artificial aggregates, as
an emerging technology, is a viable option for generating both fine and coarse aggregates,
which can meet the demand for waste recycling and mass production. The potential of
industrial wastes to be utilized as raw materials for producing artificial aggregates include
coal fly ash [12], palm oil fly ash [13], and bottom ash [14].

In addition, for producing artificial aggregates with enhanced properties that are
comparable to those of natural aggregates, the processing and producing methods should
be focused on. Sintering [13,15] and cold bonding [16,17] are two well-known techniques for
producing artificial aggregates. Sintering is heavily dependent on the application of a high
temperature, which is often greater than 1000 ◦C for the crystallization of raw materials. In
contrast, cementitious pastes are typically used in the conventional cold-bonding procedure
to bind the raw components together. Compared to natural rock aggregates, these two
types of artificial aggregates possess the properties of being lightweight, water-absorbent,
and weak. However, since the production of sintered aggregates requires significantly more
energy, cold-bonded aggregates produced at room temperature are considered more cost-
effective and environmentally friendly for mass production, despite their lower strength,
higher water absorption, and higher bulk density compared to sintered aggregates made
from the same raw materials [11].

In order to improve the properties of cold-bonded aggregates, geopolymers can be
introduced to achieve the target properties of artificial aggregates. According to a previous
study, geopolymer lightweight aggregates (GLAs) do not require high temperature sintering
since their strength is obtained through alkali activation of pozzolanic materials [18]. In
comparison to the traditional cold-bonding technique using ordinary Portland cement
binders, the geopolymerization method can be adjusted by a variety of factors, including
precursor types [19] activator contents [20], activator types [21], and curing techniques [22],
to achieve the desired properties.

Autoclaving technique is another method for producing artificial aggregates. For
many years, autoclave-steam curing has been utilized to enhance the strength development
of concrete products by using saturated vapor pressure. Due to the fact that the rate of
hydration of cement increases with an increase in temperature, curing artificial aggregates
under steam conditions can accelerate the gain in strength. In addition to temperature, the
duration of steam curing is an essential factor in the development of compressive strength in
artificial aggregates. As a result, sintering and autoclaving are the least desirable production
methods due to their elevated temperature requirements, which ultimately increase the
embodied energy and harmful emissions, hence compromising sustainability [23]. In
contrast, cold bonding requires cementitious material and a longer curing time to obtain
the requisite strength [12].

In order to limit the consumption of dwindling natural resources, it is necessary to
extensively explore the issue of recycling waste materials and effectively utilizing artificial
aggregates, particularly in the construction sector. Numerous studies on various natural
and by-product materials as new artificial aggregates to replace natural aggregates have
been reported. The incorporation of geopolymer technology has been shown to have the
potential to improve the properties of new aggregates. Even though countries such as
Brazil, Australia, and China have begun to employ recycled concrete aggregate (RCA) as a
substitute to natural aggregate in concrete applications, the cost of upgrading the poor char-
acteristics of RCA remains a major concern. As a result, recycling waste material to create
new artificial aggregates is an effective alternative to replacing natural aggregate resources.
Controlling the target properties of artificial aggregates can be accomplished by optimizing
the mix design or including other materials such as geopolymers. Geopolymers can be used
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to create the desired properties of artificial aggregates. Additional approaches applicable
for improving the properties of artificial aggregates include two-step pelletization, soaking
in alkali solution, coating, and impregnation. Consequently, the purpose of this paper is to
review the current research on the development of geopolymer-based artificial aggregates,
including the processing and production of geopolymer-based artificial aggregates and
aggregate performance-improvement techniques.

2. Geopolymers as Artificial Aggregates

In the construction field, specifically concrete production, it is well known that ag-
gregates occupy more than 50% of the volume of concrete. However, the utilization and
extraction of natural aggregates such as sand, stone, and gravel have been restricted in
some countries or cities to preserve the environment due to the overexploitation of natural
sources [22,23]. Therefore, some alternatives have been made towards minimizing the di-
rect utilization of natural sources for aggregates as well as reducing environmental concern
regarding increases in by-products with limited landfills available, which will consequently
lead to pollution of the environment. Further initiatives to mitigate the depletion of natural
resources include the introduction of recycled aggregates and artificial aggregates, which
encourages the recycling of waste materials [15,24,25].

Recycled aggregates incorporate the direct utilization of industrial by-products as
aggregates, such as masonry waste such as bricks or tiles, agricultural wastes, ferrous slag,
and glass wastes. Generally, recycled aggregates consist of natural aggregates bonded
with old cement mortars. This direct use of wastes as aggregates, however, has adverse
implications on the mechanical and chemical properties of concrete, such as the leaching of
hazardous elements into the concrete. In addition, despite extensive experiments, the usage
of construction waste is also prohibited in some cases [26–28]. Despite efforts to control
construction waste, the bulk of masonry waste such as concrete, bricks, and tiles, remains
to be disposed of in landfills. Most construction concrete waste causes poor concrete
performance in comparison to concrete made with natural aggregates [29,30], thus limiting
its application in the construction field. As a result, research on increasing the qualities of
recycled concrete aggregates is critical, as their utilization will have a favorable influence on
both environmental and economic sustainability [31–33]. Moreover, towards improving the
properties of the recycled aggregates, further treatment is always required as mentioned by
Akhtar et al. [5]. The improvement technique includes separating recycled aggregates from
small particles, dust, and weakly adhering mortar prior to application to the concrete for
enhancing the mechanical and durability properties of the concrete produced [4], applying
thermal and mechanical treatments to improve the properties of the recycled aggregates [6],
and immobilizing microorganisms in recycled aggregates due to the conducive conditions
of recycled aggregates for the survival of microorganisms [7].

Meanwhile, in order to reduce environmental concerns over growing waste products,
artificial aggregates have been developed, with the manufacturing process still employing
wastes as precursors. Artificial aggregates are environmentally friendly as they are primar-
ily made from industrial waste. Recycling solid wastes into artificial aggregates contributes
to sustainable development by decreasing the depletion of natural aggregates caused by
the expansion of infrastructure [34–36]. In addition, artificial aggregate production with
the inclusion of geopolymers has been described as having potential as a material with a
strong surface layer and good structural performance, as well as being ideal to be used in
lightweight concrete and other potential applications, including lightweight geotechnical
fill and insulation goods. Some of the reported studies on geopolymer-based artificial
aggregates are summarized in Table 1.
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Table 1. Past research on Geopolymer-based Artificial Aggregates with different mixing parameter ratios and processing methods.

Researchers
Precursors

Addition of Additives Mixing Parameter Ratio Processing
Raw Materials Alkali Activator

Tian et al. [37] Red mud, coal fly ash Na2SiO3 - Solid-to-liquid ratio (0.34–0.39)
Modulus ratio, Ms (1.29–3.84)

Shaping with disc pelletizer.
Curing at temperature of 20 ◦C
with relative humidity of 50%

Saleem et al. [38] Class F fly ash, silica fume NaOH,
Na2SiO3

NaHCO3

Alkali activator percentage
(NaOH-Na2SiO3) 20–80,

30–70, 40–60

Hand shaping and then
microwave curing

UI Rehman et al. [12] Coal fly ash and slag NaOH,
Na2SiO3

- Different fly ash contents (80–90%),
different slag contents (10–20%)

Cold-bond pelletization was
applied. Dry curing with elevated
temperature of 70 ◦C was used for

curing aggregates

Parvathy et al. [39] Class C fly ash, Class F fly ash NaOH,
Na2SiO3

-

The effect of different raw
materials used on the performance
of the fine aggregates (Class C fly

ash and Class F fly ash)

Heating at 100 ◦C for 1 h and kept
at ambient temperature for one day

Aslam et al. [40] Class F fly ash and silica fume NaOH,
Na2SiO3

NaHCO3
Alkali activator ratio

(NaOH:Na2SiO3) (0.42,0.53)
Hand shaping followed by

microwave radiation curing.

Huynh et al. [34] Class F fly ash and slag NaOH,
Na2SiO3

-
Different alkali equivalent, AE

(5–9%) and alkali modulus,
Ms (0.6–1.0)

Shaping by crushing the hardened
paste of alkali-activated fly

ash-slag divided into coarse and
fine sizes by sieving

Wang et al. [41] OPC, Class F fly ash,
quarry tailings

NaOH,
Na2SiO3

-
Effect of curing temperature

(25–150 ◦C) and curing pressure
(0.50–1.25 MPa)

Disk pelletization followed
by autoclaving

NaHCO3 = Sodium carbonate, NaOH = Sodium hydroxide, Na2SiO3 = Sodium silicate.
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From Table 1, it can be noted that artificial aggregates are flexible alternatives to
natural aggregates due to the variation in the producing methods starting from the shaping
until the hardening of the aggregates via the curing process. These producing methods
that include the mix parameters applied also lead to variation of aggregates properties
achieved. For instance, a study reported by Huynh et al. [34] proved that the crushing
strength properties of artificial aggregates made from fly ash and slag were enhanced by
increasing the modulus silicate ratio (Ms) and were nearly comparable (about 89%) to the
properties exhibited by natural aggregates.

Moreover, it was discovered that artificial aggregates generated from geopolymers and
geopolymerization methods are viable alternatives to natural aggregates. As demonstrated
in Table 1, fly ash is frequently utilized as a raw material in the production of artificial
aggregates. This is attributed to the chemical composition of silicon (Si) and aluminium
(Al) in fly ash, which plays an important role as a backbone in the geopolymerization
process. Therefore, the use of fly ash channels the potential of geopolymers as artificial
aggregates due to the simplicity of the production process and the minimization of waste
production through the use of high-aluminosilicate materials. It is well known that alkali-
activated materials (AAMs), which include geopolymers, have been introduced as a green
material due to their favorable properties compared to ordinary Portland cement (OPC)
and have a high potential towards reducing carbon dioxide (CO2) emissions as well as easy
availability of precursors required [42–44]. The term alkali-activated materials (AAMs) is
generally applied for any aluminosilicate materials reacting with high alkaline solutions.
However, when utilizing aluminosilicate raw materials with little or no calcium such as fly
ash (class F) with silicon and aluminum (Si + Al) as the main reactive binding agents, the
term geopolymer is preferrable due to differences in chemical reaction processes [45,46].
Geopolymers are inorganic polymers that are typically produced by alkali activation (with
an alkali activator) of aluminosilicate precursors (binding materials), as shown in Figure 1.
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Geopolymers are suitable for use in construction field applications, including in artifi-
cial aggregate production as an alternative to natural aggregates, due to the simplicity of
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the manufacturing process via alkali activation, as well as having interesting and valuable
physical, chemical, and mechanical properties comparable to those of ordinary Portland
cement (OPC) [48–50]. The incorporation of geopolymers entails the use of the geopoly-
merization process during the creation of artificial aggregates as well as the use of crushed
geopolymer paste according to the standard grade for application in concrete. Prior to
utilization and processing, it is essential to identify the qualities of geopolymer-based
artificial aggregates. The performance of the properties, including physical and mechanical
properties, can be controlled by the precursors employed and the factors that determine
the mix designation and mixing ratios.

