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Nanomaterials (NMs) are being used to enhance the properties of construction materials. This review focuses on
the use of NMs to improve the characteristics of fresh and hardened Geopolymer Composites (GC). Over 335
research publications are reviewed to detail the benefits and drawbacks of the integration of NMs in GC. More
specifically, this review outlines the effects of numerous NMs such as Nano Silica (NS), Nano Alumina (NA),
Nano Titanium dioxide (NT), Carbon Nano Tubes (CNT), Multiwall Carbon Nano Tubes (MCNT), Nano Calcium
Carbonate (NCC), Nano Zinc oxide (NZ), Graphene Oxide (GO), Nano Metakaolin (NMK), Nano Fly Ash (NFA),
Nano Glass Powder (NGP) and Nano-clay(NC) on Geo-polymer Paste (GPP), Geo-polymer Mortar (GPM) and Geo-
polymer Concrete (GPC). The presence of NMs was found to enhance the geo-polymerization reaction and result
in a denser matrix. The presence of NMs also enhances the durability of GC by preventing micro-pores inter-
connectivity. In hindsight, our review indicates that the addition of NMs is directly tied to producing high-
performance GC, which the construction industry can effectively readily adopt. Additional insights, chal-

lenges, and future research directions are identified and discussed toward the end of this review.

1. Introduction

The production of Portland cement is often considered as the world’s
most significant source of greenhouse gas emissions. It contributes
approximately 5-8 percent of the total CO, emissions (He et al., 2019;
Gartner, 2004). In addition, Portland Cement manufacturing is respon-
sible for at least 70% of greenhouse gas emissions globally (Belaid, 2022;
Korczak et al., 2022). For example, one tonne of Portland cement re-
quires roughly 2.8 tonnes of raw materials. Each year, the concrete in-
dustry requires approximately trillion liters of water (Edser, 2005) and
110 to 120 kWh of electricity (dutta joydev assessment of soil, 2007). At
the same time, beyond aluminium and steel production, Portland
cement manufacturing is the most energy-consuming area. Simply, this
is a resource-intensive process that also requires a lot of natural re-
sources like shale and limestone to make Portland Cement clinkers (Guo
et al.,, 2010). The recent research works are mainly focussing on
reducing the generation of COy emissions in construction materials
(Yildirim et al., 2015).

* Corresponding author.
** Corresponding author.

For economic development, efficient use of renewable and non-
renewable raw materials is required (Shalini and Gurunarayanan,
2016). Portland Cement-based concrete remains the most widely uti-
lized primary material in the construction sector. The development of
novel materials to replace PC has become a critical area of research
owing to the rise in environmental issues (Suwan and Fan, 2014;
Mathews et al., 2020). At the same time, due to the high expense and
health risks associated with disposing of industrial and agricultural
waste by-products such as Fly Ash (FA), Ground Granulated Blast
Furnace Slag (GGBFS), and Rice husk Ash (RA). Recycling and reusing
these by-product materials have become a growing concern in recent
years (Charitha et al., 2021; de Azevedo et al., 2022; Junaid et al., 2022;
Chinnu et al., 2021).

The geopolymer technology was first invented by Davidovits in
France in 1970 (Abdel-Gawwad and Abo-El-Enein, 2016) and is a
convenient and acceptable replacement for traditional concrete. Tradi-
tional concrete is still a widely accepted building material for infra-
structure development due to its excellent characteristics. However,
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considering the construction industry’s sustainability aspects, novel
sustainable cement-based materials are being developed. In geopolymer
concrete, the eco-efficiency, i.e., carbon emission, mainly depends on
the concentration of NaOH solution. When the concentration of NaOH
exceeds its optimal limit, the carbon emission also increases especially in
the case of high-strength and high-performance geopolymer concrete.
Alsalman and Kanagaraj replaced fly ash with GGBFS in the preparation
of self-compacting geopolymer concrete. It was reported that compar-
atively lower carbon emissions were observed from the geopolymer
concrete than from Portland cement concrete (Alsalman et al., 2021;
Kanagaraj et al., 2022a). FA, GGBFS, Metakaolin (MK), Palm oil Fuel
Ash (PFA), and RA are examples of inorganic Alumina Silicate (AS)
polymers used to produce geopolymer. Alkaline silicates and alkaline
hydroxide are the most frequent Alkaline Activated Solutions used for
the development of geopolymers. The alkali activators act as an acti-
vator, and the oxides of AS-rich materials react with the alkali activators
to produce polymeric Si-O-Al linkages resulting in alkali-activated
cementitious materials. A structural network of silicon-oxo-aluminate
(sialate) is generated in the polymerization reaction, in which alumi-
nate (AlO4) and silicate (SiO4) have joined tetrahedrally by sharing an
oxygen atom (Ng et al., 2018).

In the first stage, the dissolving of the binder’s silicate and
aluminium components in a high-alkalinity water solution leads to the
creation of silicon and aluminium oxide ions. In the second stage, a
mixture of silicate, aluminate, and AS species is generated, which causes
the development of an amorphous gel via a contemporaneous poly-
condensation-gelation process (Duxson et al., 2007). The end product
of the polymerization reaction is affected by the combination of chem-
ical compounds of the origin binder material and alkali activators. At
greater temperatures, this polymerization is typically accelerated (Diaz
etal., 2010; Yip et al., 2008). Therefore, geopolymer represents the third
generation of cementing ingredients after lime and Portland Cement
(Sumesh et al., 2017).

Geopolymer is an environment-friendly material that produces
around 70% lesser carbon emissions than Portland Cement concrete (as
it makes extensive use of waste materials in mixtures) (Weil et al., 2009;
Kanagaraj et al., 2022b). The AS origin binder, coarse and fine aggre-
gates, alkali activators, and water comprise the GC combined pro-
portions. These chemicals produce solid concrete that is substantially
equivalent to normal concrete due to polymerization (Omer et al.,
2015). The geopolymer technology can be wused in additive
manufacturing, GPC, ceramics, and 3D concrete printing (Panda et al.,
2017). The concentration of Sodium Hydroxide (SH) (Parveen et al.,
2018; Patankar et al., 2014), the ratio of Sodium Silicates (SS) to SH
(Ghafoor et al., 2021; Pavithra et al., 2016a; Aliabdo et al., 2016), the
silicate modulus (Mijarsh et al., 2015), the curing method and curing
period (Xie and Ozbakkaloglu, 2015; Hassan et al., 2019; Vijai et al.,
2010; Nath et al., 2015), the water to solids ratio (Yahya et al., 2015),
the alkali activators to binder ratio (Fang et al., 2018; Pavithra et al.,
2016b), the combination of chemical elements, type of origin binder
(Yip et al., 2008; Kanagaraj et al., 2022c), the ratio of Silicon to
Aluminium in the geopolymer matrix (Thokchom et al., 2012; Khale and
Chaudhary, 2007), resting time, mixing period (Hardjito et al., 2004),
the consequences of NayO to HyO ratio (Khale and Chaudhary, 2007),
superplasticizer quantity and additional H»O content (PATANKAR et al.,
2012), Coarse Aggregate (CA), Fine Aggregate (FA) content (Joseph and
Mathew, 2012; Mermerdas et al., 2017; Sreenivasulu et al., Kumar) are
the main elements which influence the performance of the GC.

Greater Compressive Strength, superior resistance to fire, minimal
creep, low shrinkage, higher resistance to acidic environments, and
durability are all characteristics of geopolymer materials (Chen et al.,
2022; Asadi et al., 2022; Cong and Cheng, 2021). The majority of GC
research has focused on adjusting the molarity of alkalis, exchanging
curing methods, or altering the curing temperature to examine the
strength variation and durability features of GC with FA, RA, and MK as
base materials (Aliabdo et al., 2016; Chindaprasirt, 2007). Some
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researchers have undergone further in their research, looking into the
relationship between different properties of GC (Gunasekera et al.,
2014; Zhang and Zong, 2014; Isil Ozer, 2015). The compressive strength
of GC cured at room temperature is low (Sonal et al., 2022; Sajjad et al.,
2021; Ge et al., 2022). In geopolymer, heat curing methods are
commonly used to speed up the polymerization process (Atis et al.,
2017; Noushini et al., 2016; Goriir et al., 2015; Carolina et al., 2017;
Hussin et al., 2014). Because NMs have a higher surface area to volume
ratio, they are more reactive and have an impact on reaction rates
(Wiesner, 2007; Aggarwal et al., 2015). As a result, without using
temperature curing, NMs have a microscopic level impact on the GC
microstructure. This significantly improves the structural performance
of both raw concrete and hardened concrete (Taylor et al., 2014).
Several studies focused on improving the mechanical performance and
durability of GC by integrating regular Portland Cement (Huo et al.,
2021; Azeem et al., 2021), GGBFS (An et al., 2022; Yaswanth et al.,
2022; Shi et al., 2022a), NS (Razi et al., 2022; Unis et al., 2022; Zhang
et al., 2020a), and Alccofine (Parveen et al., 2018; Saxena et al., 2018) at
room temperature curing.

Nanotechnology involves the manipulation of matter and materials
on scales that are less than 100 nm (Wiesner, 2007; Wei et al., 2022).
Owing to its novel science and cutting-edge applications, nanotech-
nology is a rapidly expanding field of research that has gained popu-
larity in recent decades. Because NMs have distinctive chemical and
physical performance. Due to the ultrafine type of NMs, building with
nanocomposite materials is a goal for researchers. (Bhushan and
Sharma, 2020). In recent years, there has been a surge in interest in
using nanotechnology in GC (Kotop et al., 2021; Naskar and Kumar,
2016; Abdalla et al., 2022a).

1.1. Research significance

Over the last decade, extensive research has been conducted on the
addition of various NMs to GC. Furthermore, earlier publications high-
lighted the influence of NMs on GC but did not provide the information
in a detailed manner. This paper examines all previous and current
studies on the effects of different NMs on the performance of various GC.
As far as the author’s knowledge, this is one of the complete review
papers on this topic in recent years, with an organized study, discussion,
and investigation to extend this frontier. We cover a variety of studies
that tackled the impact of various NMs (NCC, NC, NMK, NGP, NS, NA,
MCNT, NZ, NT, CNT, and GO) on the properties of GC. Even though
various NMs have comparable effects on the behavior of GC, they are
split into different categories, and the field’s research needs and con-
straints are discussed in depth. In addition, a dedicated discussion on the
efficiency of cost comparison between different NMs incorporated GC is
also presented. This research provides a detailed analysis of the usage of
NMs in GC in terms of their fresh, hardened, durability, and micro-
structural properties. All prior and current literature in this field was
reviewed to determine the influence of various types of NMs on the
different performances of GC. Finally, the field’s research requirements
and limitations are discussed.

2. Nanomaterials in geopolymer composites

Hardened properties, morphology, surface energy, electron con-
ductivity, reactiveness of chemicals, and optical absorption of compos-
ites change dramatically when the size of the material changes from
macroscale to nanoscale (Falikman and Gusev, 2015). A variety of
studies have been conducted to investigate the properties of NMs in GC,
including hardened properties and chemical resistance (Youssf et al.,
2022; Dehkordi et al., 2022; Saloni et al., 2021a), structural properties
(Hassan et al., 2020), raw and microstructure properties (Pawluczuk
et al.,, 2021; Hamidi et al., 2022), physio-mechanical strength (Aziz
et al.,, 2021), permeability (Arafa et al., 2021; Saloni et al., 2021b,
2021c), and protection against elevated temperatures (Tayeh et al.,
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2021; Zhang et al., 2020b).

When NMs are introduced to cement granulations, free water be-
comes stationary because NMs fill pores and spaces between Portland
cement particles, which is known as the filler effect. Furthermore, the
NMs participate in the pozzolanic process, which results in novel cal-
cium silicate hydrate (C-S-H) gel production, enhancing the strength of
the bond between steel and concrete properties of the mix by strength-
ening the transitional interfacial region between aggregates and binding
pastes (Al-Azzawi et al., 2018; Nuaklong et al., 2020). When cured under
ambient curing conditions, GC has low compressive strength and gains
strength slowly (Poloju and Srinivasu, 2020; Du et al., 2022), but they
have high compressive strength when cured by temperature, which
limits the usage of GC in in-situ applications (Mohammed et al., 2021;
Zhang et al., 2020c; Han et al., 2017). To achieve an ambient curing GPC
with suitable strength, one option for tackling researchers could employ
NMs to speed up the reaction between the chemicals within GC. This is
carried out atomically by altering the microstructure of GPC, which
significantly enhances the material’s hardened and raw state properties
(Hussin et al., 2014; Du et al., 2022).

Over the past fifteen years, data were collected in the research on GC
with different NMs and which is represented graphically in Fig. 1. This
graph clearly shows that every year the research progress graph in the
area of GC with NMs has increased rapidly. So this means that there is
lots of scope in the area of GC with NMs in the future era.

The literature survey reveals that the usage of NS (Saini and Vatti-
palli, 2020), NA (Alomayri, 2019), NT (Sastry et al., 2021), CNT (Rov-
nanik et al., 2016), MCNT (Li et al., 2021), NCC (Assaedi, 2021), NZ
(zidi et al., 2020), GO (Bellum et al., 2020), NMK (Kaur et al., 2018),
NFA (Rajendran and Akasi, 2020), NGP (Hamzah et al., 2020) and NC
(Ravitheja and Kiran Kumar, 2019) on GC. In this study, the term
“composites” is used to refer to Geo Polymer Paste (GPP), mortar, and
concrete.

2.1. Carbon Nano Tubes (CNT) and Multiwall Carbon Nano Tubes
(MCNT)

Cylindrical Nano diameter molecules with pipe-like bonds CNT are
hollow strings made of carbon-carbon that were discovered by Sumio
Ijima (Ashby et al., 2009; Su et al., 2020; Ding et al., 2022) (Manzur
et al., 2016). By rolling up Graphite sheets, CNT can be produced as
single-walled, double-walled, or multi-walled, and their length may vary
from micro to millimeter range (Ferro et al., 2011). Single-walled CNT is
cheaper than multi-walled CNT. CNT is mainly used for the production
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Fig. 1. Work progress in geopolymer concrete with nanomaterials.
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of fiber-reinforced concrete due to its high mechanical strength, high
thermal conductivity, high modulus of elasticity, and high tensile
strength (Sekkal and Zaoui, 2022; Maho et al., 2021). Due to their good
material properties, CNT gives concrete better mechanical strength and
durability properties (Azeem et al., 2021; Zhu et al., 2021). In the past
few years, numerous studies have been conducted to examine the results
of CNT addition on the mechanical and microstructural properties of
GPP, GPM, and GPC (Carrico et al., 2018; Abbasi et al., 2016).

Due to the MCNT surface area to volume ratio, Vander wall forces
between the molecules are strong, which retard the dispersion of the
MCNT within the composites. But the alkali activators used in the
preparation of GC have a major role in the dispersion of MCNT and GC
due to their capacity to enhance the interaction between them (Khater
and Abd El Gawaad, 2016). MCNT creates more sites for the
geo-polymerization process between the composites by increasing the
amount of C-S-H gel. Therefore, an adequate amount of CNT enhances
the microstructural properties by reducing the Nano cracks through the
complete geo-polymerization process (Rovnanik et al., 2016; Kim et al.,
2019; da Luz et al., 2019).

2.2. Nano-alumina (NA)

Commercially available NA is in powder form, and it is produced
through several techniques such as ball milling, pyrolysis, hydrother-
mal, laser ablation, sputtering and sol-gel. NA can be used to produce
concrete with better mechanical properties due to its higher stability,
hardness, insulation, and transparency. The mechanical properties of
concrete can be enhanced by filling the pores in the composites (Anil
Kumar Reddy, 2022; Li et al., 2006, 2017a). The durability properties of
NA-filled concrete can be enhanced by reducing the effect of chloride
attack and water absorption (Mohseni et al., 2019; Ahmed et al., 2021).
The mechanical and microstructural properties of GPC can be improved
by the addition of NA by densifying the whole system (Alomayri, 2019;
Behfarnia and Salemi, 2013; Nazari and Sanjayan, 2015; Shekari and
Razzaghi, 2011). The surface area of the geopolymer material can be
increased by reducing Si/Al ratio, which is significant for the absorption
process. Geo-polymerization in GC can be improved by the use of crys-
talline Al,O3 which results in reducing the Si/Al ratio in the alkali ac-
tivators (Alomayri, 2019; Duxson et al., 2005; Huang and Han, 2011).
NA does not have any influence on the geo-polymerization process, and
it may be added as Nano-fillers (Phoo-ngernkham et al., 2014; Riahi and
Nazari, 2012). But, Hajimohammadi et al. investigated that the NA was
used as a major ingredient and acted as a catalyst for the geopolymer gel
formation. By enabling the geopolymer gel, NA reacts significantly,
causing the polymer gel to accumulate (Zidi et al., 2019; Nazari and
Riahi, 2013). NA can be used as a filler material and an accelerating
agent for geo-polymerization in FA-based GC. Therefore, it can be
accepted as good NMs by producing denser composites due to its proper
inter-bonding between each particle (Shahrajabian and Behfarnia, 2018;
Chindaprasirt et al., 2012). Due to their high aluminium content, these
NMs can be used to produce GPC with low aluminium base materials
such as RA (Mohseni et al., 2019).