2.1. Precursors

Common industrial by-products such as fly ash, palm oil waste, blast furnace slag,
ferrochrome slag, and silica fumes have the potential to cause land shortages for trash
disposal and boost the cost of waste treatment or disposal [13,51]. As a result, using these
resources in concrete reduces waste generated by the respective industries as well as the
carbon footprint of concrete manufacturing.

Waste material recycling and reuse have become increasingly significant to researchers
in recent years, particularly in the geopolymer sector [46,52]. Geopolymers are well known
to utilize materials that consist of high silica and alumina (usually >50% total sum of
both SiO2 and Al2O3) as both of these compositions are significant as geopolymer back-
bones. Therefore, in order to utilize geopolymers as artificial aggregates, the selection of
aluminosilicate precursors is crucial. Various aluminosilicate materials, such as kaolin,
metakaolin, fly ash, slag, red mud, rice husk ash, and volcanic ash, have been extensively
explored for their potential as geopolymer precursors, and the comparison of the chemical
composition is shown in Table 2.

Table 2. Chemical composition of aluminosilicate precursors that have been used by previous
researchers [53–58].

Chemical Composition Class F FA Kaolin Metakaolin GGBS Red Mud Rice Husk Ash

SiO2 54.40 48.10 55.57 32.00 22.82 87.40
Al2O3 32.10 36.90 41.55 14.10 15.06 3.00
CaO 1.10 0.20 - 44.22 12.24 1.40
K2O 0.20 1.90 0.43 0.31 1.19 0.49
MgO 0.80 0.17 0.05 5.32 0.27 -
Fe2O3 7.50 0.26 0.56 0.43 17.34 1.49
TiO2 2.10 0.25 0.26 0.62 3.43 -

Notes: FA = fly ash, GGBS = ground granulated blast furnace slag.

From Table 2, it can be concluded that there are varieties of raw materials that are appli-
cable to be used as geopolymer precursors. Most of the materials used have high silicon (Si)
and aluminum (Al), which are significant for geopolymer bonding as mentioned previously.
The selection of raw materials is highly dependent on the application. For instance, kaolin-
or metakaolin-based geopolymers are commonly applied for fire-resistant applications,
and fly ash-based geopolymers are used as soil stabilizers and in construction applications
such as artificial aggregates [15,59,60]. In addition, apart from the commonly used raw
materials summarized in Table 2, other potential materials are also actively researched for
utilization as geopolymer precursors such as granite [61], waste glass powder [62,63], and
quarry tailings [41]. Therefore, in order to produce artificial aggregates from geopolymers,
the selection of materials with high Si and Al that can be applied is significant in order to
produce artificial aggregates that meet the requirement of properties or are comparable to
those natural aggregates used in construction fields.

The use of geopolymers can be based on the Si/Al ratio, as the microstructure of
geopolymers varies significantly depending on the Si/Al ratio. It is well known that Si
and Al are the backbone elements of geopolymers. Therefore, an increased Si/Al ratio
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led to a denser microstructure of geopolymers produced, thus contributing to enhanced
strength performance, and this was concluded by He et al. [64], which proved that a
denser microstructure with increasing Si/Al ratio contributed to high mechanical property
performance. The findings were also supported by Wang et al. [65], who determined the
effects of Si/Al, Na/Al, and free water on micromorphology and the macro strength of
metakaolin-based geopolymers. The characteristics of SiO2 and Al2O3, which are used to
control the glass phase viscosity, are closely related to the properties of artificial aggregates,
and according to Kwek et al. [66], aluminate plus silicate reactions are faster than silicate
reactions alone. However, despite the use or recycling of industrial wastes for making
artificial aggregates, the utilization of geopolymers as artificial aggregates has not been
fully discovered, which is interesting to be explored towards producing environmentally
friendly aggregates for construction fields. In addition, alongside factors controlling the
geopolymerization for producing geopolymer-based artificial aggregates, the methods for
production include shaping techniques as well as production or curing methods.

2.2. Influential Factors

Apart from the selection of precursors for geopolymer-based artificial aggregates, the
composition ratio that controls the geopolymerization process is significant while preparing
the mixture proportion of geopolymer-based artificial aggregates. These influential factors
include the alkali solution concentration, alkali activator ratio (NaOH/KOH:Na2SiO3/
K2Si2O3), and solid-to-liquid ratios (aluminosilicate materials and alkali activator) that are
sometimes represented in molar ratios [67,68].

Both potassium hydroxide (KOH) and sodium hydroxide (NaOH) are often utilized
as alkali solutions in the synthesis of geopolymers, generally in combination with K2Si2O3
or Na2SiO3 [69,70]. Alkali solution (MOH, M = Na+ or K+) is made up of alkali cations
(Na+/K+) and hydroxide anions (OH− ions). Both cations and anions in alkaline solution
stabilize the negative charge of the aluminate (AlO4) tetrahedral structure, which enables
the dissociation of bonds on the surface of raw materials [71,72]. The concentration of the
alkali solution has a major effect on the characteristics of geopolymers, particularly during
raw material dissolution to generate monomers. A slight modification of the molarity of
NaOH utilized can significantly affect the characteristics of geopolymers, particularly their
mechanical properties [73–75].

Meanwhile, apart from optimizing the molarity/concentration of the alkali solution,
the ratio of the alkali activator should be addressed when sodium hydroxide and sodium
silicate solution are used as an alkali activator [68,76]. Due to the enhanced mechanical
properties of the resulting AAMs, the combination of sodium hydroxide (NaOH) and
sodium silicate (Na2SiO3) is broadly applied as an alkali activator in geopolymers [76,77].
Since silica (SiO2) is more soluble than sodium (Na+), a sufficient amount of Na2SiO3
accelerates the nucleation and polymerization processes. The cation plays an important role
in balancing the negatively charged tetrahedral aluminium sites in the polymeric network.
Previously, it was found that increasing this influential factor led to an increase in the
dissolution rate, as the Si element’s composition increased, which serves as a backbone for
geopolymer bonding (Si-O-Si/Si-O-Al) [76].

Apart from controlling the composition of the liquid for geopolymer-based artificial
aggregates, the solid-to-liquid ratio (S/L ratios) is also known as a significant parameter
that controls the amount of solid precursor and liquid precursor for geopolymers. The
S/L ratio will also have a significant effect on the chemical composition of the geopoly-
merization process. Generally, increasing the S/L ratio (solid composition) accelerates
geopolymerization due to the availability of Si and Al elements required for geopolymer
bonding. A favorable S/L ratio is necessary to ensure effective geopolymerization and
hence the production of geopolymer-based artificial aggregates with better performance is
achieved [71,78]. Meanwhile, a further increase in the S/L ratio leads to insufficient liquid
for reaction, causing improper bonds to be formed [79].
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In a nutshell, these influential factors are widely reported in order to optimize the mix
designation for better properties of the geopolymer-based artificial aggregates produced.
In order to produce artificial aggregates from geopolymers, apart from the selection of
aluminosilicate precursors and the effect of influential factors, the technique and meth-
ods for processing and producing the artificial aggregates are crucial. This is because
geopolymerization requires the use of sodium hydroxide, which has been identified as
hazardous to the environment if used excessively. As a result, optimization of each of the
influential factors, as well as materials utilized as precursors due to heavy metal leaching
of the materials derived from industrial wastes, should be stressed and investigated further
in the future.

3. Processing and Producing Geopolymer-Based Artificial Aggregates

Generally, geopolymer-based artificial aggregates are produced via the geopolymer-
ization process that involves three steps, which are the dissolution of Si and Al elements
from raw materials, transportation or orientation of precursor ions into monomers, and
polycondensation of monomers into polymeric structures. In order to produce artificial
aggregates, after mixing of both solid and liquid precursors with the respective mix de-
signs, shaping of the aggregates is required. There are various methods for shaping the
aggregates, including pelletization, mold casting, crushing, and hand shaping [80].

The pelletization process is commonly used to manufacture pelletized aggregates
where several considerations should be made for the efficiency of the production of pellets,
including the speed of revolution of the pelletizer disc, moisture content, angle of the
pelletizer disc, and duration of pelletization [81]. The pelletization process also includes an
agglomeration step as well as a granulation step. The granulating procedure affects the
properties of aggregates due to the binding forces, including (i) the interaction force and
surface tension of liquid, (ii) the viscosity/adhesion of the binder, (iii) the adhesion of the
electric double layer, and (iv) the Van der Waals force and electric charge attraction between
powders [82]. The first two are the main factors controlling granulation. Granulating quali-
ties are controlled by the granulating method, granulator operating conditions, catalysts,
and the properties of binders or additives added. In the meantime, it has been recognized
that mold casting is more ideal for laboratory-scale research. The crushing process is also
widely utilized because it has been proven to be effective for crushing natural aggregates
into the desired grades. Hand shaping is considered a traditional technique because it
requires human labor and cannot be scaled up for mass manufacturing.

Apart from shaping the freshly created aggregates, the curing processes for manu-
facturing geopolymer-based artificial aggregates must be taken into account. Artificial
aggregates can be produced by converting various binder materials and manufacturing
procedures such as pelletization followed by a curing and hardening process involving
cold bonding, sintering, and autoclaving [83], summarized in Table 3.
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Table 3. Findings on the utilization of cold bonding, sintering, and autoclaving as curing methods for geopolymer-based artificial aggregates.

Method Raw Materials Liquid Significant Conclusion References

Cold bonding

FA with the addition of GGBS
and RHA NaOH, Na2SiO3

The addition of GGBS and RHA in both binary and
ternary blends improved the crushing strength of the

aggregates produced
Bui et al. [82]

High calcium FA with
different percentages of the

addition of OPC and Ca(OH)2

Water
An increase in OPC and calcium hydroxide enhanced the
properties of fly ash aggregates including the density and

strength performance.
Narattha et al. [16]

FA NaOH, Na2SiO3

The artificial aggregates were proven to have acceptable
properties compared with the commercialized expanded

clay aggregates with less energy consumption
during manufacturing

Risdanareni et al. [84]

Sintering

POFA NaOH, Na2SiO3

The application of S-POFA LWC with optimized sintered
S-POFA aggregate demonstrated the feasibility of this
material, as evidenced by the concrete’s physical and

mechanical performance.

Kwek et al. [13]

FA Na2SiO3

Sintered FA aggregates showed a denser structure with
smaller non-interconnected pores proven to have a low

bulk density due to weight loss
Terzic et al. [15]

High calcium bottom ash
(denoted as WP), Low calcium

bottom ash (denoted as NV)
NaOH

Proven to outperform commercial aggregates due to the
spherical shape, which enhances the workability of

concrete and the sorption properties.
Balapour et al. [14]

Autoclaving

FA and quarry tailings NaOH, Na2SiO3

Based on reported properties, artificial aggregates lead to
better use of the space and meet the environmental and
economic needs of the commercial sector and are also

capable of shortening the curing period through
autoclave methods.

Wang et al. [19]

FA and quarry tailings Water
Artificial aggregates have the potential to partially replace

CS in the production of concrete, hence reducing the
consumption of non-renewable resources.

Wang et al. [41]

Notes: FA = fly ash, RHA = rice husk ash, POFA = palm oil fly ash and GGBS = ground granulated blast furnace slag.
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3.1. Curing Method
3.1.1. Cold Bonding

Cold bonding is a method of hardening artificial aggregates by air drying them in an
enclosed environment for one, three, or seven days at a low temperature (below 100 ◦C).
Cold-bonded aggregates are often cured with water or covered with plastic sheets until
sufficient strength is obtained. Cold bonding is known as an energy-saving approach since
it does not require any additional heat during the process [15] and it is widely used when
utilizing cementitious materials such as coal fly ash, iron ore tailings, and granulated blast
furnace slag, as the key to aggregate strength gain is through a cement hydration and/or
pozzolanic reaction [85]. In addition, according to Gesoglu et al. [86], the use of fly ash
lightweight aggregates manufactured by the cold-bonding method leads to lower energy
consumption and greater cost-effectiveness compared to sintering.

A study reported by Bui et al. [82] utilized cold bonding during the production of
fly ash-derived artificial aggregates. As additives, ground granulated blast furnace slag
(GGBS) and rice husk ash (RHA) were added to the fly ash to improve the aggregates’
properties. The addition of GGBS and RHA to the fly ash led to increases in calcium oxide
(CaO) and silicon oxide and aluminium oxide (SiO2 and Al2O3), which are reactive during
the alkali activation process. The effect of the addition of GGBS and RHA was observed on
the strength properties as well as water absorption of the aggregates produced. Granulation
was used to produce the aggregates, and the activator solution was sprayed onto the fly
ash in accordance with the mix design (FA-GGBS, FA-RHA, and FA-GGBS-RHA). The
optimal alkali activator spray was chosen based on the mix design ratios. According to the
results, increasing the GGBS composition resulted in the highest increase in the crushing
strength performance (15.5–15.7 MPa) compared to the addition of RHA (6.0–8.1 MPa)
and the addition of both GGBS and RHA blended with fly ash (8.1–8.8 MPa). This can
be explained by the calcium content, which causes the production of calcium–silicate
hydrates, which contribute to the aggregates’ strength development. This occurrence was
also supported by the lowest percentage of water absorption when utilizing blends of
FA-GGBS (7.8–8.3%). From the study, it can be concluded that additives with high calcium
are significant when applying cold bonding in order to gain better properties without any
additional energy supply.

A study reported by Risdanareni et al. [84] attempted to solely utilize fly ash as a raw
material for aggregate manufacturing using the cold bonding method towards minimizing
the energy consumption. Despite the use of a high calcium binder to enhance the aggregates
produced, this study determined the effect of the concentration of NaOH on the properties
of aggregates produced, which is commonly known to affect the properties of geopolymers.
By using an agglomeration technique for producing the aggregates, the alkali activator
used, NaOH at different concentrations (4 M, 6 M, 8 M), was sprayed for 10 min onto
fly ash in the granulator pan with a diameter of 500 mm. This led to the formation of
granules during the pelletization process. The granules formed were allowed to cure at
room temperature of 20 ◦C for 24 h. The dried granules or noted as the aggregates were
then sieved and stored for 28 days prior to utilization. From the results reported, it was
found that increasing the concentration of NaOH led to increasing density, thus reducing
the water absorption of the aggregates. The increasing concentration of NaOH also showed
the decreasing intruded volume during porosity determination, thus proving the reduction
of pore formation, which was consequently proved by the high early strength performance
gained by the aggregates.

Another study was carried out by only utilizing commonly used materials as raw ma-
terials for geopolymers with the addition of ordinary Portland cement (OPC) and calcium
hydroxide (Ca(OH)2). Instead of using an alkali activator, this study emphasized the uti-
lization of water as a binder solution and cold bonding during the manufacturing process
of artificial aggregates. The effect of OPC addition (5–15%) and Ca(OH)2 to fly ash was
observed through density and water absorption of the aggregates produced. The pelletiza-
tion was carried out using a disc pelletizer followed by cold bonding by curing at ambient
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temperature for 28 days prior to utilization. It was found that the density of the artificial ag-
gregates produced was enhanced with increasing both OPC and Ca(OH)2 (1765 kg/m3 and
1737 kg/m3, respectively) compared to the fly ash aggregates (1728 kg/m3). However, too
high an increase in the percentage addition of both OPC and Ca(OH)2 reduced the density,
and this was explained due to the improper reaction process with limited liquid available.
This also explained the increasing water absorption percentage when the highest amounts
of OPC and Ca(OH)2 were added to the fly ash. From this study, it can be concluded that in
order to improve the proper reaction process for the formation of the aggregates, a geopoly-
merization process can be adopted during the production that involves the utilization of an
alkali activator. By using the proper mix designation by controlling the influential factors
and precursors applied, the geopolymerization has potential to produce aggregates with
better performance of physical and mechanical properties.

3.1.2. Sintering

Sintered aggregates are created by fusing particles of fresh pellets at a high tempera-
ture (often above 1000 ◦C). The aggregates are gradually created at high temperatures by
the expansion and vitrification of fresh pellets. Sintering is a somewhat complex process
involving physical and chemical reactions; hence, the properties of sintered artificial aggre-
gates are mostly determined by the raw material characteristics and sintering parameters.
The sintering parameters include the sintering temperature effect as well as sintering dura-
tion. Similar to the manufacturing process of cold bonding, the fundamental production
process of sintered artificial aggregates consists of three stages; mixing process of raw
materials, pelletization or granulation process, and hardening process through sintering
at high temperature [87,88]. Regardless of energy consumption, sintering is commonly
denoted as a time-saving hardening process since the duration of sintering usually takes
around 1 h for pre-heating and the sintering process.

Generally, the sintering process is known as one of the reliable methods to produce
high-quality, lightweight artificial aggregates in terms of the mechanical properties of the
aggregates that are comparable to the standard commercialized lightweight aggregates
such as Leca and Lytag. Due to the enhancement of the reaction process with additional
heat supply, sintering is commonly used for producing artificial aggregates, specifically
lightweight artificial aggregates. With the additional energy supply, the sintering process is
applicable and has potential to be applied for variation of raw materials and is not limited
to materials with cementitious properties only.

Numerous studies have been carried out in order to evaluate the effectiveness of
the sintering process towards aggregates produced as tabulated in Table 3. For instance,
Kwek et al. [13] carried out a sintering process for the production of artificial aggregates
made from palm oil fly ash (POFA). During the sintering process, preheating at 400 ◦C
was applied prior to sintering at 1150 ◦C in order to avoid sudden expansion, which
leads to cracking due to the high heat supply, thus negatively affecting the properties of
the aggregates formed. The artificial aggregates were noted as capable for lightweight
application due to the results obtained, such as the density, which was within the range of
standard-grade lightweight properties. This study also proved the potential of POFA as
a raw material for producing artificial aggregates due to the significant decrease in water
absorption with increasing POFA content. This study proved that the sintering process
is capable of developing stronger bonds with the additional heat supply, thus helping to
improve the properties of the aggregates produced.

The utilization of raw materials other than fly ash was also carried out by Bal-
apour et al. [14], who reported the sintering process during the manufacturing of high
calcium and low calcium coal bottom ash aggregates towards evaluating the potential of
the aggregates for internal curing in concrete. A sintering temperature of 1150 ◦C was used
in this study. The study concluded that the calcium content played a significant role in the
development of pores in the artificial aggregates, thus suggesting the difference in water
absorption percentage achieved. However, regardless of different amounts of calcium,



Materials 2022, 15, 5516 12 of 27

artificial aggregates with NaOH presented as an activator solution showed some promising
properties for internal curing in concrete due to the excellent properties obtained including
adsorption/desorption, water absorption, and porosity, which were within the standard.

A similar observation was found by Terzic et al. [15], who observed the potential of fly
ash aggregates made from cold bonding and sintering processes. A sintering temperature
of 1100 ◦C was applied in the study. The comparison of properties was observed based
on different curing regimes and from the results reported, it was found that sintered
artificial aggregates showed a denser structure with smaller non-interconnected pores,
suggesting less water absorption compared to cold-bonded artificial aggregates, which
were open and interconnected. These occurrences also affected the properties of the
concrete produced. Concrete with cold-bonded aggregates had higher porosity compared
to sintered-aggregates. This proved the potential of sintering as a promising curing method
for producing concrete with a better strength performance.

Incorporating geopolymer also adds to homogeneous pore distribution and allows for
the production of lightweight aggregates at lower temperatures [88]. Thus, it is considered
that artificial aggregates with a geopolymer comprising volcanic ash as the principal
component improve the qualities of aggregate produced at temperatures below 1000 ◦C.
This study showed that the incorporation of geopolymers can save energy during the
sintering process, where low sintering temperatures are used to make artificial aggregates,
compared to the absence of geopolymer incorporation. Further research should focus
on the performance of geopolymer-based artificial aggregates for various materials, such
as Si and Al precursors, and compare this to the performance of aggregates without
geopolymer inclusion.

3.1.3. Autoclaving

Autoclaving is a process that requires the addition of chemicals, such as lime or gyp-
sum, during the agglomeration phase. Autoclaving leads to the production of artificial
aggregates with minimum binding material with a short curing time [1,72]. The commercial-
ized autoclaved building products are usually prepared with calcareous materials including
cement and quicklime, siliceous materials such as quartz sand or fly ash, and with H2O
under pressurized steam at 125–200 ◦C, giving an insight into the potential of producing ar-
tificial aggregates using autoclaving. During the production of aggregates, the autoclave’s
pressure and temperature will reinforce the pellets produced by pelletization. Up to this
date, there are limited studies available on exploring the potential of using autoclaving
during the manufacturing of artificial aggregates, specifically involving geopolymers.

A study reported by Wang et al. [19] utilized quartz tailings (QT) as raw material for
producing artificial aggregates (QTAs). Quartz tailings were mixed with fly ash as well
as quicklime in order to ensure the homogeneity of the chemical composition of the raw
materials. Quicklime was used in this study in which the composition was controlled by
using CaO/SiO2 ratios. The raw materials were then combined with 20–25 wt% water
and sealed for 4 h to digest quicklime. The mixtures were poured into a self-designed
pelletization disc to generate 5–16 mm QTAs. Raw QTAs were cured for 24 h naturally
and then autoclaved. In the first three hours, the curing temperature rose from 20 ◦C at
ambient temperature to 195 ◦C at an autoclave pressure of 1.38 MPa. The temperature
was then maintained at 195 ◦C for another 10 h until reaching room temperature. With
the promising physical properties including less water absorption (7–21%) and density
(1008–1087 kg/m3) that are in line with standard lightweight aggregates, the QTA in this
study was noted as having potential to be used as an artificial aggregate, specifically in
lightweight application. This was also proven by the comparison of the high compressive
strength of concrete obtained when utilizing QTA (74 MPa) and concrete with natural
aggregates. This shows that quarry tailings are worthwhile to be explored as precursors
for producing artificial aggregates alongside the positive effect on the environment due to
minimizing the tailings produced.
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Another study by Wang et al. [41] was also carried out by utilizing quarry tailings.
According to the study, quarry tailings are typically stockpiled due to their stable crystalline
structures below 100 ◦C and abundance, resulting in major environmental damages and
considerable ecological risks. According to previous research of Wang et al. [19], the
enhancement of reactivity of tailings can be achieved via autoclave technology, which
is worthwhile to be explored. In this study, the influential factors were more centered
on the curing conditions, including (1) investigating the effect of curing temperature on
the properties of LWAs from 25 to 190 ◦C (25, 130, 150, 170, and 190 ◦C) at a saturated
steam pressure (1.25 MPa) and curing time (4 h), (2) varying the steam pressure (0.50,
0.75, 1.00, and 1.25 MPa) at a constant temperature (150 ◦C) and curing time (4 h), and (3)
increasing the curing temperature (190 ◦C) while decreasing the cement content (from 30
to 10 wt.%) without increasing the curing time. By controlling the curing conditions, the
properties of artificial aggregates were found to be significantly affected. With an increase
in curing temperature from 25 to 190 ◦C, the strength of LWAs increased from 2.48 to
11.95 MPa and water absorption decreased from 11.2% to 2.09%, indicating high potential
in civil engineering applications. From both of these findings, it can be concluded that the
autoclaving method can be further explored for other materials utilized as precursors for
aggregates due to the promising properties reported.