2.3. Nano silica (NS)

The crystalline and amorphous form of NS is widely used to improve
the properties of Portland Cement composites due to more reactive as
well as the pore-filling effect (El-Feky et al., 2022; Abhilash et al., 2021).
Commonly, NS, in its amorphous form, can be used to produce nano
concrete (Yang et al., 2021; Zhang et al., 2012; Okoye et al., 2017). NS
has a specific surface area of 15-25 m?/g, and spherical particles with
150 nm diameter can be produced by vaporizing silica in an electric arc
furnace with a temperature between 1500 and 2000 °C. Due to the
smaller particle size of NS, concrete made with NS provides better me-
chanical and durability properties. Commonly, NS can be used as a
slurry form to avoid health issues due to the inhaling of NMs (Bai et al.,
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2022; Huang et al., 2022).

Due to the above-mentioned advantage of NS in the properties of
cement composites, several researchers carried out investigations on GC
with NS. NS with MK-based GC shows several unsaturated bonds and
different hydroxyl bonding. But, the geo-polymerization process will
enhance when the NS surface is in an active state due to its high free
energy(Gao et al., 2014; Matalkah et al., 2022). Diluted silica increases
the geo-polymerization in GPM by the formation of silicate oligomers in
the GC. Also, it is reported that the geo-polymerization process is
increased in MK-based GC by increasing the concentration of SH solu-
tion as well as the higher specific surface area of NS (Deb et al., 2015,
2016). Due to the amorphous nature of NS, larger surface area and Si-Al
and Si dissolution rates are significant factors in enhancing the
geo-polymerization process in FA-based GC (Adak et al., 2017; Kumar,
2022). NS promotes the formation of C-S-H and N-A-S-H, thus
strengthening the polymerization process in natural pozzolana-based GC
(Alvee et al., 2022; Ibrahim et al., 2018). Therefore, from the above
literature, it is clear that NS can improve the geo-polymerization process
by increasing the amount of geopolymer gel and increasing the disso-
lution rate of silica and alumina. Also, provide good microstructural
properties due to its higher specific surface area.

2.4. Nano-titanium dioxide (NT)

Natural minerals like anatase, rutile, and brookite are the natural
sources of TiO2. The major applications of TiO in drugs, cosmetics, and
paints are due to its low toxicity, low industrial cost, availability, semi-
conductivity, and high chemical stability. NT was produced by a depo-
sition method, microwave-assisted method, hydro solvo thermal, sol-
gel, sono chemical, and oxidation (Taylor et al., 2014; Abdalla et al.,
2022a; Weir et al., 2012). NT enhances the mechanical strength and
electrical properties by filling the pore structure, reducing the drying
shrinkage, and fastening the setting time (Li et al., 2017b; Jiang et al.,
2018). Also, it protects the concrete from pollution (Wang et al., 2022a;
Elia, 2018). Due to its better photo-catalytic effect and more reactive
nature, it is normally used for surface coating, which results in excellent
durability properties (Noorvand et al., 2013; Maury-Ramirez et al.,
2012). The above-mentioned literature clearly shows that there is a
scope for the area in mechanical properties of GC with the addition of
NT.

2.5. Nano-clay (NC)

NC is the Nano filling material with fine-grained and sheet-like
structures. It is also hydrous silicate amorphous, and it is produced by
heating high-purity kaolin at a temperature of 800 °C (Amiri et al., 2022;
Niu et al., 2021; Hakamy et al., 2015). It is the cheapest and most easily
available filling material having a particle size of 50-100 nm. Due to its
surface area, interlayer bonding, and particle size, it can have several
applications in the civil engineering field (Nazir et al., 2016). NC in-
creases the mechanical strength of GPC by reducing the porosity and
improving the microstructural properties (Hakamy et al., 2015; Gadkar
and Subramaniam, 2021; Basiri et al., 2022; Wei and Meyer, 2014;
Hosseini et al., 2017). The addition of NC in a small proportion leads to
the enhancement of mechanical properties in GGBFS-based GPC under a
water-cooled process. Still, the addition of a larger proportion leads to
the reduction of the mechanical strength of GPC by more desiccating and
crack formation in the composite (Assaedi et al., 2016a, 2016b). The
addition of NC in the GPP increases the gel formation and which leads to
the creation of micro dispersion (Chindaprasirt, 2007; Basiri et al.,
2022). Also reported by Assaedi et al. (Ravitheja and Kiran Kumar,
2019; Gadkar and Subramaniam, 2021), the addition of NC in FA-based
GPC increases geo-polymerization by enhancing the silica content and
very fine particles resulting in a denser GC. They also concluded that
amorphous materials play an important role in the formation of gel in
the polymeric medium.
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2.6. Nano-Calcium Carbonate (NCC)

Nano-Calcium Carbonate is commonly employed in cementitious
composites due to the benefits it provides as filler and nucleation.
Because of its excellent efficacy and low cost, NCC is widely used as an
enhancement added to the plastic sector. However, aggregation of NCC
can greatly limit its effects (Assaedi, 2021). According to research,
incorporating NCC in cementitious composites is not damaging to their
mechanical properties. Camiletti et al. (Assaedi et al., 2020; Cao et al.,
2019) found that it has a good synergic influence on early-age strength,
the hydration process, and the durability of cementitious composites.
Therefore, substantial research has been conducted to ascertain the
impact of CaCO3 on cement composites and GC. The CaCO3 was created
in an experimental setup by reacting calcium oxide with carbon dioxide.
NCC particles were produced and incorporated into cementitious com-
posites in various percentages depending on the binder weight (Khalaf
etal., 2021; Chu et al., 2021). According to the findings, increasing NCC
content improves the flexural strength and compressive strength of OPC
composites after 7 days of curing, even though the best additional per-
centage was found as 2%. In contrast to sample specimens, after 28 days
of curing, specimens with the addition of NCC had worse mechanical
characteristics than sample specimens (Yang et al., 2020; Camiletti
et al., 2013). Because NCC functions as a seed for this reaction, this
means that the hydration process was hastened. On the other hand, a
larger quantity of NCC particles may have reduced the filling effect of
the particles due to aggregation effects. If NCC has a positive impact on
concrete qualities, it could be a viable and promising option for
nano-modified concrete applications. However, NCC may be difficult to
disperse in Portland Cement paste and may be harmful to Portland
Cement hydration, especially at late ages, because many additives, such
as coupling agents, were used in the manufacturing process of NCC
powder to achieve compatible performance between NCC and
organic-based materials (Ali et al., 2021; Fu et al., 2022). As a result,
even if some interesting results about the effect of pure NCC powder on
the hydration process of Portland Cement have been reported (Feng
et al., 2021; McDonald et al., 2022), it may be improper to utilize NCC
powder directly in concrete (Qian et al., 2019). The amount of NCC in a
combination depends on its composition, water-to-cementitious ratio,
and flowability.

2.7. Nano Fly Ash (NFA)

FA fillers are obtained from thermal power plants at a cheap rate and
come in micron sizes. Using a planetary ball mill, this micron-sized FA
was reduced to nano size. The micro-level fillers were subjected to sig-
nificant plastic deformation in this ball milling procedure due to the
repetitive compressive pressures coming from the impacts between the
balls and the fillers. Finally, it created fillers with Nano meter-scale
crystallite sizes. The greater particles of fly ash are converted into
smaller Nanoparticles using a ball mill. Impact and attrition is the
working principle behind this cylindrical apparatus. The ball mill uses
50 tungsten carbide balls of weight 8 g each to grind fly ash of quantity
40 g for 240 min. This ball mill setup utilizes fly ash to ball ratio of 1:10.
The raw fly ash having a higher particle size range of up to 827 nm is
obtained from a thermal power plant. The particle sizes are reduced to
73 nm with the help of a locally available ball mill. The purpose of a ball
mill is to make finer particles rather than coarser raw materials. The
compressive strength of geopolymer specimens is higher than that of
control specimens. The Nano fly ash added geopolymer mortar
compressive strength is higher among all the panels. This higher
strength achievement is due to the ability of pore filling leads to dense
microstructure with good bonding nature through its glassy, inert, and
smooth surface of Nano fly ash. The Nano fly ash-based specimen results
in lower water absorption since the Nano fly ash enhances the strength
and durability of the specimen by its pore-filling nature. The Nano fly
ash-based geopolymer panels have a higher amount of energy
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absorption among all panels. This may attribute to higher ductility and
less susceptibility to brittleness (Mudgal et al., 2020; Satheesh Raja and
Manisekar, 2016).

2.8. Nano metakaolin (NMK)

NMK is a derivative of kaolin (Al03-2S5102-2H50). After the dehy-
droxylation at temperatures between 600 °C and 800 °C, most of the
octahedral alumina is converted into more active tetra-coordinated and
penta-coordinated units. When the crystal structure is completely or
partially broken, or the bonds between kaolinite layers are broken,
metakaolin with phase variation is formed. Finally, NMK is obtained by
mechanical grinding. The dehydroxylation process of kaolin and the
structure variation of NMK are very sensitive to the heating temperature
rate, and the exothermic dehydroxylation reaction. The diffraction
peaks of NMK are diffuse and show a transition phase between the
crystalline and amorphous and disordered structure of NMK particles.
NMK exhibited a large thickness aspect ratio. The flake thickness of the
NMK particle was much less than 100 nm, making it a nano-scale ma-
terial (Xie et al., 2020; min Zhan et al., 2020). The shape and surface
texture of NMK is similar to MK. MK has a plate structure, and during the
high-temperature calcination, the tetrahedron and layering of flakes are
diluted to cause the fact surface of NMK to become smoother, and the
higher specific surface area and filling efficiency are obtained. The
calcination temperature of NMK has a great effect on the pozzolanic
activity. Fly ash-based geopolymer mortar incorporated with nano
metakaolin gained about 70-80% of its 28 days compressive strength
after 3 days of ambient curing. The reason for the increase in
compressive strength of fly ash-based geopolymer mortar with different
percentage levels of NMK may be attributed to the contribution of silica
and alumina oxide of NMK in the geopolymerization reaction. It is
observed that there is a significant increase in compressive strength at
the optimal percentage of NMK due to the homogeneous dispersion of
nano-metakaolin leading to the formation of nucleation material for
geopolymerization reaction. This geopolymer reaction results in a more
compact structure(Muhd Norhasri et al., 2016; Hassaan et al., 2015).

2.8.1. Nano-zinc oxide (NZ)

Photocatalytic-based organic pollutants degradation, radiation-
insulating dyes, steel bar corrosion prevention, etc., are some of the
applications of NZ (Mohamed et al., 2019). The remarkable physico-
chemical features of NZ, including as strong photosensitivity, electron
mobility, and chemical stability, have piqued researchers’ curiosity.
Increases in NZ content above a threshold limit of 1.5 percent may have
negative consequences for mechanical characteristics (Zidi et al., 2020).
The nano-ZnO as an additive is related to its capacity to produce
well-compacted geopolymers. The cost is low, and it has a wide range of
applications. It is effective in improving the properties of many poly-
mers. The characteristics that are beneficial for ceramic applications are
the high heat capacity, low thermal expansion, and high melting tem-
perature of ZnO. The synthesis of ZnO nanoparticles by the sol-gel
technique was performed by dissolving 2 g of zinc acetate dehydrate
in 14 ml of methanol under magnetic stirring at room temperature until
a homogenous solution was obtained. The solution was dried rapidly in
an autoclave under supercritical conditions at a heating rate of 50 °C/h.
It has spherical morphology; average particle diameter of 20 nm; spe-
cific surface >40 mz/g; density of 5.6 (20 °C), and pH of 6.5-7.5.
Increasing the percentage of nano-ZnO in the mixes by up to 0.5%
increased the density of the geopolymers. A reverse negative result is
reported at 0.7% of nano-ZnO. This may be attributable to the
agglomeration of nanoparticles, which may result in micro-cracks
development. Geopolymers with nano-ZnO had higher mechanical
strength than normal geopolymers. The compressive strength of com-
posites increased with the increase in the concentration of nano-ZnO up
to 0.5% and then decreased(Arefi and Rezaei-Zarchi, 2012).
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2.9. Graphene Oxide (GO)

A novel material known as GO, a one-atom-thick planar sheet made
of an SP-2 bonded carbon structure, has emerged as a rapidly emerging
star in material research. GO exhibits extraordinarily excellent crystal
and electrical quality (Zaid et al., 2022). GO possesses several unique
features, including a large surface area, surface functionalization, and
superior aqueous solvent dispersibility (Jamnam et al., 2022; Konios
et al, 2014). On their basal planes, GO sheets have diverse
oxygen-containing groups, primarily epoxides and hydroxyls, and car-
boxyls on their edges, which can help GO disperse in water (Lin et al.,
2016). As a result, GO has been regarded as an effective agent for
improving fiber-matrix interfacial characteristics (Chen et al., 2016). It
has been found that a tiny amount of GO (0.01-0.06 percent) can
significantly improve the mechanical strength of concrete (Lin et al.,
2016; Lv et al., 2013; Shi et al., 2022b). GO is a layered NMs made up of
hydrophilic oxygenated graphene sheets with hydroxyl and epoxide
functional groups on the basal planes and carbonyl and carboxyl groups
at the sheet edges (Zhu and Zhang, 2021). The surface area of GO is vast,
and it has good mechanical properties (Ng et al., 2018; Akarsh et al.,
2021). As a result, when compared to CNT-reinforced concrete, GO
displays a higher gain in compressive strength at a lower concentration
(Basquiroto de Souza et al., 2022; Mowlaei et al., 2021; Sheng et al.,
2021; Chintalapudi and Pannem, 2020). The interaction of the GO
sheets with the alkaline solution used to process the geopolymeric
composites yielded highly reduced and cross-linked GO sheets. The
addition of these GO sheets into geopolymers at very low contents
simultaneously improved the mechanical properties and reduced the
overall porosity of geopolymers. The malleable GO sheets and the small
scraps of GO sheets that were moved by the fly ash particles filled the
voids and hollow spaces in the matrix. The incorporation of GO sheets
improved the mechanical properties of the geopolymeric composites as
a result of their 2-dimensional structure and good chemical bonding
with the matrix. (Shi et al., 2022b; Liu et al., 2022a). However, because
of the huge specific surface area of GO, adding it to Portland Cement
paste and concrete can significantly increase viscosity and reduce
workability performance, restricting its use. It is a stumbling block in
enhancing the fluidity and workability of GO-cement slurry (Devi and
Khan, 2020a, 2020b; Yu and Wu, 2020; Habibnejad Korayem et al.,
2020; Sui et al., 2021). The GO-geopolymeric composites can be an
environmentally friendly and economical alternative to Portland
Cement due to their low greenhouse gas emissions and improved me-
chanical properties. The in-situ reduction of GO makes geopolymers
ideal candidates for high-performance and (potentially) self-sensing
structural materials for various applications such as bridges, road-
ways, and smart structures with inherent increased durability due to
their near pore-free morphology (Devi and Khan, 2020a, 2020b; Yu and
Wu, 2020; Habibnejad Korayem et al., 2020; Sui et al., 2021).

2.10. Nano water glass (NGP)

Glasses are substantial waste materials that might be utilized in the
manufacturing of concrete, which would be an environmentally favor-
able technique. Every year, millions of tonnes of glass bottles are dum-
ped all around the world (Moukannaa et al., 2022; Lin et al., 2012; Xiao
et al., 2022). Huseien et al. prepared nano glass powder by cleaning the
glass bottles using normal tap water to remove the contaminants and
crushing them with a crusher machine. The crushed glass was sieved
through 600 mm to separate large glass particles. Subsequently, they
used Los Angeles Abrasion Machine with a 25 kg capacity was utilized to
grind the sieved glass for 3 h to get a medium particle size of 25 mm
using 16 diameters of 40 mm stainless balls. The resultant powder was
heated in an oven at 110 °C (£5) for 60 min and was grinded for 7 h
using a ball mill machine to achieve optimum distribution of nano-
particles. The specific surface area of ternary binder was widened with
the increase in Nano glass powder content in alkaline activated mortars
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matrix as GGBFS replacement. It was concluded that the high specific
area could enhance the water demand and thus lead to reduced work-
ability. The workability of alkaline-activated mortar dropped as the NGP
content increased. The flow diameter decreased from 15.5 ¢cm to 15.3,
14.7,14.2, and 13.5 cm with increasing Nano glass powder content from
0 to 5, 10, 15, and 20%, respectively. The initial setting time and final
setting time increased from 34 min to 51 min and from 52 min to 76 min
with the rise in NGP content from 0% to 20% as GGBFS replacement,
respectively. The compressive strength increased monotonically with
the increase in NGP content from 0 to 5%. The compressive strength
increased from 56.2 MPa to 65.5 MPa with the increase in NGP content
in alkaline activated mortar matrix from 0 to 5%, respectively. However,
the strength reduced to 42.1 MPa when the NGP content increased
beyond 5% and reached 20%. The water absorption decreased with
increasing NGP up to 10%. The water absorption property of
alkaline-activated mortars was greatly influenced by the ratio of NGP
replacing GGBFS (Xiao et al., 2022; Rashad, 2014). It has been estab-
lished that bottle-derived shredded glass scraps, or NGPNGP, may
include significant levels of aluminum and silicon in non-crystalline
form. Glass trash has these qualities, making it a potential pozzolanic
or cement-like substance (Zhang and Yue, 2018). It is important to note
that its utilization may alter the features of the completed items. Before
crushing, discarded bottles made of glass were cleaned with normal
water to eliminate contaminants (Harrison et al., 2020; Hamada et al.,
2022; Bagheri and Moukannaa, 2021). The crushed glass was then
filtered through a 600 pm sieve to remove large glass particles. The
sieved glass was grounded for 3 h in a Los Angeles Abrasion Machine
with 16 stainless balls to obtain 25 pm particles (diameter: 40 mm). To
ensure that the nanoparticles were dispersed effectively, the powder was
preheated in an oven for an hour at a temperature of 110 °C ((+5) and
then grounded for 7 h in the ball mill machine. The method for obtaining
nano-powder or NGP from glass bottles was employed for the production
of concrete (Sun et al., 2022; Bohn et al., 2021).