In conclusion, processing and producing geopolymer-based artificial aggregates in-
volve three steps, which are mixing, pelletization (sometimes denoted as agglomeration
and granulation), and curing. From Table 3, various materials can be applied for producing
geopolymer-based artificial aggregates. However, the performance of geopolymer-based
artificial aggregates was found to be enhanced when utilizing an alkali activator (combina-
tion of NaOH and Na2SiO3), which is a liquid precursor of the geopolymerization process
compared to utilizing water as liquid for the production of the aggregates, thus suggesting
the potential of geopolymers and geopolymerization in artificial aggregate production.

In terms of curing, cold bonding, sintering, and autoclaving are noted as efficient
methods to be applied for producing geopolymer-based artificial aggregates. Cold bonding
is noted as an energy-method due to no additional heat supply or energy addition during
the curing process. This method is commonly applied when utilizing high calcium materials
due to fast development and hardening of the aggregates, and the curing process occurs
naturally over time. Sintering involves additional heat supply, which is significant for
enhancing the early age properties of the artificial aggregates. This process is suitable
when utilizing materials with slow setting, such as clay-based materials. The development
of aggregate bonding and the hardening process can be enhanced via additional heat
supply but require optimal temperature of sintering to avoid cracking the outer shell of the
aggregates. Autoclaving is known as an effective method with additional heat or pressure
applied. However, regardless of its reliability and fast curing process of aggregates, this
method is rarely reported by previous studies due to further equipment (autoclaving
machine) required, which is considered as not efficient in terms of cost.

4. Properties of Geopolymer-Based Artificial Aggregates

The determination of properties is significant in order to observe the potential of
artificial aggregates made in line with the standard properties of the natural aggregates.
There are numerous properties that have been determined while evaluating the potential of
artificial aggregates including the appearance, which covers the shape and size of the aggre-
gates produced as well as the physical properties, mechanical properties, and morphology
of the aggregates. Among all of these properties, the physical and mechanical properties of
the artificial aggregates are the most widely reported for reflecting the performance of the
artificial aggregates produced. Some of the reported studies on physical and mechanical
properties are summarized in Table 4.
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Table 4. Reported research on the physical and mechanical properties of artificial aggregates with the
inclusion of geopolymers.

References
Artificial

Aggregates
Produced

Physical Properties Mechanical Properties

Specific
Gravity

Density,
kg/m3

Water
Absorption, %

Aggregates:
Impact Value

(AIV), %

Aggregates:
Crushing Value

(ACV), %

Crushing
Strength, MPa

Tian et al. [37] FA-RM
aggregates NR 1007–1132 9.80–12.10 NR NR 1.46–6.18

Saleem et al. [38] FA-SF aggregates 1.700 738 18.98 10.24 NR 2.03–12.00

UI Rehman et al. [12] FA-GGBS
aggregates NR 764–878 18.73–28.30 25.00–39.00 NR NR

Aslam et al. [40] FA-SF aggregates 1.800 710 17.95 10.03 NR 3.34–4.54

Gomathi et al. [89]
FA-BT, FA-MK,

FA-GGBS
aggregates

1.68–1.89 848–983 13.01–21.26 31.96–50.47 NR 14.51–22.81

Sharath et al. [90]
FA-GGBS,

FA-BL, FA-BT
aggregates

2.000–2.200 NR 13.40–24.30 20.40–50.20 18.5–49.40 0.4–4.3

Risdanareni et al. [84] FA aggregates NR 1450–1500 22.00–23.00 NR NR NR

Kasi et al. [91] FA aggregates 2.058 NR 7.07 28.31 23.96 NR

Parvathy et al. [39] CFA, FFA
aggregates 2.40–2.45 NR 5.51–6.05 NR NR NR

Notes: BT = Bentonite, BL = lime, CFA = Class C fly ash, FFA = Class F fly ash, FA = fly ash, GGBS = ground
granulated blast furnace slag, MK = metakaolin, NR = not reported RM = red mud and SF = silica fume.

4.1. Physical Properties

The physical properties that are significant to be evaluated include specific gravity,
density, and water absorption. The physical properties of artificial aggregates can be
evaluated at an early age of 7 days or 28 days after curing prior to utilization in concrete
production. Table 4 presents some reported studies on the specific gravity, density as well
as water absorption of geopolymer-based artificial aggregates. Generally, regardless of
similar materials used for the production of geopolymer-based artificial aggregates, it can
be seen that the results for almost all of the physical properties reported including the
specific gravity, density, and water absorption showed an irregular or random pattern
of results. This occurrence proved that the performance of aggregates was significantly
affected by the influential factors applied as well as the processing method. From Table 4,
most of the reported studies on artificial aggregates associated with geopolymers and
geopolymerization had a specific gravity in the range of 1.6–2.5 due to the processing of
the aggregates. For instance, as reported in Table 4, the addition of ground granulated blast
furnace slag (GGBS) to the fly ash for producing aggregates leads to higher specific gravity
compared to the addition of silica fume to the fly ash, which could be due to the utilization
of calcium during the geopolymerization process [40,41,86,87].

In addition, in terms of method processing, as reported in Table 4, it was found that
sintered artificial aggregates had lower specific gravity (less than 2.0) of aggregates pro-
duced compared to cold-bonded artificial aggregates, suggesting the potential of artificial
aggregates derived from geopolymers for lightweight application, as according to BS EN
13055-1, the specific gravity of lightweight aggregates should be less than 2.0. This is due
to the reduction of weight loss by the firing of unburnt coal and the formation of internal
gases during the sintering process, thus creating voids and pores [80]. For cold-bonded ag-
gregates, the addition of foaming agent is crucial for utilization in lightweight applications.

Due to the correlation between density and specific gravity, previous studies typically
reported either of these properties. In addition, the previous literature that measured the
density of artificial aggregates reported bulk density. Similarly, for specific gravity, the
density of geopolymers derived from artificial aggregates varied greatly depending on the
applied influential factors, precursors, and processing method. The potential of artificial
aggregates in lightweight application was also proven by the bulk density reported in
previous studies as outlined in Table 4. According to Table 4, the bulk density of most
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reported research was less than 1500 kg/m3, which is comparable to the density of normal
aggregates yet better for lightweight application [12,92].

Apart from specific gravity and density, other physical properties commonly reported
and noted as significant for artificial aggregates include water absorption. The absorption
of water indicates the interior aggregate structure. Higher water absorption of aggregates
suggests a significant number of pores in nature, which usually results in disadvantages for
the aggregates, and this was highly affected by the processing method of the aggregates.
According to Table 4, most of the studies presented a tolerable percentage of water absorp-
tion (less than 25%), and it was also found that most of the low density materials achieved
had a higher percentage of water absorption. This occurrence was due to more capillary
pores available for absorption, thus causing increased water absorption, specifically at the
early stage of seven days [12]. Rehman et al. [12] also compared the percentage of water
absorption between artificial aggregates derived from geopolymers and artificial aggregates
derived from cement and reported that artificial aggregates derived from geopolymers had
higher water absorption compared to cement-based artificial aggregates due to the hydra-
tion process of cement. This occurrence showed that the precursors involved in processing
artificial aggregates are significant, and this was also supported by Sharath et al. [90] and
Gomathi et al. [89], who determined the effect of the addition of materials to the fly ash for
producing geopolymer-based artificial aggregates.

4.2. Mechanical Properties

Apart from physical properties, the performance of geopolymer-based artificial aggre-
gates is commonly evaluated through mechanical properties. The mechanical properties
include the percentage of the aggregate impact value (AIV) and the percentage aggregate
crushing value (ACV) as well as the crushing strength. The percentage AIV represents
the resistance of aggregate to failure by the impact load. The percentage ACV is known
as the percentage by weight of crushed (or finer) material obtained when test aggregates
are subjected to a particular load under standardized conditions. In addition, the phys-
ical properties are correlated with the mechanical properties produced by the artificial
aggregates. For instance, lower density or higher water absorption leads to a higher AIV
percentage of aggregates. From Table 4, it can be seen that higher water absorption (more
than 5%) commonly leads to a higher AIV value or ACV value.

In addition, according to Rehman et al. [12], the AIV value of artificial geopolymer
aggregates was reduced significantly (39.00% to 25.00%) with increasing addition of GGBS
to the fly ash and displayed AIV within an acceptable range according to BS-812–12 after
28 days of curing. This was due to the additional C-S-H and calcium-based geopolymer
formation causing a denser microstructure [12]. This proved that the alteration of the
chemical composition of the geopolymer-based artificial aggregate precursors significantly
affected the mechanical properties of the aggregates produced. According to the literature,
a pellet strength of 4.72 MPa was produced when only fly ash was used in the production of
AAs, but it reached 22.81 MPa when GGBS was added [89]. On the other hand, the curing
method also plays a significant role in the mechanical properties of artificial aggregates
produced. Cold-bonded artificial aggregates have lower crushing strength compared to
sintered artificial aggregates, which is related to the diameter of the aggregates [87].

4.3. Morphological Properties

The morphological properties of artificial aggregates were determined by previous
researchers for observation of the pores of aggregates produced, which is significant for
further observation on the results of density and water absorption [39,90,92]. For instance,
Kwek et al. [13] compared artificial aggregates made from palm oil fly ash (POFA) and alkali
activators of NaOH and Na2SiO3. The morphology, as depicted in Figure 2, showed the
comparison of the aggregates before sintering and after sintering. From the morphology, it
was found that sintered aggregates had a porous structure with homogeneous and coherent
morphology compared to before sintering. Crystallization and vitrification were observed
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when the sintering temperature reached 1150 ◦C. According to the study, the pore diameter
expanded during the sintering process, the vitrified layer melted, and blown-off gas bubbles
occurred in the interior of the aggregate samples, thus resulting in a microstructure that
was internally porous and dense.
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magnification ×1000.

Tian et al. [37] also reported on the morphology of its cold-bonded artificial aggregates
derived from red mud and fly ash in which the correlation of the mix design was determined
and correlated with the microstructure formation and the densities of the aggregates
produced. Decreasing the composition of red mud in the fly ash was believed to cause the
internal pores to change from small and regular to large and irregular, and the compactness
of the internal structure started to decrease as the ratio of RM to FA decreased, which was
consistent with the change in the densities of the aggregates and the conclusions obtained.

In addition, morphology is noted as one of significant properties for observing the
insight of aggregates formation as being depicted by past researches [93,94]. Morphology
determination is also crucial during application of the aggregates in concrete, specifically
in the interfacial transition zone (ITZ), which is denoted as the region of the boundary
observed when applying aggregates to concrete.

5. Interfacial Transition Zone (ITZ)

Conventional concrete has a region between the cement paste and the aggregate known
as the interfacial transition zone (ITZ), which is regarded as the most crucial interface.
According to Ollivier et al. (1995) [95], during the casting process of fresh concrete, a
gradient in the water-to-cement ratio forms around the aggregate particles, changing the
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microstructure of the hydrated cement paste in the area. The interfacial transition zone
(ITZ) is the area surrounding the aggregates.

A narrow ITZ (half of the conventional ITZ thickness) and high microhardness values
in the artificial aggregate samples showed an improvement in ITZ. It can be explained
by the continued reaction of the outer layer of artificial aggregate with the preexisting
cement matrix, which results in less porosity and orientation deposition of crystals [96]. The
strength of artificial lightweight concrete increased as a solid cement matrix was produced
by creating a C-S-H gel around the artificial aggregate, which increased the density of the
ITZ as being reported by Kwek et al. [13] in which is depicted as in Figure 3. Moreover,
in other study, the geopolymer aggregate/matrix ITZ appeared to be wider (about 7 µm),
and the microhardness value increased as the geopolymer aggregate successfully formed
a strong chemical connection with the cementitious matrix and might be regarded as
“additional defects” in the high-strength matrix [97].
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Huang et al. (2019) [98] also claimed that there were no obvious cracks at the ITZ
junction due to the tight binding between the lightweight aggregate and cement paste.
This encouraged mechanical interlocking conditions and cement hydration products to
deposit in surface flaws where pozzolanic reaction products were less likely to contribute.
Furthermore, the microhardness and resistivity of the sintered fly ash aggregate supplied
by the ITZ were higher than those of the granite aggregates. As the specimen with sintered
fly ash aggregate was more resistant than the specimens with paste alone and the granite
aggregate, the sintered fly ash aggregate concrete had lower porosity in the ITZ than the
granite aggregate concrete. Furthermore, it has been demonstrated that extending the cur-
ing periods for both aggregates reduces the porosity of the ITZ [99]. Additionally, high ITZ
thicknesses and dense ettringite and portlandite deposits were visible over the lightweight
concrete in the early eras. An increase in the cement dose and a drop in the water-to-cement
ratio generated C-S-H production. ITZ thicknesses decreased as the lightweight concrete
compressive strength increased [100]. In addition, the geopolymer aggregate concrete
generated a fracture network due to the presence of a greater number of microcracks in
the cement-geopolymer aggregate transition zone than at the cement-natural aggregate
interface at an early age. Similar to the natural aggregate concrete, the geopolymer aggre-
gate concrete still exhibited a well-compacted and denser ITZ after 28 days. At 28 days, the
greater density of the ITZ increased the aggregate-matrix bond, increasing the compressive
and flexural strengths of the geopolymer aggregate concrete [101].

In comparison to natural aggregate, artificial aggregate using geopolymer has fewer
microcracks. According to energy-dispersive X-ray (EDX) research, the hydrates were
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largely a C-S-H gel in the form of granular whisker-like hydrates and flake-like crystals in
the concrete formed of geopolymer aggregates. Furthermore, the ITZ of natural aggregate
concrete indicated that a water film often forms around the coarse particles due to bleeding
and wetting effects. This results in a more porous microstructure in the ITZ, which results
in an increased water content. As a result, the concrete with geopolymer-based artificial
aggregate did not show weak ITZs in the area of the aggregates, although conventional
concrete did with voids. Furthermore, geopolymer ITZ has higher mechanical interlocking
forms due to the penetration of cement paste in geopolymer-based artificial aggregate,
which results in strong aggregate-to-paste adhesion [50]. In addition to contributing to the
performance of concrete, the pozzolanic reaction between aggregate and the presence of
CaOH within the ITZ also plays a role. In geopolymer concrete, ITZs with high microhard-
ness are connected to a layer of paste with dense microstructures and a high gel content.
As a result, ITZ for artificial aggregate-based geopolymer exhibited better improvement in
properties when compared to natural aggregate utilized in concrete production.

6. Improvement Techniques for Artificial Aggregate-Based Geopolymer Properties

Most artificial aggregates are porous and contain air voids, which lead to their classi-
fication as lightweight aggregates [102]. Due to their internal porous structure, artificial
aggregates have a higher water absorption rate than natural aggregates [91,100,103]. Fur-
thermore, artificial lightweight aggregates are highly porous and spherical, with densities
less than 1200 kg/m3. Water absorption ranges from 5 to 20% by weight and is due to
the dispersion of non-spherical pores that do not follow a predictable pattern [104]. Water
absorption is somehow higher than acceptable ACI values because of the porous internal
structure of the geopolymer-based artificial aggregate [105]. Due to the porous nature of
artificial aggregates, it is necessary to treat aggregates in order to enhance their properties.
To improve the qualities of artificial aggregates, two-step pelletization, alkali solution
soaking, coating, and vacuum impregnation are used, as detailed in Table 5.

Table 5. Past research on the improvement techniques on artificial lightweight aggregates.

Techniques Researcher Lightweight
Aggregate Treatment Material Inclusion

Geopolymer

Two-step pelletization Yang et al. (2021) [106] Soil Fly ash -

Two-step pelletization Drissi et al. (2020) [107] Cement
Calcium hydroxide, waste

concrete powder, and
paraffin powder

-

Two-step pelletization Tajra et al. (2018) [108] Fly ash Cement -

Two-step pelletization Colangelo et al.
(2015) [101]

Municipal solid waste
incinerator fly ash

Cement, hydrated lime, coal
fly ash -

Soaking in
alkali solution

Kalinowska-
Wichrowska et al.

(2022) [109]
Certyd Sodium Hydroxide (NaOH) Yes

Soaking in
alkali solution

Venkata Suresh and
Karthikeyan
(2016) [110]

Class C fly ash Sodium Hydroxide (NaOH) Yes

Soaking in
alkali solution

Gesoǧlu et al.
(2007) [111] Fly ash Water glass (Na2O + Si2O) Yes
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Table 5. Cont.

Techniques Researcher Lightweight
Aggregate Treatment Material Inclusion

Geopolymer

Coating Dixit and Pang
(2022) [112]

Expanded clay
aggregate

Cement with silica fume,
cement with fly ash -

Coating Ye et al. (2022) [59] Fly ash Polypropylene (PP), linear
low-density polyethylene Yes

Coating Pongsopha et al.
(2021) [113] Porous aggregate Phase change material and

silica fume -

Coating Tajra et al. (2019) [11] Expanded perlite Cement, fly ash, expanded
perlite powder -

Vacuum impregnation Haider et al.
(2022) [114] Volcanic stone Paraffin, epoxy resin,

silica fume -

Vacuum impregnation Hasanabadi et al.
(2021) [115] Expanded perlite Paraffin -

Vacuum impregnation Uthaichotirat et al.
(2020) [102] Recycled waste Paraffin -

6.1. Two-Step Pelletization

The double-step pelletization process improves the physical, mechanical, and sta-
bilizing properties of the binding matrix. The reaction process can be illustrated as in
Figure 4.This approach produces an encapsulating outer layer made of a waste-free binder,
which lowers porosity, prevents heavy metal release, and improves the mixture’s physical
and mechanical properties [101]. Furthermore, expanded perlite particles can be contained
within a shell structure utilizing fly ash to produce core-shell structured lightweight aggre-
gates with particle densities ranging from 0.88 to 1.14 g/cm3 and bulk crushing strengths
ranging from 2.04 to 2.66 MPa [108]. In addition, the two-step pelletization process requires
80% waste concrete powder (WCP) and 20% phase change material for the lightweight
aggregate (PCM). The resulting core-shell PCM aggregate has a good capacity for storing
energy and adequate strength [107]. Two-step pelletization will create a physical barrier
that help to prevent the leaching of material in the aggregates. According to Yang et al.
(2021) [106], the compact shell is the first barrier water molecules must penetrate to reach
the core during leaching. The shell serves as a physical barrier that slows the movement
of water molecules and the solubilization of chromium. A thick protective layer may trap
chromium contamination in the core and prevent it from escaping, hence reducing the
leachability of chromium.

From Table 5, the lightweight aggregate produced did not use geopolymer as a binder
in the production rate. The fly ash and cement were the common materials used for
treatment in the two-step pelletization. In comparison to artificial aggregate without an
extra outer layer, this method allowed for an improvement in the physico–mechanical
characteristics and a decrease in heavy metal leaching. However, the artificial aggregate-
based geopolymer has not been studied for the treatment of two-step pelletization, and this
is required for further investigation by using geopolymer as a treatment material.
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6.2. Soaking in Alkali Solution

The soaking of artificial aggregate is a novel technique for enhancing aggregate proper-
ties, as it increases the matrix’s strength through geopolymerization and can be illustrated
as in Figure 5. To improve the quality of the ITZ between the artificial aggregate and
the geopolymer matrix [106], it is advised that coarse aggregate be soaked in a NaOH
solution [109]. Compared to water-cured aggregates, the strength of the fly ash aggregates
that were chemically cured by immersion in a sodium hydroxide (NaOH) solution gen-
erated with various molar ratios was found to be 64.93% higher after 7 days and 49.03%
higher after 28 days [110]. The surface treatment of cold-bonded fly ash aggregate by
immersing it in sodium silicate solution significantly improved the aggregate strength and
water absorption [111]. In a nutshell, soaking artificial aggregate in an alkaline solution
for a minimum of one hour will increase the aggregate properties, hence enhancing the
durability and mechanical properties of the concrete when apply.
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From Table 5, studies on soaking lightweight aggregate in alkaline solution is very
limited. The lightweight aggregate is soaked either in sodium hydroxide or water glass,
which is type of alkaline solution. The lightweight aggregate produced from fly ash
is usually used to carry out the treatment to improve the properties of the aggregates.
Since the treatment material is sodium hydroxide, an alkaline solution used to produce
geopolymer, soaking artificial aggregate in an alkaline activator consisting of sodium
silicate and sodium hydroxide solution is believed to improve the properties of artificial
aggregates. However, the process of coating can be accentuated by the effect of coating
thickness and the appropriate viscosity of the solution. Future research should focus on
the relative humidity and time required for soaking or immersion in an alkali solution.
Therefore, the artificial aggregate-based geopolymer that soaked in an alkaline activator
requires further investigation in order to determine whether the geopolymerization process
will help to improve the properties of artificial aggregates.