A survey of the research found that extensive studies had been made
on the impact of different NMs being added or replaced on the charac-
teristics of cementitious material, which prompted investigators to look
into the impact of NMs on the characteristics of geopolymer goods. Fig. 2
shows that 46.3% of the research is devoted to studying the effects of NS,
while 7.2 percent and 4.7 percent are devoted to NA and CNT, respec-
tively. NT and NC were utilized up to 11.4% and 8.5% in different
research works. The remaining NMs receive less than 5% of the reviewed
research. It is worth noting that there’s very little literature on the effects
of NM, NZ, NGP, NCC, NFA, and GO on the properties of geopolymer
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Fig. 2. Contribution of various NM’s to GC preparation.
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products, indicating that there’s a lot more research to be done. Fig. 3
shows the SEM images of different NMs have been used in the GC, and
Table 1 lists the characteristics of NMs used in the previous literature.

3. Effects of nanomaterials on geopolymer composite properties
3.1. Characteristics of fresh concrete

The main fresh concrete properties are workability and setting time.
Some parameters affecting fresh concrete’s properties are source mate-
rials, alkali activators, the molar concentration of NaOH solution, and
the dispersion of particle sizes for the binding and filler materials
(Shahrajabian and Behfarnia, 2018; Abdalla et al., 2022b). The addition
of NMs also can have a greater influence on the fresh concrete properties
due to its finer size. The workability and setting times of geopolymer
products are essential factors that indicate their fresh-state features. It’s
worth noting that, unlike Portland cement, the geopolymer binder lacks
the tri-calcium aluminate, and tri-calcium silicate chemicals can cause
the heat of hydration, resulting in a lack of research on the heat of the
hydration process.

3.1.1. Nano silica (NS)

To improve the qualities of fresh GPP, NS-based activators may be
utilized. Findings revealed that it reduces the viscosity and improves the
workability of concrete (Alvee et al., 2022). It is reported that the
workability of the FA-based GPM increases with an increase in the
percentage of NS (Saini and Vattipalli, 2020; Ahmed et al., 2022a;
Mustakim et al., 2020; Giilsan et al., 2019). Increasing the NS signifi-
cantly is tied to negatively affecting the slump value of the GGBFS-FA
based GC due to its fine particle size, which increases the water de-
mand. Therefore, a suitable water-reducing agent should be utilized to
get to achieve the needed slump value of the GPC carrying NS (Adak
et al., 2017; Isfahani et al., 2016). In the case of MK-based GPC with a
determined solid-to-liquid ratio, NS reduces the setting time by acti-
vating the polymerization process (Zidi et al., 2021). An increase in the
content of SS makes GC more sticky, which is attributed to an increase in
the initial as well as the final setting time of MK-based GC containing NS
content with the increase of SiO5/Nay0 (Gao et al., 2014). Suitable re-
tarders can reduce the rate of the polymerization process without
affecting the strength of the composite. The addition of the mixture of
NS and alumina can reduce the setting time of Class C FA-based GC by
activating the polymerization process. This is because of free calcium
ions present in class C FA; as a result formation of C-S-H gel accelerates

B NS
B NT
Bl NC
B NA
P CNT
I MCNT
B NMK
Nz
B NGP
P NCC
B Go
I NFA
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[Note: NS-Nano Silica; NT-Nano Titania; NC-Nano Clay; NA-Nano Alumina; CNT-Carbon Nano Tube; MCNT- MultiWalled Carbon Nano Tube; NMK-Nano Metakaolin;
NZ-Nano Zinc oxide; NGP-Nano Water Glass; NCC-Nano Calcium Carbonate; GO-Graphene Oxide; NFA-Nano Fly ash].
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the initial and final setting process of the composite (Phoo-ngernkham
et al., 2014; Zidi et al., 2021). Therefore, it can be concluded that the
initial, as well as the final setting time of the GC, is directly dependent on
the source material, solid-to-liquid ratio, and then added NMs.

3.1.2. Nano-alumina (NA)

A few researchers examined the impact of NA on the development of
class F FA-based GC due to its slow setting rate. When compared with
NS, NA has less reduction in the setting time of GC (Zidi et al., 2019).
When the content of NA exceeds 7% by weight of the binder, initial as
well as the final setting times are greatly reduced in the case of high
calcium FA-based GC (Li et al., 2017a). The use of NA does not accel-
erate the polymerization process of GC. Nano Alumina (NA) does in-
fluence the setting time of geopolymer composite. Therefore, NA does
not have any effect on the polymerization process, but it has a direct
effect on the setting time of geopolymer composites (Phoo-ngernkham
et al., 2014; Chindaprasirt et al., 2012; Pardal et al., 2009; Yip et al.,
2005; Garcia-Lodeiro et al., 2011). Therefore, increases in the percent-
age of NMs are directly proportional to the setting of high calcium FA
GC.

3.1.3. Nano titanium dioxide (NT)

The addition of NT decreases the workability of GC without
consideration of base materials. Duan et al. stated that the workability of
FA-based GC decreases with increasing the percentage of NT (Duan
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Fig. 3. SEM image of the Nanomaterials (a) Nano
Alumina (Mohammed et al., 2021); (b) Multiwalled
Carbon Nano Tube (Hamzah et al., 2020); (¢) Nano
Titania (Ahmed et al., 2022a); (d) Carbon Nano Tube
(Unis et al.,, 2022); (e) Nano Calcium Carbonate
(Saxena et al., 2018); (f) Nano Clay (Saxena et al.,
2018); (g) Nano Glass Powder (Shaikh and Supit,
2015); (h) Nano Silica (Taylor et al., 2014); (i) Nano
Zink Oxide (Xie et al.,, 2020); (j) Nano Fly Ash
(Assaedi, 2021); (k) Graphene Oxide (McDonald
et al., 2022); (1) Nano Metakaolin (McDonald et al.,
2022).

etal., 2016). They also examined that the incorporation of NT by 3% and
5% to the GPP reduces workability by 21.86% and 31.12%. Similarly,
the addition of NT to the MK-based GC decreases the setting time of the
matrix also, which may be attributed to accelerating the polymerization
process (Sastry et al., 2021; Guzman-Aponte et al., 2017). Therefore, the
addition of NT accelerates the setting of the composite. Still, on the other
hand, it affects the workability of the whole system, which requires a
high range of water reducer.

3.1.4. Nano-clay (NC)

In a similar way to reducing the workability of the addition of NMs,
the addition of NC also reduces the fresh properties of GC. When
compared with other NMs like NS and NA, NC exhibits less reactivity
with alkali activators and water (Ravitheja and Kiran Kumar, 2019). In
the limited availability of investigation on geopolymer with NC, it may
be concluded that the addition of NMs reduces the initial and final
setting times of GC in a broad sense.

In the case of GPP and GPC, NMs addition reduces the workability,
whereas the workability of GPM increases with the increasing propor-
tion of NMs. NMs addition reduces the setting time of the GC, especially
if the percentage of adding NA exceeds 7%, a great reduction in the
initial as well as the final setting time of GC. There are few research
works that evaluated the different fresh concrete properties of CNT,
MCNT, NCC, NFA, NM, NZ, GO, and NGP added in GC. However, there is
currently an unavailability of details on these NMs’ impacts on the fresh
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Table 1
Characteristics of nanomaterials.
Composite NMs and percentage Particle size Surface area Purity Density Other Properties Ref.
type (%)
GPC CNT (0.01 and 0.02); Length = 10-100 mm, inner Surface area 97 Aspect ratio(%) = 120, Sekkal and
MCNT (0.01, 0.03, 0.05, diameter = 1.5-15 nm, outer (mz/g)>300 Amorphous carbon (%) Zaoui (2022)
0.07, and 0.09%) diameter = 50 nm; Length (pm) = =0, Ash(%) = 3,
1-5, Inner diameter(nm) = 20-30
GPC CNT (2, 5, and 10) Diameter of 20-120 nm Gao et al.
(2015)
GPP MCNT (0.5 and 1) Length (pm) = 10, Inner diameter Surface area >95, Amorphous carbon% = Manzur et al.
(nm) = 10-20 (m2/g) = 3, Ash % = 0.2, (2016)
250-280,
GPM MCNT (0.1, 0.2, 0.3, and Outer diameter (nm) 20-30 Inner 97 Ash (%) 3 Amorphous Zhu et al.
0.4%) diameter (nm) 4, Length (mm) 1-5 (%) 0, Field (%) 800 (2021)
GPC NA (1.0, 2.0, and 3.0%);  Particle size (nm) = 20; particle size 99.7 , Blaine (m?/gr) = 100,; Huang and
NS (2.0, 4.0, 6.0, and =10 nm Si0, = 61.24, AlL,O3 =  Han (2011)
8.0%); NC (2.5, 5.0, and 20.89
7.0%)
GPP NA (1.0, 2.0, and 3.0%) Average size = 50 nm 99.9% Density = Mohammed
0.4-0.5 g/cm?, et al. (2021)
GPP NA (1.0, 2.0, and 3.0%) Particle size = 80 nm, Specific 99.9% density =1.6 g/  Appearance- White Li et al.
surface>10 m?/ cm® powder (2017a)
g
GPC NS (6) Particle size = 4-16 nm, BET specific 99.8 density (g/cms) Viscosity (Pa.S) = 8.5, Huang et al.
area = 50 m%/g, =237, pH = 9.0-9.6, Solid (2022)
content (% Wt.) = 31
GPC NS (1.0, 2.5, 5.0, and Particle size = 35 nm,; particle size Specific surface Bulk density = pH = 9.5, 99.8% SiOy; Wang et al.
7.5%) = 50-70 nm area = 80 m%/g, 1.4 g/em® Solid content = 50%, (2019)
GPC NS (0.5, 1.0, and 1.5%) Particle size = 12 nm Surface area = 99.8, Bulk density = PH in 4%, dispersion = Li et al. (2012)
200 + 25 m?/g 1.4 g/cm® 3.4-4.7
GPC NS (1.0, 2.0, and 3.0%) Average size = 12 nm Surface area 99.8, Bulk density = pH = 9.5 Viscosity Wang et al.
(m?/g) = 200 1.4 g/em®, (cps) = 15 (2022b)
GPP NS (0.5, 1.0, and 2.0%) Particle size = 10 nm , surface area = 99.9%, Compacted phase = non-crystal, Azeem et al.
670 m%/g density = 0.14 Appearance- white (2021)
g/cm® powder
GPC NT (1.0, 2.0, 3.0, 4.0, Grain size (20-10 pm) titanium and 40.55% Weir et al.
and 5.0%) oxygen (2012)
GPP NT (0.5 and 1.0%) Particle size = 21 nm Anatase/Rutile = 80:20  Ahmed et al.
(2022a)
GPC NFA (10%) Through the ball milling Assaedi (2021)
process
GPC NM (2.0, 4.0, 6.0, and Particle size = 88.7 nm Surface area Li et al. (2021)
8.0%) (m*/g) =
140.792
GPC NZ (0.3, 0.5, and 0.7%) Through sol-gel Sastry et al.
techniques (2021)
GPC GO (0.0, 0.1, 0.35 and Hydrophilic and oxygenated 1.1 nm, >90% Rovnanik et al.
0.5%) thick pristine GO sheets,0.5-5 pm. (2016)
GPC NCC (1, 2 and 3%) Particle size-15-40(nm), >97.5 Bulk Density (g§/  pH 8.0-9.0, Moisture Alomayri
ml) 0.68 Content (w%) 0.5, (2019)
Morphology: Cubic
GPM NGP (5,10,15 and 20%) The particle size of 25 pm. Los Angeles Abrasion Bayiha et al.
Machine method (2019)

qualities of geopolymer materials in the literature. As a result, there is a
large gap in the study on the impact of CNT, MCNT, NCC, NFA, NM, NZ,
GO, and NGP on the fresh concrete composite properties of geopolymer-
based products. Fig. 4 shows the fresh concrete properties of NMs-
embedded GC mixes.

3.2. Mechanical properties of hardened concrete

The mechanical performance of concrete is related to the packing
density and microstructure. In the previous part, it is explained that the
addition of different NMs notably affects the microstructure of the ma-
trix. This section reveals the influence of different NMs on the hardened
performance of GC is explained. The packing density and microstructure
of the mix are the key factors that influence mechanical properties such
as compressive strength, tensile strength, flexural strength, and modulus
of elasticity (Mathews et al., 2021; Thanaraj et al., 2020).

3.2.1. Nano-silica (NS)
The addition of NS in high calcium FA GPP shows some improvement

in compressive strength and flexural strength under ambient curing
conditions (Deb et al., 2015; Wang et al., 2019; Kiran Kumar and Gopala
Krishna Sastry, 2017). The authors explained that the impact of the
incorporation of 2% NS in the GC at the age of 90 days exhibits 51.8 MPa
and 5.98 MPa of compressive strength and flexural strength, respec-
tively, which is 32% and 38% more than those of the specimen without
NS. This is because of the generation of polymer gel due to the reaction
of calcium with NS. They further reported that the excessive NMs
dispersed the ingredients, which resulted in a less dense structure
(Prakasam et al., 2020). Therefore, the mechanical strength gets reduced
when the proportion of the NS is increased by 3% (Giilsan et al., 2019).
Deb et al. (2015) published a similar study on FA GPM with NS. They
also reported similar results. Due to the unreacted particles, 2% gives
better results than 3% of NS in the GC. A similar pattern was shown in
the case of Portland cement, and GGBFS blended GC with NS. Gao et al.
(2013) examined the impact of the incorporation of 1% of NS with
different solid-to-liquid ratios in the MK-based GC. The study indicated
an increase in mechanical strength and bulk density. When the pro-
portion of NS exceeds 1%, strength gets starts to reduce due to the
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Fig. 4. (a) Initial setting time of geopolymer composite; (b) Final setting time of geopolymer composite; (c) Slump of geopolymer composite.

leaching of excess NMs. But, according to Gao et al., the addition of 2%
NS to alkali activators GGBFS-FA concrete was found to be the optimum
content (Gao et al., 2015).

Concrete that contains 2% of NS has higher strength than the spec-
imens with other percentages of NMs due to its pore-filling effect. Adak
et al. (2014) studied the impact of colloidal NS on the structural prop-
erties of FA-GPC, and they reported that the addition of 6% colloidal NS
made the mix homogeneous by increasing the Si/Al ratio. As a result, the
formation of a substantial improvement in the bond and flexural
strength by the powerful transition zone between geopolymer mixtures
and aggregates. Wang et al. (2019) examined the effect of NS (0.5-3%)
in GGBFS-GPP, and they concluded that the NS content beyond 2% does
not provide any strength to the matrix, but it decreases the strength.
Therefore, it can be concluded that most of the researchers found the
optimal percentage of 2% of NS to provide better strength than the other
percentages. This may be due to the performance of NS for the accel-
erated geo-polymerization and its pore-filling capacity(Mustakim et al.,
2020; Revathi et al., 2018; Rodriguez et al., 2013; Cevik et al., 2018;
Ekinci et al., 2019); (Mustakim et al., 2020; Revathi et al., 2018;
Rodriguez et al., 2013; Cevik et al., 2018; Ekinci et al., 2019).

3.2.2. Nano-alumina (NA)

The combination of NA and NS improves the strength of class F-based
GC (Phoo-ngernkham et al., 2014). The main reason for the higher
strength is due to the formation of the extra amount of C-A-S-H and
N-A-S-H gels in the GC. Shahrajabian and Behfarnia (Chindaprasirt
et al., 2012) studied the effect of NA on the GGBFS-based GC, and they
reported that the maximum compressive strength was attained with 2%
of NA with different curing periods due to the denser geopolymer gel
formation and micro dispersion. Also, it was reported that the strength
gets reduced with an increase in the percentage of NA content by 3% due
to the mass deposition of NMs, which leads to the matrix becoming
heterogeneous. The mechanical strength of GPP containing NA was
studied by Thamer Alomayri (2019), and he reported that the maximum
strength was obtained at a percentage of 2% of NMs, which is due to the
acceleration of polymerization reaction by the NA. Beyond this per-
centage, a reduction in strength was noticed due to the unreacted NMs.
NS and NA also exhibited a similar pattern with an optimal percentage of

2%, and the extra percentage of NMs was found to affect the strength
due to the agglomeration effect.

3.2.3. Nano titanium dioxide (NT)

Duan et al. (2016) studied the fluidized bed FA-based GC with the
addition of NT 1%, 3%, and 5%. An increase in the percentage of NT
accelerated the polymerization process and increased the compressive
strength at an early age as well as at a later age. Yang et al. (2015)
studied the mechanical properties of GGBFS-based GPP with 0.5% of NT.
The compressive strength was found to increase by 10%, 15%, and 9%,
while flexural strength was increased by 25%, 25%, and 38% at corre-
sponding curing periods of 3, 7, and 28 days.