6.3. Coating

The civil engineering sector has seen a significant increase in demand for both environ-
mentally friendly and sustainable coatings that are applied to artificial surfaces with better
performance. The stronger and significantly more impermeable shell structure produced by
the coating process, as evidenced by the higher bulk crushing resistance and lower water
absorption, has excellent efficiency in improving the properties of artificial aggregates [11].
Coating method, as being depicted in Figure 6, require lesser time of 15–30 min for the
coating process compared with soaking in alkali solution. When evaluating the strength
and water absorption of coated artificial aggregates, the OPC-silica fume mix coating
performed marginally better than OPC-fly ash coatings [112]. In addition, the artificial
aggregates might be further improved and protected from water damage by being coated
with polypropylene, a type of plastic that reduces the specific gravity and water absorption
while boosting particle strength. The artificial aggregate with a shell-core structure created
by plastic coating improved the compressive strength of concrete and the thermal insulation
of concrete compared to concrete prepared with normal aggregates [59]. In addition, the
filling of aggregate pores by phase change material through submersion and the influence
of the coating material by silica fume and cement will improve the specific gravity while
lowering absorption [113].
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Figure 6. Coating.

The treatment for lightweight aggregate-included geopolymers is very limited. The
lightweight aggregate using geopolymer has been coated with plastic, showing an im-
provement in the properties of the lightweight aggregates. The artificial aggregate-based
geopolymer has proved that the optimum strengthening effect that plastic coating tech-
nology applied to it allows geopolymers to be utilized in more profitable markets such as
sealing nuclear waste and heavy metals in the future. A porous aggregate is selected as a
coating as it can fill up the pores around the surface of lightweight aggregates. However,
knowledge of the stiff state of covering with geopolymer as a treatment is limited. The
optimal viscosity of the solution slurry should be stressed for varied materials. Future
studies must also investigate the interaction between water absorption and the soaking
rate in the geopolymer slurry. Thus, there is lack of studies on the coating of lightweight
aggregates with geopolymer inclusion, requiring further investigation to determine its
benefit to the environment.

6.4. Vacuum Impregnation

Vacuum impregnation is a new novelty method used to improve the properties of
lightweight aggregate by removing the air trapped in the aggregate’s pores and filling it
up with materials such as phase change material. As being illustrated by Figure 7, the
lightweight aggregate will undergo vacuum impregnation with paraffin oil and two-layer
coating, with epoxy resin as the first layer and silica fume as the second, which both exhibit
outstanding thermal performance [114]. Expanded perlite mixed with paraffin and covered
with polystyrene has shown to offer considerable benefits for thermal energy storage in
concrete because of the high latent heat of paraffin and the exceptional leakage-prevention
properties of polystyrene [115]. Furthermore, the specific gravity of vacuum-impregnated
lightweight aggregate increased from 0.71 to 0.99 while the water absorption decreased
from 67.05% to 2.19% [102].
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Vacuum impregnation of lightweight aggregates is a new technique used to improve
the properties of lightweight aggregates. The lightweight aggregate used in this technique
is normally obtained from recycled waste such as recycled concrete aggregate or natural
lightweight aggregates. The artificial aggregate-based geopolymer is type of porous aggre-
gate and vacuum impregnation method that is an effective way to improve the properties
by filling up the pores inside the artificial aggregates. However, different types of treated
materials will provide distinct optimization designs. Thus, additional research should be
conducted on various types of materials and their optimal conditions, including the mix
design, relative humidity, and impregnation length. In current research, there is still no
study on the lightweight aggregate with a geopolymer carried out by using this treatment,
and this requires further investigation.
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7. Conclusions and Summary of Future Work

In conclusion, the use of geopolymer in the manufacture of artificial aggregates has
been shown to increase the properties and quality of the aggregates produced. Cold bond-
ing technology demonstrated excellent aggregate properties in terms of strength while
conserving energy since it does not require high temperatures in the curing and hardening
process. However, the aggregates generated by sintering and autoclave processes always
have high quality in terms of strength, water absorption, and the light weight. Incor-
poration of geopolymers also contributes to uniform pore distribution and can achieve
lightweight aggregates at lower temperatures than those without the inclusion of geopoly-
mers. Thus, artificial aggregates with geopolymer are believed to improve the properties
of aggregates generated at lower temperatures, saving 20–50% of energy. There is a need
for additional research on the performance of geopolymer-based artificial aggregates in
diverse materials rich in Si and Al, as well as a comparison with artificial aggregates created
without geopolymer.

Furthermore, the ITZ is an important determinant of the collective strength. The ITZ
of artificial aggregate-based geopolymers showed better improvement in characteristics
compared to natural aggregates used in concrete manufacturing. Strong ITZs in geopolymer
concrete are associated with the existence of a layer of geopolymer paste with dense
microstructures and a high concentration of the gel that binds aggregates and cement
matrixes. The greater the ITZ of the aggregate and cement matrix, the higher the mechanical
properties of the produced concrete. However, additional research is required to determine
the features of ITZ in terms of thickness, chemical composition inside the ITZ, and the
formation mechanism of ITZ between artificial aggregates and cement matrices.

Aside from that, a number of approaches to increase the attributes of high-quality
artificial aggregates have been shown effective. Among the four techniques for improving
aggregates, only soaking in an alkaline solution technique involves the incorporation of
geopolymer in the current study to increase the aggregate’s strength and water absorption.
However, the inclusion of a geopolymer via other techniques, such as two-step pelletization,
coating, and vacuum impregnation, has not yet been addressed, making it a promising
topic for future research. Future research could focus on the multiple components that act
as geopolymer precursors as a treatment or process enhancement via two-step pelletization,
coating, and vacuum impregnation. It is crucial to emphasise the mix design, relative
humidity, correct viscosity, duration of the treatment procedure, and handling circum-
stances that impact aggregate quality, particularly when using the cold-bonding technique
(not involving a high sintering temperature). This is due to the fact that the construction
of artificial aggregates with geopolymer has had a positive impact, not only enhancing
the aggregates’ quality, but also conserving energy at a lower temperature compared to
aggregates generated without geopolymer.
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15. Terzić, A.; Pezo, L.; Mitić, V.; Radojević, Z. Artificial fly ash based aggregates properties influence on lightweight concrete
performances. Ceram. Int. 2015, 41, 2714–2726. [CrossRef]

16. Narattha, C.; Chaipanich, A. Phase characterizations, physical properties and strength of environment-friendly cold-bonded fly
ash lightweight aggregates. J. Clean. Prod. 2018, 171, 1094–1100. [CrossRef]

17. Jeon, D.; Yum, W.S.; Song, H.; Yoon, S.; Bae, Y.; Oh, J.E. Use of coal bottom ash and cao-cacl2-activated ggbfs binder in the
manufacturing of artificial fine aggregates through cold-bonded pelletization. Materials 2020, 13, 5598. [CrossRef]

18. Shivaprasad, K.N.; Das, B.B. Effect of Duration of Heat Curing on the Artificially Produced Fly Ash Aggregates. In IOP Conference
Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2018; Volume 431.

19. Wang, D.; Cui, C.; Chen, X.F.; Zhang, S.; Ma, H. Characteristics of autoclaved lightweight aggregates with quartz tailings and its
effect on the mechanical properties of concrete. Constr. Build. Mater. 2020, 262, 120110. [CrossRef]

20. Ishwarya, G.; Singh, B.; Deshwal, S.; Bhattacharyya, S.K. Effect of sodium carbonate/sodium silicate activator on the rheology,
geopolymerization and strength of fly ash/slag geopolymer pastes. Cem. Concr. Compos. 2019, 97, 226–238. [CrossRef]

21. Wang, Y.S.; Alrefaei, Y.; Dai, J.G. Silico-aluminophosphate and alkali-aluminosilicate geopolymers: A comparative review. Front.
Mater. 2019, 6, 106. [CrossRef]

22. Shoaei, P.; Musaeei, H.R.; Mirlohi, F.; Narimani zamanabadi, S.; Ameri, F.; Bahrami, N. Waste ceramic powder-based geopolymer
mortars: Effect of curing temperature and alkaline solution-to-binder ratio. Constr. Build. Mater. 2019, 227, 116686. [CrossRef]

23. Nadesan, M.S.; Dinakar, P. Mix design and properties of fly ash waste lightweight aggregates in structural lightweight concrete.
Case Stud. Constr. Mater. 2017, 7, 336–347. [CrossRef]

24. Le, H.B.; Bui, Q.B.; Tang, L. Geopolymer recycled aggregate concrete: From experiments to empirical models. Materials 2021,
14, 1180. [CrossRef]

25. Tam, V.W.Y.; Wattage, H.; Le, K.N.; Buteraa, A.; Soomro, M. Methods to improve microstructural properties of recycled concrete
aggregate: A critical review. Constr. Build. Mater. 2021, 270, 121490. [CrossRef]

26. Nežerka, V.; Havlásek, P.; Trejbal, J. Mitigating inclusion-induced shrinkage cracking in cementitious composites by incorporating
recycled concrete fines. Constr. Build. Mater. 2020, 248, 118673. [CrossRef]

27. Evangelista, L.; De Brito, J. Durability of crushed fine recycled aggregate concrete assessed by permeability-related properties.
Mag. Concr. Res. 2019, 71, 1142–1150. [CrossRef]

http://doi.org/10.1016/j.cemconres.2020.106051
http://doi.org/10.1016/j.jobe.2020.101508
http://doi.org/10.3151/jact.17.319
http://doi.org/10.1016/j.conbuildmat.2017.09.137
http://doi.org/10.1016/j.jclepro.2018.03.085
http://doi.org/10.3390/ma12030367
http://www.ncbi.nlm.nih.gov/pubmed/30682832
http://doi.org/10.3151/jact.18.168
http://doi.org/10.1016/j.wasman.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26856445
http://doi.org/10.1016/j.conbuildmat.2018.01.030
http://doi.org/10.1016/j.jclepro.2020.121231
http://doi.org/10.1016/j.conbuildmat.2019.01.194
http://doi.org/10.1016/j.conbuildmat.2019.117290
http://doi.org/10.1016/j.jobe.2022.104039
http://doi.org/10.1016/j.cemconcomp.2019.103428
http://doi.org/10.1016/j.ceramint.2014.10.086
http://doi.org/10.1016/j.jclepro.2017.09.259
http://doi.org/10.3390/ma13245598
http://doi.org/10.1016/j.conbuildmat.2020.120110
http://doi.org/10.1016/j.cemconcomp.2018.12.007
http://doi.org/10.3389/fmats.2019.00106
http://doi.org/10.1016/j.conbuildmat.2019.116686
http://doi.org/10.1016/j.cscm.2017.09.005
http://doi.org/10.3390/ma14051180
http://doi.org/10.1016/j.conbuildmat.2020.121490
http://doi.org/10.1016/j.conbuildmat.2020.118673
http://doi.org/10.1680/jmacr.18.00093


Materials 2022, 15, 5516 24 of 27

28. Evangelista, L.; De Brito, J. Concrete with fine recycled aggregates: A review. Eur. J. Environ. Civ. Eng. 2014, 18, 129–172.
[CrossRef]

29. Li, X. Recycling and reuse of waste concrete in China. Part I. Material behaviour of recycled aggregate concrete. Resour. Conserv.
Recycl. 2008, 53, 36–44. [CrossRef]

30. Kou, S.C.; Poon, C.S.; Agrela, F. Comparisons of natural and recycled aggregate concretes prepared with the addition of different
mineral admixtures. Cem. Concr. Compos. 2011, 33, 788–795. [CrossRef]

31. Kang, P.; Zhang, H.; Duan, H. Characterizing the implications of waste dumping surrounding the Yangtze River economic belt in
China. J. Hazard. Mater. 2020, 383, 121207. [CrossRef]

32. Tam, V.W.Y.; Soomro, M.; Evangelista, A.C.J. A review of recycled aggregate in concrete applications (2000–2017). Constr. Build.
Mater. 2018, 172, 272–292. [CrossRef]

33. Ko, S.; Kim, W.; Shin, S.C.; Shin, J. The economic value of sustainable recycling and waste management policies: The case of a
waste management crisis in South Korea. Waste Manag. 2020, 104, 220–227. [CrossRef] [PubMed]

34. Huynh, T.P.; Pham, T.B.; Lam, T.K.; Tran, T.D.; Nguyen, V.T. Feasibility of Producing Artificial Aggregates by Alkaline Activation
of Fly Ash-Slag Blends. In Proceedings of the 2020 Applying New Technology in Green Buildings (ATiGB), Da Nang, Vietnam,
12–13 March 2021; pp. 1–5. [CrossRef]

35. Yusra, A.; Salena, I.Y.; Safrizal, H. The Comparison of Compressive Strength of Normal Concrete with Artificial Lightweight
Aggregate Concrete. In Proceedings of the 3rd International Conference of Computer, Environment, Agriculture, Social Science,
Health Science, Engineering and Technology (ICEST 2018), Medan, Indonesia, 4–6 May 2018; pp. 29–34. [CrossRef]

36. Rafiza, A.; Bakri, A.; Kamarudin, H.; Nizar, I.; Hardjito, D.; Zarina, Y. Evaluation of Pelletized Artificial Geopolymer Aggregate
Manufactured From Volcano Ash. Aust. J. Basic Appl. Sci. 2013, 7, 15–20.

37. Tian, K.; Wang, Y.; Hong, S.; Zhang, J.; Hou, D.; Dong, B.; Xing, F. Alkali-activated artificial aggregates fabricated by red mud and
fly ash: Performance and microstructure. Constr. Build. Mater. 2021, 281, 122552. [CrossRef]

38. Saleem, N.; Rashid, K.; Fatima, N.; Hanif, S.; Naeem, G.; Aslam, A.; Fatima, M.; Aslam, K. Appraisal of geopolymer lightweight
aggregates sintered by microwave radiations. J. Asian Concr. Fed. 2020, 6, 37–49. [CrossRef]

39. Parvathy, S.; Sharma, A.K.; Anand, K.B. Comparative study on synthesis and properties of geopolymer fine aggregate from fly
ashes. Constr. Build. Mater. 2019, 198, 359–367. [CrossRef]

40. Aslam, A.; Rashid, K.; Naeem, G.; Saleem, N.; Hanif, S. Microwave Assisted Synthesis and Experimental Exploration of
Geopolymer Lightweight Aggregate. Tech. J. Univ. Eng. Technol. 2020, 25, 8–16.

41. Wang, S.; Yu, L.; Yang, F.; Zhang, W.; Xu, L.; Wu, K.; Tang, L.; Yang, Z. Resourceful utilization of quarry tailings in the preparation
of non-sintered high-strength lightweight aggregates. Constr. Build. Mater. 2022, 334, 127444. [CrossRef]

42. Freire, A.L.; Moura-Nickel, C.D.; Scaratti, G.; De Rossi, A.; Araújo, M.H.; De Noni Júnior, A.; Rodrigues, A.E.; Castellón, E.R.;
de Fátima Peralta Muniz Moreira, R. Geopolymers produced with fly ash and rice husk ash applied to CO2 capture. J. Clean. Prod.
2020, 273, 122917. [CrossRef]

43. Prakasan, S.; Palaniappan, S.; Gettu, R. Study of Energy Use and CO2 Emissions in the Manufacturing of Clinker and Cement.
J. Inst. Eng. Ser. A 2020, 101, 221–232. [CrossRef]

44. Tchadjie, L.N.; Ekolu, S.O. Enhancing the reactivity of aluminosilicate materials toward geopolymer synthesis. J. Mater. Sci. 2018,
53, 4709–4733. [CrossRef]

45. Nodehi, M.; Taghvaee, V.M. Alkali-Activated Materials and Geopolymer: A Review of Common Precursors and Activators
Addressing Circular Economy. Circ. Econ. Sustain. 2022, 2, 165–196. [CrossRef]

46. Provis, J.L.; Bernal, S.A. Geopolymers and related alkali-activated materials. Annu. Rev. Mater. Res. 2014, 44, 299–327. [CrossRef]
47. Yun-ming, L.; Cheng-yong, H.; Mustafa, M.; Bakri, A.; Hussin, K. Progress in Materials Science Structure and properties of

clay-based geopolymer cements: A review. Prog. Mater. Sci. 2016, 83, 595–629. [CrossRef]
48. Cantarel, V.; Motooka, T.; Yamagishi, I. Geopolymers and Their Potential Applications in the Nuclear Waste Management Field.

JAEA Rev. 2017, 48, 1–48. [CrossRef]
49. Ukritnukun, S.; Sorrell, C.C.; Gregg, D.; Vance, E.R.; Koshy, P. Potential Use of Ambient-Cured Geopolymers for Intermediate

Level Nuclear Waste Storage. MRS Adv. 2018, 3, 1123–1131. [CrossRef]
50. Poolman, K.D.; Kruger, D. International Congress on Polymers in Concrete (ICPIC 2018); Springer: Berlin, Germany, 2018. [CrossRef]
51. Patel, S.K.; Majhi, R.K.; Satpathy, H.P.; Nayak, A.N. Durability and microstructural properties of lightweight concrete manufac-

tured with fly ash cenosphere and sintered fly ash aggregate. Constr. Build. Mater. 2019, 226, 579–590. [CrossRef]
52. Sambucci, M.; Sibai, A.; Valente, M. Recent advances in geopolymer technology. A potential eco-friendly solution in the

construction materials industry: A review. J. Compos. Sci. 2021, 5, 109. [CrossRef]
53. Zhang, Z.; Provis, J.L.; Reid, A.; Wang, H. Cement and Concrete Research Fly ash-based geopolymers: The relationship between

composition, pore structure and ef fl orescence. Cem. Concr. Res. 2014, 64, 30–41. [CrossRef]
54. Hounsi, A.D.; Lecomte-Nana, G.L.; Djétéli, G.; Blanchart, P. Kaolin-based geopolymers: Effect of mechanical activation and curing

process. Constr. Build. Mater. 2013, 42, 105–113. [CrossRef]
55. Zhang, Z.; Wang, H.; Provis, J.L.; Bullen, F.; Reid, A.; Zhu, Y. Quantitative kinetic and structural analysis of geopolymers. Part 1.

the activation of metakaolin with sodium hydroxide. Thermochim. Acta 2012, 539, 23–33. [CrossRef]
56. Lau, C.K.; Rowles, M.R.; Parnham, G.N.; Htut, T.; Ng, T.S. Investigation of geopolymers containing fly ash and ground-granulated

blast-furnace slag blended by amorphous ratios. Constr. Build. Mater. 2019, 222, 731–737. [CrossRef]

http://doi.org/10.1080/19648189.2013.851038
http://doi.org/10.1016/j.resconrec.2008.09.006
http://doi.org/10.1016/j.cemconcomp.2011.05.009
http://doi.org/10.1016/j.jhazmat.2019.121207
http://doi.org/10.1016/j.conbuildmat.2018.03.240
http://doi.org/10.1016/j.wasman.2020.01.020
http://www.ncbi.nlm.nih.gov/pubmed/31982785
http://doi.org/10.1109/ATiGB50996.2021.9423427
http://doi.org/10.5220/0010037300290034
http://doi.org/10.1016/j.conbuildmat.2021.122552
http://doi.org/10.18702/acf.2020.12.6.2.37
http://doi.org/10.1016/j.conbuildmat.2018.11.231
http://doi.org/10.1016/j.conbuildmat.2022.127444
http://doi.org/10.1016/j.jclepro.2020.122917
http://doi.org/10.1007/s40030-019-00409-4
http://doi.org/10.1007/s10853-017-1907-7
http://doi.org/10.1007/s43615-021-00029-w
http://doi.org/10.1146/annurev-matsci-070813-113515
http://doi.org/10.1016/j.pmatsci.2016.08.002
http://doi.org/10.11484/jaea-review-2017-014
http://doi.org/10.1557/adv.2018.276
http://doi.org/10.1007/978-3-319-78175-4
http://doi.org/10.1016/j.conbuildmat.2019.07.304
http://doi.org/10.3390/jcs5040109
http://doi.org/10.1016/j.cemconres.2014.06.004
http://doi.org/10.1016/j.conbuildmat.2012.12.069
http://doi.org/10.1016/j.tca.2012.03.021
http://doi.org/10.1016/j.conbuildmat.2019.06.198


Materials 2022, 15, 5516 25 of 27

57. Zhang, M.; Zhao, M.; Zhang, G.; Sietins, J.M.; Granados-, S.; Pepi, M.S.; Xu, Y.; Tao, M. Reaction kinetics of red mud-fly ash based
geopolymers: Effects of curing temperature on chemical bonding, porosity, and mechanical strength. Cem. Concr. Compos. 2018,
93, 175–185. [CrossRef]

58. Basri, M.S.M.; Mustapha, F.; Mazlan, N.; Ishak, M.R. Rice husk ash-based geopolymer binder: Compressive strength, optimize
composition, FTIR spectroscopy, microstructural, and potential as fire-retardant material†. Polymers 2021, 13, 4373. [CrossRef]
[PubMed]

59. Ye, W.; Li, S.; Qiu, T.; Cong, X.; Tan, Y. Effects of plastic coating on the physical and mechanical properties of the artificial aggregate
made by fly ash. J. Clean. Prod. 2022, 360, 132187. [CrossRef]

60. Nawaz, M.; Heitor, A.; Sivakumar, M. Geopolymers in construction—recent developments. Constr. Build. Mater. 2020, 260, 120472.
[CrossRef]

61. Elie, K.; Valeria, A.; Daniele, N.; Davide, S.; Isabella, L.; Alberto, M.; Cristina, L. Dependence of the geopolymerization process
and end-products to the nature of solid precursors: Challenge of the sustainability. J. Clean. Prod. 2021, 278, 123587. [CrossRef]

62. Xiao, R.; Huang, B.; Zhou, H.; Ma, Y.; Jiang, X. A state-of-the-art review of crushed urban waste glass used in OPC and AAMs
(geopolymer): Progress and challenges. Clean. Mater. 2022, 4, 100083. [CrossRef]

63. Xiao, R.; Polaczyk, P.; Zhang, M.; Jiang, X.; Zhang, Y.; Huang, B.; Hu, W. Evaluation of Glass Powder-Based Geopolymer Stabilized
Road Bases Containing Recycled Waste Glass Aggregate. Transp. Res. Rec. 2020, 2674, 22–32. [CrossRef]

64. He, P.; Wang, M.; Fu, S.; Jia, D.; Yan, S.; Yuan, J.; Xu, J.; Wang, P.; Zhou, Y. Effects of Si/Al ratio on the structure and properties of
metakaolin based geopolymer. Ceram. Int. 2016, 42, 14416–14422. [CrossRef]

65. Wang, H.; Wu, H.; Xing, Z.; Wang, R.; Dai, S. The effect of various si/al, na/al molar ratios and free water on micromorphology
and macro-strength of metakaolin-based geopolymer. Materials 2021, 14, 3845. [CrossRef] [PubMed]

66. Kwek, S.Y.; Awang, H. Utilization of industrial waste materials for the production of lightweight aggregates: A review. J. Sustain.
Cem. Mater. 2021, 10, 353–381. [CrossRef]

67. Nmiri, A.; Hamdi, N.; Duc, M.; Srasra, E. Synthesis and characterization of kaolinite-based geopolymer: Alkaline activation effect
on calcined kaolinitic clay at different temperatures. J. Mater. Environ. Sci. 2017, 8, 276–290.