3.2.4. Carbon nanotubes (CNT)

As explained in the fresh concrete properties of GC incorporated with
CNT, Abbasi et al. (2016) reported that adding 0.5% MCNT in the
MK-based GC increases mechanical strength. Rather, 1% of MCNT
addition leads to an agglomeration effect which reduces the strength of
GGBFS-based GC (Li et al., 2021; Su et al., 2020). Rovnanik et al.
(Rovnanik et al., 2016) reported that a 0.15% percentage of MCNT was
optimal in the case of FA-based GC. However, it has been explained that
CNTs in limited amounts (up to 0.5%) can be utilized to enhance the
hardened performance of GC. At the same time, greater concentrations
of CNT might cause agglomeration, which can be detrimental (Naskar
and Kumar, 2016; Abbasi et al., 2016; Khater and Abd El Gawaad, 2016;
Jittabut and Horpibulsuk, 2019; Saafi et al., 2013). Luz et al. (da Luz
et al., 2019) investigated the mechanical, rheological, and microstruc-
tural properties of MK-based GPP with pristine and functionalized CNT.
When 0.1 percent CNT was introduced to the GPP when relative to the
standard GPP, the density of macropores was decreased by 19%, which
could describe the improved hardened properties. The drop in
compressive strength and flexural strength with 0.2 percent CNT addi-
tion, on the other hand, can be interpreted as an increase in total
porosity (+13%) because of a possible improvement in CNT group
development.

3.2.5. Nanoclay (NC)
Assaedi et al. (2016a) investigated FA-based GC with NC, and they
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reported that the optimal amount to be added to obtain maximum me-
chanical properties is 2%. Shahrajabian and Behfarnia (2018) studied
the effects of the addition of NC with a different percentage in
GGBFS-based alkali-activated concrete. The results showed that a con-
crete mix containing 1% NC diminishes compressive strength at 7 and 28
days, but the strength was higher at later ages. However, the addition of
2 and 3 percent NC increased compressive strength at each curing
period, with the addition of 2% NC being shown to be the optimal
percent. Based on the available literature, it can be concluded that using
a small amount of NC to improve the mechanical performance of GC
may be beneficial (Kotop et al., 2021; Ravitheja and Kiran Kumar, 2019;
Assaedi et al., 2016b; Joshi et al., 2015). However, various waste ma-
terials that are high content of AS could be used to determine the best
dose of NC to use with diverse materials.

3.2.6. Nano Calcium Carbonate (NCC)

Assaedi (2021) investigated the compressive strength and flexural
strength of GC with NCC particles at 1, 2, and 3%. These findings show
that adding NCC particles to materials does not considerably improve
their compressive strength. The compressive strength of GC consisting of
1 and 3% NCC is 33% greater than that of the standard geopolymer,
which contains no NMs. But, as compared to the control geopolymer, the
sample containing 2.0 wt percent NMs had a compressive strength in-
crease of roughly 14 percent; this was lower than the GC consisting of
1.0 and 3.0 wt percent. A less compact microstructure or an uneven
distribution of fibers across the mixture may be to blame for this.
Comparing this specimen to those with 1 and 3 wt percent NMs,
non-uniformity may lead to poor distribution and clustering, lowering
the packing effect and pozzolanic reaction of the NMs. The increment
could be attributable to the NCC components’ packing effect, which
helps to consolidate and increase the density of the GC matrix.
Furthermore, when exposed to alkali activators, the NCC particles may
partially react, generating a C-S-H gel in addition to the main geo-
polymer binder (sodium silicate aluminium hydrate, N-A-S-H) within
the matrix. A similar trend was seen by Shaikh and Supit (2015) and
Bayiha et al. (2019), who found that introducing varying amounts of
calcium compounds boosted the enlarging strength of thermal halloysite
clay and FA geopolymer. When the NCC component was increased from
1.0 to 2.0 percent, the flexural strength of GC increased dramatically,
with a less proportionate rise when 3.0 percent was added. The flexural
strength of the pure geopolymer, are those including 1.0, 2.0, and 3.0 wt
percent NCC particles and which consisting of 1.0, 2.0, and 3.0 wt
percent NCC particles were 2.59, 4.76, 9.08, and 7.96 MPa, respectively.
The sample containing 2.0 percent NCC particles showed the greatest
improvement in strength (9.08 MPa). Better adhesion or contact be-
tween the NCC nanoparticles and the fibers may have contributed to the
higher flexural strength by providing more density. However, the
combined action of fibers and NMs is responsible for this improvement;
employing both provided better workability, lesser micro gaps or
micro-cracks, and a homogenous dissipation in the geopolymer mixture
(Abdalla et al., 2022a). In summary, both additives contributed to the
sample’s composition being densified and strengthened. The researchers
discovered that the lack of flowability or non-uniformity of the fibers
inside the material, which would permit trapped air to be trapped in the
mixture and poor strength, was the cause of the poor strength in spec-
imens with more than 2.0 wt percent of NCC.

3.2.7. Nano Fly ash (NF)

Rajendran and Akasi (2020) studied the performance of Crumb
Rubber and NFA Based Ferro-geopolymer panels under impact load. In
comparison to control specimens, GP specimens had a higher compres-
sive strength. GGBFS-based GPM has a higher compressive strength than
FA-based GPM, which is 17 percent higher. The presence of CaO, a more
compacted structure from N-A-S-H and C-S-H gel formation, and the 3D
AS structure from the polycondensation process are the key reasons for
the increased strength. The addition of rubber to the mix reduces
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compressive strength by 5%, which is offset by the addition of NFA to
the mix. The compressive strength of the NFA-infused GPM is 35 MPa,
which is the highest of all the panels. This increased strength is due to
NFA’s capacity to fill pore spaces, resulting in a dense microstructure
with good bonding properties due to its glassy, inert, and smooth surface
(Mudgal et al., 2020; M and Bharathi, 2022).

3.2.8. Nano metakaolin (NMK)

M. Kaur et al. (2018) studied the microstructure and strength
development of FA-based GPM with the addition of NMK. According to
studies, a 4 percent replacement level of NMK in FA-based GPM resulted
in a considerable increase in compressive strength. After 28 days of
ambient curing, the percentage change in compressive strength for the
mixes containing 2%, 4%, 6%, 8%, and 10% of NMK w 9.27, 22.66, 9.55,
4.32, and —1.27, respectively. After three days of ambient curing, an
FA-based GPM incorporating NMK regained roughly 70-80% of its
28-day compressive strength. The involvement of silica and alumina
oxide of NMK in the polymerization reaction may be the explanation for
the improvement in compressive strength of FA-based GPM with varying
percentage levels of NMK. Because of the homogenous dispersion of
NMK, which leads to the development of nucleation material for the
polymerization reaction, there is a considerable increase in compressive
strength at 4 percent NMK. The result of this geopolymer reaction is a
more compact structure (Hassaan et al., 2015).

3.2.9. Nano-zinc oxide (NZ)

Zidi et al. (2020) studied the impact of NZ on the hardened perfor-
mance of concrete of GC. Compressive strength tests were conducted to
investigate the mechanical properties of GPM with various NZ levels
(0.3-0.7%). Pure geopolymer demonstrated lower mechanical strength
than geopolymer with NZ added. The compressive strength of compos-
ites improves with increasing NZ concentrations and then declines.
When the dosage of NZ was 0.5 percent, it attained the maximum
compressive strength (38 MPa). This is due to the NZ particles’ inter-
facial adherence to the geopolymer, which reduces the interfacial
transition zone (ITZ) (Sarkar et al., 2018). An investigation found by
Rustan et al. (Rustan and Irhamsyah, 2017) when the NZ dose was 0.7
percent, the compressive strength was reduced due to the agglomeration
of NMs that weren’t evenly distributed. In this research, the addition of
0.3% NZ provided an increase in compressive strength of about 16%. In
the current investigation, the addition of 0.5 percent NZ boosted
compressive strength by 26%.

3.2.10. Graphene Oxide (GO)

Bellum et al. (2020) examined the properties enhancement of
FA-GGBFS based GO GPC. They added 1, 2, 3, and 4 percent of GO to the
composite to enhance the properties of geopolymer. With the inclusion
of GO, the strength of GPC is enhanced at both younger and older ages.
The continual strength development of the GO-based mixtures was
visible over time from the date of ambient curing. The physical and
chemical connection of GO and geopolymer matrixes determines the
compressive strength of GO-based GPC samples. Additionally, the
addition of GO to GPC creates a denser structure that serves as a me-
chanical filler material, improving compressive strength at an initial
stage (Saafi et al., 2015). The experimental findings showed that adding
a small amount of GO to GPC boosted compressive strength significantly
at all curing ages. A 3% increase in GO, on the other hand, has been
demonstrated to outperform all previous levels. Because of the larger
surfaces and irregular forms of GO nanosheets, higher strengths were
achieved. Due to this shape, the connection technique inside the geo-
polymer matrices has been enhanced. In comparison to the 3 percent
GO-based GPC mix series, the addition of 4 percent GO resulted in a drop
in compressive strength values. Due to the substantial porous structure
and hydrophilic nature of GO, aggregation of GO nanosheets in the GPC
resulted in a decrease in compressive strength with increased GO con-
tent. With the rise in reaction time, it was found that GO’s
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extraordinarily large specific surface region, thicker morphology, and
lesser amorphous degree play a crucial role in enhancing strength
attainment(Li et al., 2022a). The addition of GO connective to the extra
polymer gel generation is responsible for the increased strength. The
addition of a small amount of GO, on the other hand, had a greater
impact on the ME values of FA - GGBFS based GPC, with the best results
achieved at a 3% GO addition(Krishna et al., 2021).

3.2.11. Nano glass powder (NGP)

The effects of NGP on the hardened and durability qualities of GGBFS
GPM were examined in an experimental research study. They discovered
that adding NGP to the GPM improves the tensile strength at a dose of
5%, and thereafter it was reduced. As an illustrative example, when such
NGP percentage was raised from 0% to 5%, tensile strength was greatly
improved (22.2%). The better hydration abilities of nanopowder, which
is present in the morphology of the GPM, may be the cause of the rise in
tensile strength. While the tensile strength of the GPM was modestly
(5.55 percent) enhanced at 10% NGP for the standard specimens,
increasing at 15 and 20 percent NGP concentrations caused a 19.4
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percent and a 22.2 percent drop in the splitting tensile strength of the
GPM (Hamzah et al., 2020). The addition of NGP to the GPM enhances
the flexural strength at a 5% NGP dosage, but then the flexural strength
declines. For example, as NGP concentration grew from 0% to 5%,
flexural strength greatly improved (14%). The improvement in flexural
strength could be attributed to the addition of nanopowder, which has
better hydration properties, to the morphology. While the flexural
strength of the GM was the same as the control samples at 10% NGP,
increasing the NGP dose caused the flexural strength of the GPM to drop
to 9.5 percent and 15.6 percent at 15 and 20 percent NGP contents
(Samadi et al., 2020; Huseien et al., 2020). This can be a result of rising
water requirements. Due to this, the hydration process was negatively
affected.

Furthermore, laboratory experiments have demonstrated the impact
of various NGP doses (0, 5, 10, 15, and 20 percent) on the hardened and
microstructural features of GGBFS GPM. They found that the modulus of
elasticity improved from 5% of NGP to 15.4 GPa, but then declined from
10% of NGP to 14.4 GPa, relative to the NGP standard specimen, which
had a modulus of elasticity of 14.1 GPa. At 15-20 percent NGP, the
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modulus of elasticity of the GGBFS-based GPM reduced from 13.8 to
13.6 GPa (Derinpinar et al., 2022). Huseien et al. (2020) reported
similar results. The decreased calcium content of GGBFS-based GPM
having less than 10% NGP was blamed for the lower modulus of elas-
ticity. From Fig. 5, it is clear that the addition of NMs enhances the
overall mechanical characteristics.

3.3. Durability properties

3.3.1. Nano-silica (NS)

According to Gao et al. (2015), adding NS in the 1 to 3 percent to
GGBFS blended FA-based GPC decreases the porosity. When compared
to the control mix, the porosity of the 2% NS mixture decreased by
26.4%. Porosity increased marginally with a larger NS content which is
to the reduction in workability and, as a result, an increase in air
molecule, which resulted in the previous. Deb et al. (2016) studied the
resistance towards acid and sorptivity of GC with 0 and 2 percent of NS.
According to the authors, a reduction in sorptivity was caused by two
factors: first, the inclusion of NS densified the microstructure, and sec-
ond, the production of extra AS gels as a result of the polymerization
reaction. Furthermore, the addition of NS to GC boosted resistance to
mass loss owing to sulfate assault(Cevik et al., 2018). Water absorption
and Rapid chloride penetration tests were conducted with different NS
content and different molar concentration. The results show that in-
crease in the concentration of SH correspondingly, the charge passed
through each GPM get decreased, and the addition of 6% NS showed the
highest resistance to charge transmitted. The existence of more crys-
talline components in NS increased the durability properties(Ekinci
et al., 2019).

The results of the water absorption test showed a similar pattern.
Meanwhile, the scientists claim that the RCPT test, which measures
moisture content, is not appropriate for geopolymer-based goods
because it primarily assesses ionic activity through concrete samples
subjected to a greater potential variation of 60 V. However, the situation
of GPC specimens with a larger coefficient of diffusion at 60 V, due to
GPC’s higher conductivity than ordinary Portland cement concretes,
RCPT experiments may provide inaccurate flow rate. The provided
induced voltage heats the test cubes in RCPT, increasing the open crack
fluid’s conductivity and affecting the flow rate (Shi, 2004). But, as
Noushini and Castel (2018) noted in their study, the RCPT test may be
successfully done on GPC at a lower cell potential of 10 V. Based on the
findings of the previous studies, As a result of the formation of additional
AS gel and the filling of micro-pores during the polymerization process,
it has been suggested that incorporating NS in a definite proportion can
densify the morphology of geopolymer, which reduces sorptivity and
improves durability.

3.3.2. Nano Titanium dioxide (NT)

Carbonation is an essential characteristic of concrete that determines
its long-term durability. According to Duan et al. (2016), the addition of
NT in GPC reduces carbonation depth. In comparison to the reference
mix, geopolymer mixes including NT were shown to have decreased
carbonation depth, especially mixes containing 5% NT. This was
attributed to the microstructure densification caused by the addition of
NT, which resulted in greater resistance to carbonation depth. According
to Yang et al. (2015), adding 0.5 percent NT in GC lowered the porosity
of pore size 1.25-25 nm, further enhancing the pore size dispersion.
Based on the findings, it can be concluded that the addition of NT to the
geopolymer matrix can plug nano-pores in the composite, resulting in
higher resistance to carbonation attack and, as a result, improved geo-
polymer durability (Ambikakumari Sanalkumar and Yang, 2021).

3.3.3. Carbon nanotubes (CNT)

Khater and Gawaad (Khater and Abd El Gawaad, 2016) used MCNT
in the proportions of 0.1%, 0.2%, 0.3%, and 0.4% to investigate the
water absorption of GC at 7, 28, and 90 days. The findings showed that
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water retention for each GC substantially decreased with increasing
curing period. The quantity of water retention was decreased as a result
of the condensation of three-dimensional geopolymer complexes in the
gaps of the mixture, which resulted in the microstructure’s densifica-
tion. Water absorption was lowest at 0.1 percent MCNT, but as the
amount of MCNT added increased, the amount of water absorption also
increased. When higher doses of MCNT were introduced, the geo-
polymer network system didn’t form as quickly, which caused an in-
crease in water absorption, resulting in agglomeration and an increase in
void content. It has been concluded that adding MCNT to a product does
not considerably improve its durability, but if used in higher amounts
than 0.1 percent, it can cause agglomeration, which can increase
micro-voids and compromise the product’s longevity (Khater and
El-Nagar, 2020). The authors reported that more research is needed to
determine the optimal dose of MCNTs when using various types of AS
source materials.

3.3.4. Nano clay (NC)

Assaedi et al. (2016a) investigated the impact of three different NC
content levels (1%, 2%, and 3%) on the geopolymer nanocomposite’s
permeability and moisture absorption. For each percentage, NC addition
improved the durability performance by reducing porosity and water
absorption. Comparatively to a standard geopolymer mixture, the op-
timum proportion of NC was found to be 2%. GC, with the addition of
2% of NC, reduced porosity and water absorption by 7.1% and 17%,
respectively. With the incorporation of the same variant of NC as noted
in Shahrajabian and Behfarnia (2018) to determine how
freezing-thawing cycles affect mass and compressive strength. They
found that as the number of freezing and thawing cycles increased, the
compressive strength of each combination decreased. The compressive
strength loss was found to be the minimum in the mix containing 2% NC.
The mixes containing NC that had been frozen and thawed, on the other
hand, had higher compressive strength than the control concrete. Den-
sity in NC mixtures was observed to decrease associated with revealed
freezing-thawing phases. The damage to the edges of the samples was
determined to be the primary cause of mass loss in the concrete mix-
tures. In the case of mass loss and compressive strength, the 2% NC mix
outperformed the other mixes in the freezing-thawing test (Gadkar and
Subramaniam, 2021). It can be concluded from the aforementioned
experiments that a small amount of NC (up to 2%) improves micro-
structure, reduces porosity, and reduces water absorption, therefore
enhancing freezing and thawing resistance and hence improving
durability.

3.3.5. Nano Fly ash (NF)

Rajendran and Akasi (2020) studied the addition of NFA to the
durability properties of Ferro-geopolymer panels. Because NFA boosts
the strength and durability of the specimen due to its pore-filling nature,
the absorption of the NFA-based specimen is reduced.

3.3.6. Nano-zinc oxide (NZ)

As opposed to the aforementioned findings, Zidi et al. (2020) found
that adding NZ to A lot of small gaps increased. In contrast, the per-
centage of bigger gaps decreased as a result of the varied ways that
geopolymer slurry mixtures affected the geopolymer pores distribution.
This outcome is the result of the nature of NMs moisture absorbing
properties.

3.3.7. Graphene Oxide (GO)

The electrical conductivity of the GPC was measured over around 6 h
during the experiment. It was discovered that GO incorporated FA
GGBFS mixed GPC mixes have chloride ion penetration. Increasing the
GO concentration in FA-based GGBFS GPC was discovered to provide the
best resistance to chloride ion permeability. Permeability is poor in the
mix with 3 percent GO, which could be ascribed to the higher GO con-
tent. On the other hand, the control mix falls into the high chloride ion-
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permeable class, which, with a 3 percent rise in GO incorporation,
enhanced resistance towards chloride ion penetration. However, the mix
containing 30% GGBFS, 70% FA, and 3% GO had lower chloride ion
penetration than the other mixes. This means that even a modest amount
of GO has a greater impact on chloride ion permeability protection. It
seems related to a skillful enhancement of GPC’s microspores. The
exceptional resistance of GO-modified GPC specimens to chloride ion
permeability was discovered by a fast chloride permeability test. The
chloride ion permeability was found to be much lower in GO-based
mixtures (3%) than in the other mixes (Saafi et al., 2015).

3.3.8. Nano glass powder (NGP)

Huseien et al. (2020) and Samadi et al. (2020) investigated the ef-
fects of NGP on the mechanical and durability parameters of blended
FA/GGBFS-based GPM in the laboratory experimentally. They discov-
ered that up to 10% of NGP doses reduced water absorption, which then
increased. In comparison to control GPM mixtures, the bulk density of
GPM was decreased by 12.66 and 5.79 percent, respectively, at 5 and 10
percent NGP additions, even as it enhanced by 1.96 and 5 percent, in
both, at 15 and 20 percent NGP inclusions, comparison with the control
samples. It resulted from the polymer gel becoming denser up to 10% of
NGP dosages, increasing strength while lowering moisture absorption.
More pores were filled in the newly constructed C-S-H (Hamzah et al.,
2020). More porosity is obtained in the GPM mixtures when NGP dos-
ages are more than 10%.

The majority of research has focused on how NA is microstructurally
structured and how it affects the hardened characteristics of paste and
concrete. Only very few studies related to other NMs, like NS, NC, and
NT, on the durability of GC are available in the literature. In the case of
NA-added GC, there is a gap in the literature on investigations related to
durability properties. Therefore, there is a significant gap in the area of
durability properties of NA, NCC and NM-added GC. Fig. 6 shows the
Percentage of research contribution to different durability studies.

3.3.8.1. Shrinkage of geopolymers with nanomaterials. Ugheoko et al.
(UGHEOKE et al., 2006) studied the shrinkage of the geopolymer with
MCNT. The drying shrinkage measurements were done on geopolymer
mortar samples produced with different MCNT ratios which were cured
for 28 and 90 days. Shrinkage decreased with longer hydration times
and with MCNT up to 0.1%. A substantial drying shrinkage implies that
the mixture might absorb much water, showing fine mixture particles.
This indicates the plasticity of the mixture to some extent. Higher
shrinkage values, particularly in the control mix, show that most total
drying and autogenous shrinkage occur in the early ages. This is due to
the lower degree of polymerization and formation of zeolite structures
with higher water content, which is highlighted by XRD data. These
zeolite structures absorb a lot of water content and raise shrinkage
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Fig. 6. Percentage of research contribution to different durability studies.
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Alkaline environments.].
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values. However, doping with MCNT reduces shrinkage significantly,
down to 0.1%, and MCNTs achieve this by increasing the nucleation
sites and the amount of C-S-H gel that is formed. This results in high
hardness, improved pore structures, control over nanoscale cracks, and a
decrease in autogenous shrinkage of the geopolymer composites (Han
et al., 2011; Parveen et al., 2013). The acceleration effect of nanotubes
causes the formation of more compact geopolymer structures with low
shrinkage values; however, an increase in the MCNT content causes
agglomeration and bundling despite sonicated dispersion, which can
contribute to an increase in the shrinkage data but still leave a signifi-
cant difference between control mix and geopolymer mixes containing
MCNTSs (Chen et al., 2011). After 28 days, the drying shrinkage values
for composites produced with 0.1, 0.2, and 0.4% MCTs decreased to
around 92, 88, and 74%, respectively (Al-Shether et al., 2016).

There is a trend toward identical drying shrinkage of geopolymer
paste specimens both before and after the inclusion of NT particles. It is
clear that the reference specimen, particularly the specimen with 5%
TiO4 incorporation, has a larger shrinkage value than specimens con-
taining NT particles. For 1% TiO; integrated specimens, the shrinkage-
decreasing effect of TiO5 addition can be seen clearly after 5 days.
However, for 3% and 5% TiO; incorporated specimens, the effect can be
noticed after 2 days. The drying shrinkage of cementitious materials
may be caused by a bigger volume of mesopores, which increases the
capillary stress caused by the water meniscus formed in the paste’s
capillary pores and generates a higher level of drying shrinkage (Tri-
wulan et al., 2017).

As can be seen, the reference group and TiO; group shrank to around
1400 microstrain and 1650 microstrain, respectively, at 90 days after
curing at a relative humidity of 90 + 5%. The alkali-activated slag paste
in both groups exhibited a considerable drying shrinkage from the
beginning of curing until 90 days, when the relative humidity of curing
was 55 + 5%. At 90 days, the reference group and the TiO5 group both
experienced drying shrinkage that reached 6400 microstrains and 5080
microstrains, respectively. When TiO, was added to alkali-activated slag
paste, it was found to reduce shrinkage under both curing conditions.
When the curing relative humidity was chosen to be 90 + 5% and 55 +
5%, respectively, the reduction in shrinkage of the TiO5 group at 90 days
was measured to be 18% and 27%, in comparison to that of the reference
group. When the curing relative humidity was 90 + 5 percent, it was
discovered that 83-84% of the shrinkage occurred within 7 days and
95-98% by 28 days.

The curves of both alkali-activated slag paste groups tend to level off
after 28 days. Only 67-70% of the shrinkage occurred within 7 days and
89-93% during 28 days at a curing relative humidity of 55 + 5%. No
matter whether NT is used or not, it is clear that the drying process of
alkali-activated slag paste at 55 + 5% relative humidity lasts much
longer than under 90 + 5% relative humidity. These findings show that
the addition of 0.5% NT increased the mechanical strength of alkali-
activated slag paste and reduced shrinkage under 20 °C. According to
literature data (Yang et al., 2015; Baghabra Al-Amoudi et al., 2009), the
main variables influencing the shrinkage in Portland Cement and
alkali-activated slag paste are the pore size distribution and features of
hydration products.

4. Microstructure of geopolymer composites

As previously stated, microstructure enhancement is the funda-
mental mechanism for increasing the properties of geopolymer with
various NMs. The incorporation of NMs in the polymerization process
and nanofiller capacity significantly enhances the bonding interface and
permeability of the material. Microscopic examination is commonly
employed to study the evolution of microstructure in geopolymer. The
density and porosity of the structure are directly proportional to the
mechanical and durability performance of the composites, which are
additionally impacted by the GC’s morphology (Shilar et al., 2022; Fu
et al., 2021).
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Geopolymer materials with reduced porosity, increased density, and
a condensed microstructure generally have greater strength qualities
(Ahmed et al., 2022b; Li et al., 2022b). Researchers employed different
equipment and procedures to examine distinct microstructural charac-
teristics of GC such as Scanning Electron Microscope (SEM) (Akbari
et al., 2022), Fourier Transform Infrared (FTIR) Spectroscopy (Kamb-
ham et al., 2019; Witkowski and Koniorczyk, 2018), X-ray Diffraction
(XRD) (Arivumangai et al., 2020; Bahoria et al., 2018), Thermogravi-
metric Analyzer (TGA) (Aguirre-Guerrero and Mejia de Gutiérrez,
2018), Mercury Intrusion Porosimetry (MIP) (Han et al., 2022; Chen
et al., 2021), X-ray fluorescence (XRF) (Wang et al., 2022b), Derivative
Thermograms (DTG) (Charpentier et al., 2022), Transmission Electron
Microscope (TEM) (Ghods et al., 2013), Field Emission Scan Electron
Microscopy (FESEM) (Kambham et al., 2019), dispersive energy X-ray
(EDX) (Quackatz et al., 2022; Wilson et al., 2017; Bazan et al., 2018) and
Differential Scanning Calorimeter (DSC) (Li et al., 2017c). The voids and
porosity percent inside the composites are intimately related to the base
materials’ physical, mechanical, and durability qualities. Generally,
geopolymer specimens with lower porosity, higher density, and a dense
microstructure have better strength (Kamseu et al., 2021; Nana et al.,
2021; Nouping Fekoua et al., 2021). This section details the SEM, FTIR,
XRD, TGA, and MIP experiments conducted for GC.

4.1. Scanning Electron Microscope (SEM) of geopolymer composite

SEM is an effective tool for examining organic and inorganic mate-
rials that range in size from nanometers to micrometers (pm) which
produces exceptionally accurate pictures of a wide range of materials
with a high magnification of up to 300,000x (Nohl et al., 2022; Liu et al.,
2022b). In the case of NMs based GC, SEM was utilized to evaluate the
impact of NMs on the microstructural improvement of the GC over time
by obtaining high-resolution pictures.

4.1.1. Nano-silica (NS)

Gao et al. (2014) looked into how the curing period affected the
morphology of a nano-silica mixed MK-based geopolymer with a 1.50
Si02/Nay0 ratio. They discovered that unreacted silica particles become
activated over time, and the product’s microstructure becomes compact
and homogenous (Mustakim et al., 2020; Wang et al., 2019; Rodriguez
et al., 2013; Khater, 2016a). Deb et al. (2015) looked at how the
microstructure of a FA-based geopolymer changed when NS was added.
NS particles worked as a filler material, compacting the hardened GPP
and filling voids. Assaedi et al. (Behfarnia and Rostami, 2017) studied
the microstructure of a FA geopolymer produced with the addition of NS
in wet and dry mixing circumstances. Most of these FA particles were
converted into geopolymer gel by adding 3.0% of NS. In comparison to
wet mix conditions, the geopolymer matrix created in dry mix condi-
tions had fewer microcracks. It was also discovered that in dry mixing
conditions, as opposed to wet mixing conditions, NS performed better as
a cavity filler. Khater (2016a) expanded his research to look at the
microstructure of GGBFS-based geopolymer with NS added and
discovered that the GGBFS geopolymer lacking NS has a very porous and
heterogeneous morphological growth. Deb et al. (2015) made a similar
observation that a higher degree of compact and a harder morphology
was achieved by adding 2% NS to GGBFS-based FA geopolymer.
Kang-Wei Lo et al. (2017) examined the impact of NS on a 5 percent
MK-based geopolymer, identifying a molecule interaction site that is
inert and causes gaps within the geopolymer composite.

GGBFS-based GPC with micro and NS were investigated micro
structurally by Behfarnia and Rostami (2017). The formation of extra
polymer gels caused the finding if NS was incorporated into the geo-
polymer mixture because of the pozzolanic activity of NS, which pro-
gressively occupies the Nano gaps. This gel adheres to particles, filling
up gaps and linking them together. Similar to this, work was done by
Ibrahim et al. (2018), which showed how incorporating NS affected the
mechanical properties and morphology of GC. Chemical reactions
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between Si, Al, and alkali activators influenced the microstructure
improvement of GC, the inclusion of NS will enhance the Si components
and hasten the stimulation of the geopolymer in the GC mixture (Revathi
et al., 2018; Behfarnia and Rostami, 2017).

4.1.2. Nano-alumina (NA)

Minimal publications have examined how incorporating NA in-
fluences the morphology of GC. Huang and Han (2011) looked into
using highly crystalline a- Al;O3 as a resource of alumina used to make
FA GC. According to the researchers, the aluminium component of Al,O3
participated in the Geopolymeric reaction, resulting in a more compact
geopolymer microstructure. Thamer Alomayri (2019) has published
some fascinating findings on the microstructure of a FA-based GPP
containing NA. The geopolymer matrix without NA had non-reacted
gaps and fly ash, but the geopolymer matrix with 2 percent of NA had
greatly densified, indicating that the addition to serving as a gap filler,
the NA assisted in the geopolymeric process. However, when the NA
content is increased to 3 percent, the matrix created was found to be less
dense, indicating that there is an excess of NA. He discovered that
integrating up to 2% NA into the GPP specimens resulted in a signifi-
cantly reduced porosity and a more homogenous and denser
morphology than combinations without NA. When the percentage
addition of NA exceeds 2%, the hardness of GPP declined, while porosity
and micro cracking increased, as seen from the SEM micrographs.

4.1.3. Nano titanium dioxide (NT)

NT is likewise one among the NMs that is commonly employed in
cement-based materials for a variety of purposes. The following are a
few noteworthy research initiatives on the use of NT in geopolymer-
based products. The microstructure of fluidized bed FA-based GPP was
found to be densified with the addition of 5% NT, according to Duan
et al. (2016). According to the authors, the nucleation and nanopore
filling effects of NT influenced the rate of hydration. FA and MK-based
geopolymer with NT have been found to have good mechanical
bonding (SyamsidarNurfadilla, 2017). Similarly, Sastry et al. (2021)
found that adding NT to FA-based GPC improved the microstructure by
giving more reacted FA particles and a dense structure. The introduction
of NT, it accelerates saturation and produces materials that are saturated
through polymerization and nanoparticle stuffing, which was said to
minimize the size and amount of unreacted FA particles (Syamsi-
darNurfadilla, 2017; Sahitya and Sastry, 2018).

4.1.4. Carbon nanotubes (CNT) and multi-walled Carbon Nano Tubes
(MCNT)

MCNT is involved in bridging micro-cracks in GPP, indicating that
MCNT and GPP have a good bonding (Gao et al., 2021a). Because of the
consistent distribution of MCNT in the matrix, the GPM with 0.1 percent
of MCNT was found to have a more compact and homogeneous matrix
than those with 0 percent and 0.4 percent of MCNT. It has also been
reported that agglomeration occurs at greater MCNT concentrations,
such as 0.4%, resulting in a porous matrix. The inclusion of CNT in GPM
improves polymerization and densifies the microstructure of the matrix
(Jalali Mosallam et al., 2022; Siahkouhi et al., 2021; Gao et al., 2021b;
Eisa et al., 2022).

According to FESEM micrographs reported by Abbasi et al. (2016),
MCNT also serves as a networking process for the micro-cracks of
MK-based GPP. As a result, it offers a strong link between both the GPP
and the MCNTs’ interface, enhancing the GPP’s strength. After seven
days of the curing period, they found a lot of unreacted particles inside
the GPP specimens. They also stated that there were numerous gaps and
voids within the GPP specimens, which they said were caused by water
evaporation and trapped air within the GPP.

4.1.5. Nano clay (NC)
Assaedi et al. looked at how NC affected the thermal and hardened
concrete characteristics of an FA based gropolmer (Assaedi et al.,



R. Samuvel Raj et al.

2016a). The amount of NC in the binder material ranged from 0 to 3%.
According to SEM analysis, they discovered that the geopolymer struc-
ture comprises a significant amount of non-reacted and slightly pro-
cessed FA components. With the addition of 1%, 2%, and 3% of NC, as
density rises, it seems that the proportion of insoluble responsive mol-
ecules is reduced (Niu et al., 2021).

4.1.6. Nano Calcium Carbonate (NCC)

The micrographs reveal the interactions between Poly Vinyl Alcohol
(PVA) fibers and the geopolymer matrix, which could aid in under-
standing the fracture mechanisms of PVA-GC reinforced with NCC.
Heterogeneous structures may explain the poor mechanical properties of
the sample with insufficient PVA fiber dispersion, micropores, and gaps
enclosing the geopolymer substrate, as shown by the geopolymer mi-
crographs. PVA fibers in the 2.0 percent NMs GC are evenly distributed
throughout the matrix and quite well, resulting in a dense, uniform
structure (Abdalla et al., 2022a; Assaedi, 2021).

4.1.7. Nano metakaolin (NMK)

Due to the presence of a higher number of unreacted and partially-
reacted FA particles, SEM observations of the crushed surface of con-
trol GPM with O percent and 4 percent NMK results show that the
microstructure of control GPM is less dense than GPM containing 4
percent NMK. It was discovered that after alkali activation of FA parti-
cles, the sodium (Na) component and the Si and Al components of FA
had a larger content. The Si/Al ratios for the control GPM and the GPM
with 4% NMK were 3.02 and 2.57, respectively (Kaur et al., 2018;
Guzman-Aponte et al., 2017).

4.1.8. Nano-zinc oxide (NZ)

The breakdown edges of the MK-geopolymer blend with and without
0.5 percent NZ were examined using a SEM (Zidi et al., 2020). SEM
images showed that fresh geopolymer composite had a porous surface
with non-reacted particulate that was evident. The geopolymer mixture
uniformity, density, and compact were all improved by the incorpora-
tion of NZ. This could be because the geopolymer matrix and NZ filler
have higher interfacial adhesion. This improvement could be attributed
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to the spaces being filled (Reshma et al., 2021).