68. Pavithra, P.; Srinivasula Reddy, M.; Dinakar, P.; Hanumantha Rao, B.; Satpathy, B.K.; Mohanty, A.N. Effect of the Na2SiO3/NaOH
Ratio and NaOH Molarity on the Synthesis of Fly Ash-Based Geopolymer Mortar. Geotech. Spec. Publ. 2016, 2016, 336–344.
[CrossRef]

69. Okoye, F.N.; Durgaprasad, J.; Singh, N.B. Fly ash/Kaolin based geopolymer green concretes and their mechanical properties.
Data Br. 2015, 5, 739–744. [CrossRef]

70. Aboulayt, A.; Gounni, A.; El Alami, M.; Hakkou, R.; Hannache, H.; Gomina, M.; Moussa, R. Thermo-physical characterization of
a metakaolin-based geopolymer incorporating calcium carbonate: A case study. Mater. Chem. Phys. 2020, 252, 123266. [CrossRef]

71. Ma, H.; Zhu, H.; Yi, C.; Fan, J.; Chen, H.; Xu, X.; Wang, T. Preparation and reaction mechanism characterization of alkali-activated
coal gangue-slag materials. Materials 2019, 12, 2250. [CrossRef]

72. Jiang, C.; Wang, A.; Bao, X.; Ni, T.; Ling, J. A review on geopolymer in potential coating application: Materials, preparation and
basic properties. J. Build. Eng. 2020, 32, 101734. [CrossRef]

73. Livi, C.N.; Repette, W.L. Effect of NaOH concentration and curing regime on geopolymer Efeito da concentração de NaOH e de
regimes de cura em geopolímeros. Rev. IBRACON Estruturas Mater. 2017, 10, 1174–1181. [CrossRef]

74. Khan, S.; Shafiq, N.; Ayub, T. Effect of sodium hydroxide concentration on fresh properties and compressive strength of
self-compacting geopolymer concrete. J. Eng. Sci. Technol. 2013, 8, 44–56.

75. Cornelis, R.; Priyosulistyo, H.; Satyarno, I. The Investigation on Setting Time and Strength of High Calcium Fly Ash Based
Geopolymer. In Applied Mechanics and Materials; Trans Tech Publications Ltd.: Freienbach, Switzerland, 2018; Volume 881,
pp. 158–164. [CrossRef]

76. Belmokhtar, N.; Ben Allal, L.; Lamrani, S. Effect of Na2SiO3/NaOH mass ratio on the development of structure of an industrial
waste-based geopolymer. J. Mater. Environ. Sci. 2016, 7, 390–396.

77. Revathi, V.; Saravanakumar, R.; Thaarrini, J. Effect of molar ratio of SiO2/NA2O, Na2SiO3/NAOH ratio and curing mode on the
compressive strength of ground bottom ash geopolymer mortar. Int. J. Earth Sci. Eng. 2014, 7, 1511–1516.

78. Aziz, I.H.; Abdullah, M.M.A.B.; Mohd Salleh, M.A.A.; Azimi, E.A.; Chaiprapa, J.; Sandu, A.V. Strength development of solely
ground granulated blast furnace slag geopolymers. Constr. Build. Mater. 2020, 250, 118720. [CrossRef]

79. Abdul Rahim, R.H.; Azizli, K.A.; Man, Z.; Rahmiati, T.; Ismail, L. Effect of Solid to Liquid Ratio on the Mechanical and Physical
Properties of Fly Ash Geopolymer without Sodium Silicate. Appl. Mech. Mater. 2014, 625, 46–49. [CrossRef]

80. Qian, L.P.; Xu, L.Y.; Alrefaei, Y.; Wang, T.; Ishida, T.; Dai, J.G. Artificial alkali-activated aggregates developed from wastes and
by-products: A state-of-the-art review. Resour. Conserv. Recycl. 2022, 177, 105971. [CrossRef]

81. Mohan, A.B. Artificial Lightweight Aggregate Through Cold Bonding Pelletization of Fly Ash: A Review. Int. Res. J. Eng. Technol.
2008, 778, 778–783.

82. Bui, L.A.T.; Hwang, C.L.; Chen, C.T.; Lin, K.L.; Hsieh, M.Y. Manufacture and performance of cold bonded lightweight aggregate
using alkaline activators for high performance concrete. Constr. Build. Mater. 2012, 35, 1056–1062. [CrossRef]

83. Vali, K.S.; Bala Murugan, S. Performance of manufactured aggregate in the production of sustainable lightweight concrete. Mater.
Today Proc. 2022, 60, 674–680. [CrossRef]

http://doi.org/10.1016/j.cemconcomp.2018.07.008
http://doi.org/10.3390/polym13244373
http://www.ncbi.nlm.nih.gov/pubmed/34960924
http://doi.org/10.1016/j.jclepro.2022.132187
http://doi.org/10.1016/j.conbuildmat.2020.120472
http://doi.org/10.1016/j.jclepro.2020.123587
http://doi.org/10.1016/j.clema.2022.100083
http://doi.org/10.1177/0361198119898695
http://doi.org/10.1016/j.ceramint.2016.06.033
http://doi.org/10.3390/ma14143845
http://www.ncbi.nlm.nih.gov/pubmed/34300766
http://doi.org/10.1080/21650373.2021.1891583
http://doi.org/10.1061/9780784480151.034
http://doi.org/10.1016/j.dib.2015.10.029
http://doi.org/10.1016/j.matchemphys.2020.123266
http://doi.org/10.3390/ma12142250
http://doi.org/10.1016/j.jobe.2020.101734
http://doi.org/10.1590/s1983-41952017000600003
http://doi.org/10.4028/www.scientific.net/AMM.881.158
http://doi.org/10.1016/j.conbuildmat.2020.118720
http://doi.org/10.4028/www.scientific.net/AMM.625.46
http://doi.org/10.1016/j.resconrec.2021.105971
http://doi.org/10.1016/j.conbuildmat.2012.04.032
http://doi.org/10.1016/j.matpr.2022.02.314


Materials 2022, 15, 5516 26 of 27

84. Risdanareni, P.; Schollbach, K.; Wang, J.; De Belie, N. The effect of NaOH concentration on the mechanical and physical properties
of alkali activated fly ash-based artificial lightweight aggregate. Constr. Build. Mater. 2020, 259, 119832. [CrossRef]

85. Tang, P.; Florea, M.V.A.; Brouwers, H.J.H. Employing cold bonded pelletization to produce lightweight aggregates from
incineration fine bottom ash. J. Clean. Prod. 2017, 165, 1371–1384. [CrossRef]

86. Gu, E. Properties of lightweight aggregates produced with cold-bonding pelletization of fly ash and ground granulated blast
furnace slag. Mater. Struct. 2012, 45, 1535–1546. [CrossRef]

87. Ren, P.; Ling, T.; Hung, K. Recent advances in arti fi cial aggregate production. J. Clean. Prod. 2021, 291, 125215. [CrossRef]
88. Abd Razak, R.; Abdullah, M.M.A.B.; Hussin, K.; Subaer; Yahya, Z.; Mohamed, R.; Abdullah, A. Performance of Sintered

Pozzolanic Artificial Aggregates as Coarse Aggregate Replacement in Concrete. Lect. Notes Civ. Eng. 2021, 129, 191–210.
[CrossRef]

89. Gomathi, P.; Sivakumar, A. Synthesis of geopolymer based class-F fly ash aggregates and its composite properties in Concrete.
Arch. Civ. Eng. 2014, 60, 55–75. [CrossRef]

90. Sharath, B.P.; Das, B.B. Influence of Geopolymerization Factors on Sustainable Production of Pelletized Fly Ash Based Aggregates
Admixed with Bentonite, Lime and GGBS. Available online: https://ssrn.com/abstract=4135027 (accessed on 13 June 2022).

91. Arjun, K.; Darshan, B.U. Synthesis of Geopolymer Coarse Aggregates using Class-f Fly Ash and Studies on its Physical Properties; Springer:
Singapore, 2019; Volume 25, ISBN 9789811333170.

92. Razak, R.A.; Abdullah, M.M.A.B.; Hussin, K.; Ismail, K.N.; Hardjito, D.; Yahya, Z. Optimization of NaOH molarity, LUSI
mud/alkaline activator, and Na2SiO3/NaOH ratio to produce lightweight aggregate-based geopolymer. Int. J. Mol. Sci. 2015, 16,
11629–11647. [CrossRef] [PubMed]

93. Hanif, S.; Tahir, M.A.; Rashid, K.; Ul Rehman, M.; Saleem, N.; Aslam, A.; Naeem, G. Physico-mechanical performance of
lightweight geopolymer foam aggregates developed by geopolymerization through microwave-oven irradiations. J. King Saud
Univ. Eng. Sci. 2021, 1–8. [CrossRef]

94. Zafar, I.; Rashid, K.; Ju, M. Synthesis and characterization of lightweight aggregates through geopolymerization and microwave
irradiation curing. J. Build. Eng. 2021, 42, 102454. [CrossRef]

95. Ollivier, J.P.; Maso, J.C.; Bourdette, B. Interfacial transition zone in concrete. Adv. Cem. Based Mater. 1995, 2, 30–38. [CrossRef]
96. Jiang, Y.; Ling, T.C.; Shi, M. Strength Enhancement of Artificial Aggregate Prepared with Waste Concrete Powder and its Impact

on Concrete Properties. J. Clean. Prod. 2020, 257, 120515. [CrossRef]
97. Xu, L.Y.; Huang, B.T.; Li, V.C.; Dai, J.G. High-strength high-ductility Engineered/Strain-Hardening Cementitious Composites

(ECC/SHCC) incorporating geopolymer fine aggregates. Cem. Concr. Compos. 2022, 125, 104296. [CrossRef]
98. Huang, H.; Yuan, Y.; Zhang, W.; Liu, B.; Viani, A.; Mácová, P. Microstructure investigation of the interface between lightweight

concrete and normal-weight concrete. Mater. Today Commun. 2019, 21, 100640. [CrossRef]
99. Nadesan, M.S.; Dinakar, P. Micro-structural behavior of interfacial transition zone of the porous sintered fly ash aggregate. J.

Build. Eng. 2018, 16, 31–38. [CrossRef]
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