4.1.9. Nano glass powder (NGP)

Huseien et al. (2020) and Samadi et al. (2020) employed energy
dispersive SEM to examine the samples and their morphology (FESEM).
It stated the addition of 5 and 10% NGP to a blended FA/GGBFS-based
GPM improved the microstructure. As a result, fewer nano-gaps and
residual particulates. As the NGP dosages were increased from 15 to 20
percent, the density of GPM dropped, and more non-reacted particulates
were present. With NGP content of 5% and 10%, the samples performed
remarkably well, with minimal porosity and unreacted particles. The
FESEM pictures demonstrated the partial reactivity of FA particles,
whereas a significant number of unreacted FA spheres remained in the
alkali-activated Mortar matrix. An imperfect crystalline structure
measuring 150-300 nm in diameter was discovered along with the
amorphous reaction products. Around the FA particles, thread-like
particles were also seen, some of which were almost completely
encased in a thick layer of amorphous gel. Such crystals had previously
been observed by Jang and colleagues (Jang and Lee, 2016). The
alkali-activated mortar was found to be made up of a mixture of
unreacted FA particles, a few crystals, and a reacted gel phase, according
to FESEM imaging. Meanwhile, increasing the NGP level to 15% and
20% resulted in a higher number of unreacted particles with a poor
density structure.

Fig. 7 shows the SEM images of GC with different Nanomaterials.
These SEM images indicated that the incorporation of NMs densifies the
GC system, improving the mechanical and durability properties of GC
products.

Because the study on the effect of NFA and GO addition in geo-
polymer SEM micrographs are scarce. There is a scope for research on
the effects of NFA and GO addition on the microstructural characteristics
of SEM micrographs of GC.

4.2. FTIR of GC

The researchers revealed the best geopolymer mixtures’ link data
using the FTIR spectroscopic technique, which was also utilized to

20KV, © X1,500 10im 1229 SEI

12 29 SEI

Fig. 7. SEM image of GC with NMs; (a) NC (Basiri et al., 2022); (b) NS (Huang et al., 2022); (c¢) NCC (Sastry et al., 2021); (d) MCNT (Maho et al., 2021); (e) NA

(Zhang et al., 2020c¢); (f) NMK (Yip et al., 2005); (g) NT (Pardal et al., 2009).
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identify reaction products and levels of polymerization in various geo-
polymer nanocomposite mixtures.

4.2.1. Nano silica

The researchers discovered that FTIR spectra of the geopolymer
revealed a discrete intensity range around 1300 and 900 cm™! linked
with the Si-O-T asymmetric oscillation when NS MK-based geopolymer
with different SiO5/NasO ratios had been included (Mustakim et al.,
2020; Revathi et al., 2018; Khater, 2016a). This bond is more respon-
sible for determining the degree of polymerization than the Si-O-Si
bonding peak (Gao et al., 2014). To ascertain the effects of incorporating
NS on the mechanical hardness and morphology of natural pozzolan
GPC, Ibrahim et al. (2018) conducted extensive research. They
employed the ground-up GPP from the center of 25 square samples for
their FTIR analysis. Their research showed that pure natural material
and GPP without NS had nearly identical patterns in their FTIR absor-
bance spectrum. However, the problem diverged for GPP having NS,
which was highlighted by alterations in the compound. For GPP with
and without NS, an extending oscillation of the O-H connection in the
interval of 3640 cm™! to 2370 cm™! and a bending vibration of HOH in
the range of 1530 cm™! to 1640 cm™! were also found. The GPP’s
highest peaks, with corresponding NS contents of 1.0, 2.5, 5.0, and 7.5
percent. The apex in this location gradually migrated to the right as the
NS content climbed from 0 to 7.5 percent. Sun et al. examined how NS
influenced the efflorescence of MK GPM (Sun et al., 2020). The occur-
rence of poor HoO links moisture consumed on the interface or retained
in the structure was confirmed by the significant distinctive peaks
around 3450 cm ™! and 1650 cm’l, which were shown to connect to the
stretching and curving of the O-H linkages. It was possible to gauge the
level of polymerization using the Si-O-T bending peak with in geo-
polymer, which showed greater significant than the Si-O-Si bending
twisting (Emad et al., 2018).

4.2.2. Nano alumina

FTIR research revealed that the integration of 5% NA had the highest
polymerization phase among the different mixes, according to Huang
and Han (2011). According to the authors, the major spectral band
developed was at around 1000 em !, which is attributable to Si-O-T; the
peak amplitude of this range was reported for 5 percent NA’s uneven
lengthening oscillation.

4.2.3. Nano titanium dioxide

MK geopolymer with NT was compared with the reference specimen,
and they concluded that the addition of NT had no significant effect on
the FTIR spectra. Because of the MK process towards gelation, the peak
at 463 cm ™! links to a decreased Si-O-Si intensity ratio. The band at
about 703 cm ! indicates Ti-O-Ti photosensitive species occur, which
induces interaction with amorphous Al-O groups a reduction in in-
tensity due to gel formation (Guzman-Aponte et al., 2017). Because
substantial literature on NT-added geopolymer is lacking, it may be
deduced from the above-mentioned studies that the integration of NT
alters the microstructure of alkali-activated materials. Furthermore, the
filler effect, as well as the improvement of the polymerization reaction,
the pore structure is modified, and the porosity is decreased when NT is
added (Duan et al., 2016).

4.2.4. Carbon nanotubes (CNT)

Khater and Gawaad used 0.1, 0.2, 0.3, and 0.4% MCNT to perform
FTIR on alkali-activated GPM. FTIR spectra of alkali-activated GPM
cured at various ages without MCNT. The researchers noted a significant
improvement in asymmetric stretching oscillation (T-O-Si) at around
975 cm ™! up to 3 months, which had been associated with a decline in
asymmetric stretching oscillation (Si-O-Si) associated with non-
solubilized particulates around 1100 cm™!, indicating the increased
dissolution of unreacted materials and increased amorphous character
of geopolymer constituents. The decrease in symmetric stretching
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vibration of (Si-O-Si) attributed to a-quartz at around 797 cm ! with
increased hydration time was consistent with this. The inclusion of
MCNT up to 0.1 percent boosted the nucleating efficiency and increased
the dissolving of unreacted GGBFS components. The CO3~ vibration
band was found to be reduced by up to 0.1 percent when MCNT was
added, while the vibration band was increased by adding more MCNT.
This was attributable to the fact that greater MCNT nucleation promoted
the creation of a geopolymer structure and reduced the availability of
free Na™ species that would be carbonated (Khater and Abd El Gawaad,
2016). More study on CNT-included geopolymer is needed to determine
CNT’s impact on different AS-based geopolymer items.

4.2.5. Nano clay

Assaedi et al. studied the morphology of the GPP after adding 1%,
2%, and 3% NC. The FTIR analysis of every paste revealed the Si-O-Si
uneven elongating oscillations at 1000 cm ™" in all specimens. The hy-
droxyl group exhibits a significant peak at about 3340 cm™!, which
indicates both physical and chemical-bound moisture via chemical
bonds. In comparison to the control sample, the addition of NC boosted
the amorphous phase and the polymerization process (Assaedi et al.,
2016b). The authors obtained nearly identical outcomes in another
study with the same percentage of NC for 4 and 32 weeks. Furthermore,
the 32-week data show the two 1420 and 1480 cm™! peaks shifting,
demonstrating the presence of sodium carbonate. Throughout aging, the
process proceeded slowly, utilizing additional Carbonyl groups and
resulting in a tougher compound. Because of such, the moisture con-
centration decreased over this period to an optimal point, producing a
shorter, wider peak at 3400 em ™! (Assaedi et al., 2016a). The re-
searchers noted that there is sufficient opportunity to examine the
impact of NC utilization on the morphology of various kinds of geo-
polymer materials like GPP, GPM, and GPC by employing different AS
providers at atmospheric and elevated temperature curing.

4.2.6. Nano calcium carbonate

Hasan Assaedi studied the compressive strength and flexural strength
of GC-containing NCC particles at concentrations of 1, 2, and 3%
(Assaedi, 2021). Broad intake spectra with maximum intensity that form
between 3360 and 3380 cm™! are the result of the lengthening of the
hydroxyl groups in conjunction with the geopolymer system. O-H
stretching is also linked to the next bands, which are positioned at the
1632-1645 cm ™! gap. At roughly 1393-1403 cm !, the carbonate
groups are created when non-fixed Na particles react with atmospheric
CO». Finally, the bands between the compounds are associated with the
oscillation of Si-O-Al bonds, which correspond Na-polycialate geo-
polymer composite, which is essential for dependable cohesiveness
among different composite elements (Assaedi et al., 2020; Supit and
Shaikh, 2014). This evidence supports the effectiveness of the poly-
merization reaction.

4.2.7. Nano-ginc oxide

The interactions between the geopolymer and the filler were inves-
tigated using infrared analysis. The existence of sodium carbonate and
the uneven strength of the T-O-Si band, as well as a bonding oscillation
group attributable to the Si-O-Si group and two moisture particles, are
responsible for the primary groups of a geopolymer that could be
detected in the spectral of the reference specimen (Zidi et al., 2020). Due
to the low concentration of NZ, the FTIR spectra show no significant
difference between the NZ fillers (0.3 percent, 0.5 percent, and 0.7
percent integrated). The T-O-Si group’s strength has also grown, indi-
cating that the geopolymer and the synthetic Nanoparticles are in touch
with one another. The spectrum reveals that no new functional groups
developed after the insertion of NZ, implying that the NMs and the
geopolymer matrix solely interacted physically (Khater, 2016a).

4.2.8. Nano Water Glass
The impact of NGP on the engineering qualities of GPM has been
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investigated. Huseien et al. claimed that the FTIR recognized the action
regions of Si-O and Al-O in GPM composites utilizing synthetic inves-
tigation to identify functional classes based on interaction oscillations.
The frequency of the Si-O-Al group decreased, which pointed to an
enhancement in the polymer gel product. When compared to specimens
containing 0% NGP, When GPM included 5 and 10% NGP, this led to a
more homogeneous morphology and more silicate alteration. An in-
crease in the NGP concentration from 15% to 20% led to lower
compressive strength and higher band frequency measurements. By
raising the NGP level from 0% to 5%, Si-O-Si bending modes at 775.2 4
cm™! were displaced to 754.2 4 cm™!. With increased NGP concentra-
tion, the Si-O-Si bond frequency decreased, indicating an improvement
in the production of polymer gel items. The vibration frequency dropped
as the molecular molar mass of the connected atoms increased. The
oscillation frequency dropped as a response to GGBFS freeing liquid Ca
and shifting Si ions from Si-O links. The Si—O-Si oscillation frequency
and SiO5/Al,03 ratio were increased when NGP was added (Zhang and
Yue, 2018; Samadi et al., 2020; Huseien et al., 2020).

Fig. 8 shows the FTIR spectra of NMs added to different GC mixes.
Since there hasn’t been much research on the effects of NFA, NMK, and
GO on the infrared spectra of GC, Investigation into the influence of
NFA, NMK, and GO inclusion on the morphology characteristics of GC’s
infrared spectra has limited studies.

4.3. XRD of geopolymer composite

Investigators conducted XRD study to evaluate the chemical prop-
erties of different primary source cementitious compounds utilized for
the manufacturing of GC, as well as the elemental compositions of
geopolymer specimens following the polymerization process.

4.3.1. Nano silica
According to Phoongernkham et al. (Phoo-ngernkham et al., 2014),

2L
3
g o 1022
= e 1670 /™
2 30 |
2 h
] 564,
= 454
1000
r T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm!)
(C) | 463
1645 703
MM
1007
)

Transmitance (%)

1650

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

400

Transmitance (%)

Transmittance (%)

Developments in the Built Environment 13 (2023) 100114

the density of quartz in NS-added FA-based GC was increased. Peaks at
29.5° and 32.05° 2-theta in XRD plots are indications that NS was used
to synthesize polymer gel and geopolymer items. Adak et al. (2014)
investigated the XRD patterns of FA-based GPM containing 6% NS. In
the presence of NS, a few more peaks were identified, indicating the
production of novel phases of Na(AlSizOg), SiO, Na,SioOg, CaCO3, and
Ca3SiOs. They discovered new crystalline chemicals in the geopolymer
matrix, which were found in the 26-32° 2theta area in XRD. Another
XRD study (Gao et al., 2015) was carried out on an alkali-activated
GGBFS composite with NS added. GGBFS was replaced with NS in per-
centages ranging from 0% to 3% by mass. Through XRD examination,
which revealed an improvement in peak intensity around 28.3° and
34.40° 2-theta, a greater proportion of hydrated calcium
alumino-silicate and hydrated calcium silicate solutions were discov-
ered. The hardened properties of FA GPC treated by adding 6% NS were
examined by Adak et al. (2017). The concentration of quartz, hematite,
and mullite has been stated to be greater in the nano-GPC samples than
in the standard specimens because of the extra suppliers of SiO that the
NS added to the combination. In addition, they discovered that in
nano-GPC specimens, novel phases of kaolinite, alite, albite, mullite,
quartz, and amorphous products were formed, as opposed to the control
GPC mixture.

Behfarnia and Rostami (2017) investigated the impact of micro silica
and NS in the same environment upon overall penetration of GGBFS
GPC. In control concrete specimens, three primary stages were gener-
ated, namely C-A-S-H gel, calcite (CaCO3), and
magnesium-aluminum-carbonate-hydroxide-hydrate (MgeAloCO3
(OH)16-4H20), while adding NS resulted in the creation of additional
phases, including calcium silicate carbonate (Tilleyite). A similar XRD
investigation on the impact of NS incorporation on naturally occurring
pozzolan- GPC was carried out by Ibrahim et al. (2018). The presence of
NS in the mixture would have been critical in the formation of C-S-H
gels with Al and Na in the binder structure, resulting in N-A-S-H gel and
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Fig. 8. FTIR spectra of GC with different NMs; (a) NA (Nazari and Sanjayan, 2015); (b) NC (Wei and Meyer, 2014); (c¢) NS (Adak et al., 2017); (d) NCC (Sastry

et al., 2021).
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C-A-S-H gel (Rodriguez et al., 2013).

4.3.2. Nano alumina

Phoo-ngernkham et al. (Phoo-ngernkham et al., 2014) discovered an
XRD spectrum for NA admixed GPP that was comparable to those ob-
tained in NS-added GPP. The creation of N-A-S-H gel is shown by the
wider hump of geopolymer gel in the case of NA-added GPP. Thamer
Alomayri (2019), on the other hand, recently published an experimental
study examining the influence of different percentages of NA in
FA-based GPP. Based on the XRD investigation, the author discovered
that FA and geopolymer matrix with and without NA had a comparable
XRD pattern. The production of an AS gel in geopolymer complexes was
related to the presence of quartz and mullite particles in FA, which have
an irregular crest among two levels of 16° and 27°. Furthermore, it has
been stated that the XRD profiles of GPPs including NA and FA are
equivalent, showing that these stages were not active throughout the
polymerization reaction. Yet those filler components are included in the
resulting GPP. As a result, it can be inferred that NA does not have a
substantial impact on the polymerization reaction, but it will function as
a nanocomposite that enhances the morphology by occupying the pores.
As a result of its influence on pore filling capacity and geo-
polymerization reaction, it can be concluded that adding NA in modest
amounts can improve the microstructure of the geopolymer matrix.

4.3.3. Nano titanium dioxide

The effect of adding NT to a fluidized bed FA-based GPP was
examined by Duan et al. (2016). More hydrated structures are formed
with the addition of NT, and Compared to standard geopolymer samples,
it can be noticed that in the case of NT-incorporated GPP, a more
crystalline component of albite was detected, with peaks exhibiting
greater intensity showing more crystalline phase. Sastry et al. (2021)
discovered that when different concentrations of NT were introduced to
the GPC mix, which led to the development of a new mineral Anatase
stage. They also discovered that adding NT to control FA-based GPC
specimens changed the diffraction pattern from 20°-30° to 20°-38° (26).
A more thorough investigation of the morphology of geopolymer com-
plexes with different kinds of AS raw substances and the incorporation of
NT is required to ascertain the impact of NT on polymerization.

4.3.4. Carbon nanotubes

When looking through the available literature from many conceiv-
able sources, there is a significant gap in research showing an XRD
investigation in analyzing the effect of adding CNT -based GC. In an
investigation on alkali-activated GPM doped with MCNT, Khater et al.
(Khater and El-Nagar, 2020) found that the system had a reasonable
degree of distribution to the addition of 0.1 percent MCNT after 90 days.
The inclusion of MCNT increased the efficiency of absorption, although
no discernible alterations in the stages were seen. Khater and Abdel
Gawaad (Khater and Abd El Gawaad, 2016) report that the synthesized
MCNT, on the other hand, provides a variety of interaction locations for
the crystallization of GPM’s hydration results. The C-S-H stages were
discovered to react with calcium ions in the porous liquid, causing them
to attach to the carboxyl regions of the MCNT, which results in the
network elongation of the C-S-H stages that develop can be influenced
by the concentration of carboxyl groups on MCNT interfaces. The
MCNTs in this mechanism, the authors proposed, serve as model struc-
tures during the hydration process.

4.3.5. Nano clay

Assaedi et al. (2016b) carried out an extensive examination of the use
of NC platelets with FA GPP. In addition, Assaedi et al. (2016a) looked
into the effects of adding NC to flax fabric-reinforced GPP. The NC
platelets were introduced in varying quantities by weight, ranging from
1% to 3%. Two primary phases were identified based on their XRD
analysis results: quartz and mullite. The crystalline phases of these new
compounds were discovered to act as fillers in the mixture rather than
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engaging in polymerization activities. The emergence of an amorphous
AS phase between 20 = 14° and 27° was indicated by the XRD pattern of
NC-added GPP, which could be attributable to the activity of the poly-
merization reaction. The amorphous stage has an impact on the hard-
ened performance of the geopolymer mix. The strength of the
geopolymer increased as the amorphous phase increased (Elimbi et al.,
2011). The structural qualities of the geopolymer nano-composites were
enhanced by raising the matrix’s physical qualities and the reinforcing
flax fibers’ adhesion to the substrate (Assaedi et al., 2016b). According
to the authors, there isn’t enough literature on incorporating NC in
geopolymer. This area’s field of study must be broadened to fully un-
derstand how NC incorporation affects the polymerization process.

4.3.6. Nano calcium carbonate

The morphology and hardened performance of FA GPP with varied
NCC additions were studied by Assaedi et al. (2020). As per the standard
X-ray sequence of FA-based geopolymer, including those are incorpo-
rating 1, 2, and 3 percent NCC, the broad hump shown on raw FA dif-
fractograms among 26 = 15° and 35° changed to 18° and 40°, clearly
showing the development of an amorphous geopolymer composite liable
for structural strength improvement. Furthermore, certain mineral
phases found in FA powder, such as magnetite, mullite, hematite, and
quartz, were found on FA-based geopolymer with and without NCC; by
strengthening the geopolymer substrate, these inorganic components
may serve as micro-aggregates because they did not cause polymeriza-
tion process (Kaze et al., 2018). Also, between 18 and 40 (2 h), the in-
tensity of the hump increased, which might be associated with the
probability of NCC particle decomposition, leading to the synthesis of
C-S-H towards the major binding agent, including N-A-S-H, via the
geopolymer system being increased (Assaedi et al., 2020).

4.3.7. Nano-ginc oxide

The XRD patterns of alkali-activated geopolymer with varying
quantities of NZ added exhibited microstructure outcomes. In all of the
samples, the spectra reveal prominent peaks at 28°, showing the
development of an amorphous state (Zidi et al., 2020). Due to the
agglomeration of NMs, the intense peak is shifted to the opposite side by
an additional 0.7 percent NZ, which stymies the geopolymer synthesis.
The XRD spectra revealed that the addition of 0.5 percent NZ improved
the structural characteristics of MK-based geopolymer to the greatest
degree. The influence of NZ on geopolymer characteristics was investi-
gated by Rustan et al. (Rustan and Irhamsyah, 2017). When more than
2.5 percent of NZ was introduced, they discovered NZ peaks in the XRD
spectra. These peaks were observed could be due to the low concen-
tration of NZ utilized.

4.3.8. Nano Water Glass

Huseien et al. (2020), Samadi et al. (2020), and Hamzah et al. (2020)
investigated the effects of NGP incorporation on the technical aspects of
alkali-activated mortars. Following XRD patterns, as albite and gis-
mondine concentrations were at their highest level, then the NGP
operated in the alkali-activated mortars around 23.9° and 34.1°. The
quartz (SiO2) peak (36°) amplitude was reduced when NGP was added
to the planned mortar. As a result, the higher quantities of gismondine
and albite, as well as the lower levels of SiO,, indicate the production of
denser gels.

There is currently a scarcity of information on the effects of NFA,
NMK, and GO on the XRD pattern of microstructural properties of GC in
the literature. As a result, there is a large gap in the study on the impact
of NFA, NMK and GO on the XRD pattern of microstructural properties
of GC.

4.4. TGA of geopolymer composite

Researchers employed TGA to measure the thermal stability of GC.
TGA is an effective method of assessing materials which are resistant to
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temperature, especially geopolymers. This method is used to figure out
how much a specimen’s weight changes when its temperature rises. TGA
can be used to figure out how much moisture and volatiles are in a
specimen (Aguirre-Guerrero and Mejia de Gutiérrez, 2018; Patel et al.,
2021).

4.4.1. Nano silica

Revathi et al. (2018) performed a practical investigation to show
how the morphology and thermo-mechanical characteristics of blended
FA and GGBFS-based GPM are influenced by the incorporation of NS.
Loosely attached silanol groups cause weight loss at a temperature range
below 250 °C, while linked silanol compound dissolution causes weight
loss to last up to 450 °C (Adak et al., 2014; Khater, 2016b). Gao et al.
(2013) also examined the impact of NS inclusion on the properties of
alkali-activated MK-based GPP. TGA or DTA was conducted to study the
loss of weight in the GPP specimen. The temperature variations from 50
to 350 °C were caused by free moisture drainage inside the capillaries.
Evaporation of structural or mixed water resulted in a weight reduction
from 350 °C to 550 °C in the same period. Further investigation into the
impact of NS inclusion upon weight reduction showed that, at temper-
atures between 50 and 350 °C, weight reduction enhanced with raising
the NS content. This might be connected to the NS’s capability to uptake
water molecules. Weight loss of the specimen was comparatively faster
in rate around 50-350 °C with an optimum NS concentration of 1%.

4.4.2. Carbon nano tube

The hardened and morphological characteristics of MK GPP con-
taining 0%, 0.50%, and 1.00% MCNT were investigated by Abbasi et al.
(2016). Simultaneously with endothermic dehydroxylation in the DTA
curve, weight loss begins in the TG graph between 535 and 650 °C.

4.4.3. Nano Clay

Assaedi et al., 2016a, 2016b looked into the impacts of adding NC to
flax fabric-reinforced GPP microstructural, thermal, and mechanical
properties. The weight loss of the GPP was reduced from 12.4 to 12.1,
11.5-11.8%, respectively, at the 1.0, 2.0, and 3.0 percent dosages of NC,
indicating that, at a 2.0 percent dosage of NC, the geopolymer matrix’s
thermal stability significantly enhanced. This could be owing to NC’s
ability to fill holes, resulting in denser matrices. Furthermore, the
thermograms of the pure geopolymer and nanocomposite samples
demonstrate a weight loss from 25 to 225 °C due to the evaporation of
absorbed water (Ravitheja and Kiran Kumar, 2019; Gadkar and Sub-
ramaniam, 2021; Zivica et al., 2014). At the same time, between 225 and
525 °C, the evaporation of physical free water caused most of the
specimens to reduce their weight gradually. De-hydroxylation of the
Si-OH bond produces a Si-O group and dissipated moisture content,
which leads to gradual weight reduction (Li et al., 2012). Furthermore,
between 500 and 700 °C, weight loss was moderate, which was attrib-
uted to the residual coal of FA (Ul Haq et al., 2014). A modest hump in
DTG curves over 600 °C shows a marginal effect in weight reduction. As
seen in the DTG plot, in which the nanocomposite peak relocated to
elevated temperatures than the ordinary geopolymer line, the neat
geopolymer slope displayed a significant decline as matched to the
nanocomposite graphs in this region.

4.4.4. Nano calcium carbonate

Assaedi et al. (Assaedi, 2021) studied the engineering features of FA
GPP using various dosages of NCC inclusion. In the TGA assessment,
investigators stated that there is a significant loss in GPP after incor-
porating NCC. The weight losses were found to be 1, 2, 4, and 5% for
GPP containing 0, 1, 2, and 3% NCC, respectively. Water loss that was
directly connected to the geopolymer system was the cause of the weight
loss in all geopolymer specimens. When NCC is incorporated into geo-
polymer production, the polymer gel is formed with the principal
binder. Therefore, the considerable weight loss shown in TG curves
could be a reflection of water released from these binders.
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4.4.5. Nano-zinc oxide

The influence of NZ on the thermal properties of geopolymer was
studied by Zidi et al. (2020). They conducted TG testing at temperatures
between 25 and 450 °C to accurately control the starting of sample
deterioration and gather exact thermal information. The authors divided
the spectra into three main groups. The standard specimens lost
approximately 2 percent of their starting mass between 25 and 70 °C. In
contrast, the other sample remained invariant, suggesting that adding
NZ to a geopolymer allows for water storage. The second range, from 70
to 200 °C, underwent considerable alterations, with the simple geo-
polymer line showing a moderate weight reduction and the NZ geo-
polymer curve showing a rapid reduction in its weight. Such alterations
could be explained by NZ’s uptake of free moisture content, whereas
weight reduction in the third range between 200 and 450 °C maintained
stable.

4.4.6. Nano Water Glass

Huseien et al. (2020), Samadi et al. (2020), and Hamzah et al. (2020)
investigated the effects of NGP incorporation on the technical aspects of
alkali-activated mortars. They used TGA testing to determine how much
weight the GPM specimens lost with and without NGP. It was discovered
that GPM specimens created with 5% NGP lost less weight of around
10.47% but samples tested with 15% NGP showed a 12.12% weight
reduction. This was attributable to the excellent stability of mortars
containing 5% NGP and a high polymer gel concentration, and a low Ca
(OH); percentage.

A few researchers looked at the TGA of NA, NT, NFA, NMK, and GO,
including GC. However, there is currently limited information on the
effects of these NMs on the TGA of GC in the literature. As a result, there
is a large gap in the study on the impact of CNT, MWCNT, NCC, NFA,
NMK, NZ, GO, and NGP.

4.5. MIP of geopolymer composite

Researchers applied MIP to examine the porous microstructure of
GC. An effective approach to measuring pore size distribution, pore
volume, and porosity in a variety of granular and powder substances are
MIP. A porosimeter is a device that injects mercury into the pores of
porous material using a pressurized chamber. Mercury enters the larger
pores first when pressure is applied. As the pressure increases, the filling
continues to smaller and smaller pores. The IUPAC pore radius catego-
rization system divides pores into four types: micropores (1 nm), mes-
opores (1-25 nm), macropores (25-5000 nm), and air spaces or
fractures (5000-50000 nm) (Li et al., 2017c; Tibbetts et al., 2020; Sidiq
et al., 2020; Zeng et al., 2020).

4.5.1. Nano silica

The effects of NS additions on MK-based GPM efflorescence were
examined by Sun et al. (2020). The big gaps appeared to close if NS was
added to GPM samples, and additional pores with a smaller radius
developed instead. This discovery showed that adding NS to a geo-
polymer framework resulted in a denser form. As the NS dose was raised,
the most likely pore radius gradually reduced. The addition of 5% NS,
further it was stated by Zidi et al. (2021) has two unique impacts on that
MK-based GPP’s pore size dispersion. When NS was added to the GPP,
the number of microscopic pores appeared to decrease, and when 5
percent NS was added, the pore size increased. On the other hand, the
ultimate porosity readings determined by the MIP revealed a substantial
reduction in porosity readings of GPP, including 5% NS (22.8%) if
compared with the comparable GPP samples (32.6%) with no NS
concentrations.

4.5.2. Nano Titanium dioxide

The inclusion of NT is said to refine the pores of the geopolymer. The
total porosity of the NT group was lower than that of the control group,
which did not have any NT. It was also discovered that the inclusion of
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additional NT resulted in the shrinking of the accumulative pore vol-
ume. NMs tend to function effectively as filler particles due to their
compact nature. The much more expected pore dimension related to the
greatest threshold number was 93 nm, 42 nm, 41 nm, and 36 nm,
respectively, if 0%, 1%, 3%, and 5% NT were supplied to GPP mixes
(Duan et al., 2016). The observation addressed that the NMs conglom-
erations’ nuclei became greater and eventually occupied the pore vol-
ume surrounding them as the hydration mechanism advanced. When
these “nuclei” are present, the hydration rate is greatly accelerated;
hydrates quickly build up, expand toward the moisture environment and
occupy any empty spaces to minimize the GPP’s porosity (Chen et al.,
2012). As per Yang et al. (2015), examined the impacts of NT incorpo-
ration on the morphological, early, and long-term hardened perfor-
mance of alkali-activated GGBFS GPP. MIP investigation explained that
NT minimizes overall porosity and alters the porous structure of
alkali-activated GGBFS GPP. Added NT is also responsible for the paste’s
excessive shrinkage was substantially decreased.

4.5.3. Nano carbon nano tube

Luz et al. (da Luz et al., 2019) investigated the mechanical, rheo-
logical, and microstructural properties of MK-based GPP with pristine
and functionalized CNT. When 0.1 percent CNT was introduced to the
GPP, the enhanced hardened qualities might be attributed to a 19%
decline in the number of macropores relative to the standard GPP. On
the other hand, the drop in compressive strength and flexural strength
with 0.2 percent CNT addition could be accounted for by a rise in overall
porosity brought on by perhaps a rise in CNT group production.

4.5.4. Nano Alumina

The MIP data revealed the anticipated grain dimension dispersion
graph of the geopolymer specimens with and without 2 percent NA (Zidi
et al., 2019). This finding demonstrated that adding NMs to geopolymer
alters the porosities and pore distribution of the geopolymer in distinct
ways. NA, in reality, smaller holes were fewer, while larger holes were
more numerous. Furthermore, with the addition of 2% NA, the per-
centage of geopolymer porosity reduces from 32.58 to 9.88. This could
be owing to the NMs filling the pores (Rees et al., 2008).

4.5.5. Nano-zinc oxide

MIP analysis revealed the grain dimension dispersion graphs of the
geopolymer specimens with and without 0.5 percent NZ (Zidi et al.,
2020). This result indicates that the incorporation of NMs with geo-
polymer has various impacts on its porosity and pore dispersion. NZ
preserved the larger holes but increased the size of the smaller holes.
This can be explained by the NMs ability to absorb water (Nuaklong
et al.,, 2018). With the addition of 0.5 percent additionally NZ, the
percentage of geopolymer porosity is reduced from 32.58 to 31.35. This
could be due to the quality of NMs filling the pores.

There are a few researchers who examined the MIP of NC, NCC, NFA,
NMK, and GO, including GC. However, there is currently limited infor-
mation on the effects of these NMs on the MIP of GC in the literature. As
aresult, there is a large gap in the study on the impact of NC, NCC, NFA,
NMK, NGP, and GO. Table 2 consolidates the effect of NMs on different
GC.

5. Health and cost-effectiveness of nanomaterials

NMs are frequently utilized in the construction sector due to their
capacity to enhance the properties of binders. Due to their nanoscale
nature, these substances could seriously endanger public health (Ahmad
et al., 2022). Nanomaterials can negatively impact cellular metabolism
in the internal organs by impacting tissue surface, cell proliferation, and
tissue wall because they can readily penetrate the cellular surface in the
absence of endocytosis (Sumesh et al., 2017). According to certain
studies thus far, asthma risk has increased on the effects of NMs on the
bronchial and cardiovascular organs (Li et al., 2016). It has been
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Influence of different NMs on different GC.O0.

NMs &
Percentage

Source
material

Composite

type

Effects

Ref.

FA (Class NS (0.14,
C) and 0.18, and
RA 0.25)

NS (0.14,
0.18, 0.25,
0.5, and
0.8)

NA (0.2,
0.3, 0.33,
0.5, and
0.7)

FA (Class NS (1, 2,
F) + and 3)
RA

NA (1 and
2)

FA (Class CNT (0.1,
F) 0.5, and 1)

MK NS (0, 1, 2,
and 3) and
Si0y/Nay0
ratio =
(1-2)

GGBFS NC (0.5,1,
15,3,5,

and 7)

FA (Class NS (4, 6, 8,
Q) and 10)

GPP

GPP

GPP

GPP

GPP

GPP

GPP

GPP

GPM

Initial setting
time — reduced
by 67%

Final setting

time — reduced

by 60%

Initial setting

time — reduced

by 83%

Final setting

time — reduced

by 80%

Initial setting

time — reduced

by 85%

Final setting

time — reduced

by 82%

3% NS:

e Compressive

strength —

increased by

42%

No influence on

compressive

strength (due to
its crystalline
nature)

0.5% CNT:

Mechanical

strength -

increase

1% NS:

Initial setting

time - reduced

by 31%

Final setting

time - reduced

by 82%

Compressive

strength —

increased by

57%

Flexural

strength -

increased by

41%

Smallest

cumulative pore

volume —

reduced by 18%

Highest

mesopores

volume —

increase by 82%

S/L ratio 1.03:

e Compressive
strength —
maximum

S/L ratio 1.5:

e Microstructure —
became denser

1% NS:

e Compressive
strength —
increased by
15%

6% NS

e compressive

strength —

increase

Chindaprasirt
et al. (2012)

Riahi and Nazari
(2012)

Saafi et al. (2013)

(Gao et al., 2013,
2014)

Hisham M Khater
et al. (2013)

Adak et al. (2014)

(continued on next page)
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Table 2 (continued)

Table 2 (continued)
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Source NMs & Composite Effects Ref. Source NMs & Composite Effects Ref.
material Percentage type material Percentage type
e Water e Flexural
absorption — strength —
decrease increased by
MK NS (0,1,2, GPP 1% NS: Kang Gao et al. 40% (due to the
and 3) o Flexural (2014) formation of
strength - geopolymer gel)
increased by FA (Class NS (1, 2, GPP 1% NS: Assaedi et al.
24% F) and 3) e Compressive (2015)
e Porosity — strength —
reduced by 8% increased by
FA (Class NS (0.5, 1, GPP 1% NS: Guo et al. (2014) 27%
F) 1.5, 2, and o Initial setting e Flexural
2.5) time - reduced strength -
by 150% increased by
e Final setting 29%
time - reduced 2% NS:
by 123% e Compressive
e compressive strength-
strength — increased by
increased by 21% (dry mix)
32% e Flexural
e Flexural strength —
strength - increased by
increased by 22% (wet mix)
40% FA (Class NC (1,2 GPP 2% NC: Assaedi et al.
e Modulus of F) and 3) e Compressive (2016b)
elasticity - strength —
increased by increased by
26% 23%
1.5% NS: o Flexural
e Compressive strength -
strength - increased by
increased by 24%
15% e Density —
NA (0.5, 1, GPP 2% NA: increased by
1.5, 2, and e Compressive 11%
2.5) strength - e Porosity —
increased by reduced by 7%
14% e Water
FA (Class NA(, 2, GPP 1% NA: Phoo-ngernkham absorption —
F) and 3) e Initial setting et al. (2014) reduced by 17%
time - reduced FA (Class NS (5 and GPP 10% NS: Chindaprasirt and
by 8.5% F) 10) e Compressive Somna (2015)
e Final setting strength —
time - reduced reduced by 32%
by 8.2% FA (Class NS (0.5,1, GPP 2% NS: Deb et al. (2015)
e Compressive F) 1.5, 2,25, e Compressive
strength — and 3) strength —
increased by increased by
32% 151%
e Modulus of e Microstructure -
elasticity - improved
increased by FA (Class NS (1, 2, GPP 2% NS: Gao et al. (2015)
26% F) and 3) e Compressive
2% NA: strength —
e Flexural increased by 6%
strength - e Porosity —
increased by reduced by 11%
35% e Slump get
NS (1, 2, GPP 1% NS: reduced
and 3) o Initial setting GGBFS NC (1, 1.5, GPP 3% NC: Hassaan et al.
time - reduced 3,5,and 7) e Compressive (2015)
by 150% strength —
e Final setting increased by
time - reduced 65%
by 123% FA (Class  NC (3 and GPP e Early age Joshi et al. (2015)
e Compressive F) 6) strength -
strength — increase
increased by FA (Class NS (1, 2, GPP 2% NS and 1% NA: Nazari and
32% F) and 3) e Water Sanjayan (2015)
e Modulus of absorption —
elasticity - reduced by 17%
increased by FA (Class GO (0.1, GPP 0.35% GO: Saafi et al. (2015)
26% F) 0.35, and e Flexural
0.5) strength -
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Table 2 (continued)

Table 2 (continued)
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Source NMs & Composite Effects Ref. Source NMs & Composite Effects Ref.
material Percentage type material Percentage type
increased by increased by
134% 27%
e Modulus of e Shrinkage —
elasticity — reduced by 50%
increased by e Carbonation
367% depth - reduced
FA (Class NC (6) GPP e Rheology - Montes et al. by 57% (180
F) Enhances (2015) days)
e Viscosity — e Porosity —
Increase decrease
GGBFS NS (0.5, 1, GC 1.5% NS: Patel et al. (2015) e Microstructure -
and 1.5) e Compressive improved
strength — GGBFS CNT (0.1, GPM 0.1% MCNT: Khater and Abd El
increased by 7% 0.2, 0.3, e Increases Gawaad (2016)
e Loss of weight and 0.4) Nucleation sites
due to chloride — for geopolymer
reduced by 6% gel formation
FA (Class NS (1 and GPP 1% NS: Ridha and e Compressive
F) 3) e Compressive Yerikania strength —
strength — (2015a) increase
increased by e Shrinkage —
200% reduce
e Compressive e Microstructure —
strength — improved
reduced under >1% MCNT:
high pressure e Porosity —
and increase
temperature by FA (Class NS (1 and GPP 3% NS: Ridha and
77.5% F) 3) e Density — Yerikania
FA (Class GO (0.1, GPP 1% GO: Ranjbar et al. reduced by 7% (2015b)
F) 0.5, and 1) e Compressive (2015) 1% NS:
strength — o Compressive
increased by strength —
144% increased by
e Flexural 117%
strength - FA (Class CNT (0.05, GPM 0.15% CNT: Rovnanik et al.
increased by F) 0.01, 0.15, e Maximum (2016)
216% and 0.2) mechanical
GGBFS NT (0.5) GPP 0.5% NT: Yang et al. (2015) property
e Compressive MK GO (0.05, GPP 0.35% GO: Yan et al. (2016)
strength — 0.1, 0.35, e Flexural
increased by 9% and 0.5) strength —
e Flexural increase by
strength - 61.5% (due to
increased by bridging effect)
38% GGBFS NS (1-3) GPP 3% NS: Wang et al.
e Cumulative e Promotes (2019)
Porosity — hydration
reduced by 31% process
e Shrinkage — e Enhances
reduced by 21% microstructure
MK CNT (0.5 GPP 0.5% CNT: Abbasi et al. e Reduces
and 1) e Compressive (2016) porosity
strength — FA NA (1-3) GPP 3% NA: Alomayri (2019)
increased by e Compressive
32% strength —
e Flexural increase
strength - e FLexural
increased by strength —
28% increase
>0.5% MCNT: e Modulus of
e Compressive elasticity —
strength — increase
decrease e Impact strength
o Flexural — increase
strength — e Microstructure —
decrease (due to improved
agglomeration) Volcanic NS 5 GPC 5% NS: Ibrahim et al.
FA (Class NT(1, 3, GPP 5% NT: Duan et al. (2016) ash e Compressive (2018)
F) and 5) e Early and later strength —
age strength — increase at a
increase higher curing
e Compressive temperature
strength — GGBFS NS,NA,NC GPC o The addition of Shahrajabian and
(1-3) NS shows Behfarnia (2018)
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Table 2 (continued)

NMs &
Percentage

Source Effects Ref.

material

Composite
type

maximum

mechanical and

durability
properties than
other two NMs

2% NS:

e Compressive

strength —

increase

Setting time —

increase

6% NS:

Enhances

polymerization

process

Better

Mechanical

strength at

ambient curing
temperature

2% NS:

e Enhances the
early-age
strength of
mortar

FA (Class  NC (1-3) GPP 2% NC:

F) e Ccompressive
strength —
increase
Flexural
strength —
increase
Further addition of
NC shows
agglomeration and
poor dispersion
5% NA:

e Compressive

strength —

increased

Microstructure -

improved

MK NS (1-2) GPP Lo et al. (2017)

FA Colloidal

NS (6)

GPC Adak et al. (2017)

FA NS (1-3) GPM Deb et al. (2016)

Assaedi et al.
(2016a)

FA NA (5) GPP Huang and Han

(2011)

[Note: NMs = Nano Materials; GC = Geopolymer Composite; FA = Fly ash; NS =
Nano Silica; GPP = Geopolymer Paste; RA = Rice husk ash; NA = Nano Alumina;
CNT = Carbon Nano Tube; MK = Metakaolin; GGBFS = Ground Granulated Blast
Furnace Slag; NC = Nano Clay; GPM = Geopolymer Mortar; GPC = Geopolymer
Concrete; GO = Graphene Oxide; NT = Nano TiO,; MCNT = Multiwall Carbon
Nano Tube.].

discovered that NS particulates with a size of 70 nm may enter the skin
and travel all through the body through the lymphatic network, leading
to serious skin disorders. The respiratory system is also at risk from CNT
(Pacurari et al., 2016). NMs toxicity is unquestionably dependent on
several characteristics, including the crystallinity of nanoparticles, sur-
face area, shape, particle size, and concentration of NMs inhaled. NT and
NA are the most hazardous NMs compared to their micro-sized forms.
Therefore, medical concerns could be minimized, and its utilization in
the constructing field can really be increased if NMs are appropriately
handled during processing or transportation. Additionally, the proper
protective measures should be implemented when working with the
utilization of NMs in the constructing market or the research lab for
categorization (Monteiro et al., 2022; Uskokovi¢, 2021).

5.1. Cost efficiency

The strength-to-cost ratio was established in order to classify the
NMs blended GC in terms of its cost-effectiveness. The material cost was
determined according to the cost information provided by the material
distributors. Since the sources of raw goods are closer to the study
location, the price of resource shipping is minimal and thus
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insignificant. The integrated Nanomaterials GC’s cost-effectiveness was
calculated and depicted in Table 3. The greater performance of the GC
mix is indicated by the larger cost efficiency. Table .3 shows that the
cost-efficiency of the NS (Bagheri and Moukannaa, 2021) embedded mix
was better than that of other Nano materials embedded GC mix. GC
made using NS is more affordable price than GC made with other NMs
embedded GC mixtures. The use of NS, which results in a compact
microstructure, could be the cause of better cost-effectiveness (Bagheri
and Moukannaa, 2021). The mix with NS (Du et al., 2022) has a similar
cost-efficiency to the GC produced with NS, as reported by Mustakim
et al. (Bagheri and Moukannaa, 2021). It should be highlighted that the
cost of NMs and the use of alkaline activators such as sodium hydroxide
and sodium silicate contribute significantly to the high manufacturing
costs of GC.

There is a significant gap regarding direct cost-effectiveness in the
available literature, which may answer the construction industry’s
legitimate worry about using NMs in construction applications. NMs
may provide numerous advantages in the design and construction pro-
cess. Despite this, the huge amount of start-up expenditure of NMs seems
to be limiting the market for NMs in the building industry. Nanotech-
nology extends the service life of construction materials while lowering
maintenance expenses (Uskokovic, 2021; Abulmagd and Etman, 2018;
Tewari et al., 2022). As a result, the constructions’ strength, lifespan,
and lesser service expenditures can be used to determine whether uti-
lizing NMs in cement-based products is cost-effective. The inclusion of
NMs in cement-based materials properties can increase a structure’s
lifespan and hence save service costs. Furthermore, studies must be done
to assess the cost-effectiveness of using NMs in the civil engineering
field.

5.2. Limitations, challenges, and future scope

A substantial amount of research has been done on the effects of
substituting or including different NMs on the properties of GC, based on
a review of the literature. The number of research works carried out in
the field of NMs in GC is shown in Fig. 2. As shown in Fig. 3, GPP
incorporating different kinds of NMs has been the subject of extensive
investigation, making up roughly 45.31 percent of all studies. An
average of 40.63 percent and 14.06 percent of all investigation has been
made on GPC and GPP separately. As a result, it is recommended that
more research can be done on the properties of GPC treated with NMs. A
few academics recommended various changes to the current typical
concrete mix design techniques when it related to GPC mix design.
Moreover, extensive study is required to determine the ideal propor-
tioning and designing concrete matrix for nano-GC. As a result, it is
crucial to make further efforts to standardize assessment protocols,
scientific criteria, and behavior criteria that are effectively relevant to
nano-geopolymer technologies.

Therefore, additional investigation on nano-GC is needed to
comprehend the polymerization process. Furthermore, NMs dispersion
in GC is one of the key problems in ensuring the degree of Nano modi-
fication; consequently, more study is needed to analyze, visualize and
describe NMs dispersion in GC to obtain improved NMs dispersion.
According to a few reports based on experimental investigation,
admixed NMs diffuse easily in GC without clustering (Jittabut and
Horpibulsuk, 2019; Parveen et al., 2013; Ahmed et al., 2022b; Hamed
et al., 2019; Heister et al., 2010). Investigations should focus on various
sustainable development considerations, including sociological, eco-
nomic, and ecological aspects. As a result, experiments have to conduct
to analyze the strengths and weaknesses of nano-GC conclusively, and a
life phase assessment approach is suggested. This approach may take
into account the screening mechanism for natural resources, the
manufacturing technique, the curing process, the construction opera-
tion, the servicing technique, and a model for estimating the item’s life
span.

Nonetheless, one of the most significant restrictions on the
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Table 3
Cost efficiency comparison of GC with different NMs addition.
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Sl Materials Rate NA (Huang and Han, NS (Sun et al., 2022) NS (Du et al., 2022) NS (Bagheri and

No. ($/MT) 2011) Moukannaa, 2021)
QTY (1 Cost QTY (1 Cost QTY (1 Cost QTY (1 Cost
m®) ($/m®) m’) ($/m® m®) ($/m® m®) ($/m%

1 Fly Ash 13.49 - - 220.5 2.97 - - 343 4.63

2 GGBFS 80 362.8 29.02 220.5 17.64 500 40 144.79 11.58

3 Fine aggregate 7.55 990 7.47 864.83 6.53 825 6.23 490 3.7

4 Coarse aggregate 9.44 810 7.65 742.21 7.01 825 7.79 1470 13.88

5 Sodium hydroxide 512.64 122.4 62.75 64.3 32.96 28.55 14.64 73 37.42

6 Sodium silicate 121.41 40.8 4.95 160.7 19.51 160.75 19.52 154 18.7

7 Super plasticizer 2383.10 - - 22.5 53.62 6 14.3 19.6 46.71

8 Viscosity Modifying Agent 2822.06 - - - - 4 11.3 - -

9 Nano Silica 15051.18 - - 10 150.51 10 150.51 2.205 33.19

10 Nano Alumina 50170.61 7.256 364.04 - - - - -

11 Total cost ($/m>) 475.88 290.75 264.29 169.81

12 28 days compressive strength 44 65 78 63

(MPa)
13 Cost Efficiency (MPa/$/m>) 0.09 0.22 0.30 0.37

[Note: GGBFS-Ground granulated blast furnace slag; $-US dollar; MPa-Mega Pascal; MT-Metric ton; QTY- Quantity; NA- Nano Alumina; NS- Nano Silica.].

incorporation of NMs into GC is its cost. Despite the long-term benefits of
employing these materials, the price is significantly influenced by the
first capital invested amount. The cost of equipment and technologies is
relatively high due to the sophisticated machinery needed to synthesize
and classify NMs. Over time, expenses are projected to decline as con-
sumption increases and manufacturing technique advances. Another
stumbling block to the widespread use of NMs in the building industry is
health and environmental problems. Penetration to the underground
water table, emission into the atmosphere via dusty production, and
exposure to extremely harmful substances are just a few of the chal-
lenges that might arise. As a result, the construction sector may focus
more on the large-scale manufacture of NS for use in GC. Because NS is
produced at a lower cost and with less energy, it has better pozzolanic
reactivity and nano-filling effects, resulting in more durable GC.
Therefore, NMs be embedded into many GC with lesser structural and
serviceability characteristics, such as GPC which includes reprocessed
plastic particles and GPC containing grain rubber particles, to favorably
customize its composite. Furthermore, the efficiency of NMs exposed to
fire and high temperatures necessitated additional research.

It is evident from this study that the majority of the focus is on
investigating the compressive strength and microstructure of geo-
polymer products with NMs. The influence of different NMs in various
types of AS sources on other mechanical properties, such as compressive
strength, flexural strength, tensile strength, and durability has to be
investigated. The impacts of various NMs on the characteristics of GC
with various AS sources and their effects have been investigated
extensively in the literature over the last decade, as shown in Table 2.
The shrinkage and behaviour at high temperatures need further inves-
tigation, as researchers have reported contradicting results. Due to
conflicting results, more research is needed to determine the effects of
GC with NMs at elevated temperatures. Also, a research gap is observed
concerning shrinkage and corrosion of GC with NMs. So in the future,
there is scope for the area on GC with NMs.

6. Conclusions

In this extensive survey, the process connecting to the impact of
different Nanomaterials on the key features of various geopolymer
composites, including fresh, mechanical, durability, and microstructural
properties, was described and explored in detail. The following conclu-
sions can be drawn after performing a thorough assessment of the
literature.

1. Nano materials used in geopolymer composite mixes include
nano-Al,;03, Carbon Nano Tubes, Multiwall Carbon Nano Tubes,
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nano-SiO,, nano-CaCOs, nano-TiOy, nano-ZnO, Graphene Oxide,
Nano-metakaolin, Nano-fly ash, Nano Water Glass and Nano-
clay. At the little proportion replacement of less than 10%, all
these Nano materials were generally utilized for binder substitute
ingredients in the development of different geopolymer
composites.

. Nano silica was the most commonly utilized Nano material in the

production of Nano geopolymer composite because of its capacity
to fill Nanoscale pores and the formation of additional gels. But
the high initial cost of nanomaterials hinders their practical
usage, and hence cheaper Nano materials should be developed in
the future to help the construction industry.

. In geopolymer concrete mixtures, the average amount of nano

silica utilized is 3% of the total binder used. The optimal dosage
of the same Nano materials can differ based on the types of
binders used.

. Although distinct Nanomaterials have diverse chemical and

physical characteristics, as evident from XRD and TEM, their ef-
fect on the properties of GC is identical. The particle diameter and
ratio between specific surface and volume appear to have an
impact on the fresh, mechanical, and durability properties of
geopolymer mixes.

. The effects of Nano materials inside geopolymer composite

include nanoscale filling of gaps and spaces, accelerating chem-
ical interactions between the elements of the geopolymer com-
posite, engaging in chemical reactions, and improving transition
zones between surfaces.

. Incorporating Nano materials into the geopolymer concrete re-

duces mortar and paste composites and fresh properties such as
flow table test and slump cone value. The workability was low-
ered because the Nano materials could react quickly with the
sodium silicate, sodium hydroxide, and water due to their huge
specific surface region, resulting in a viscous and adhesive con-
crete composite mix. However, several studies have found that
increasing Nano materials dosages increased the workability of
geopolymer composite resulting from the ball-bearing action
caused by the Nano material’s spherical shape. As a result, more
research is needed to determine whether Nano materials improve
the workability of geopolymer composite or not.

. When a few types of nanomaterials and their dosages were

introduced in geopolymer composite, the initial and final setting
times were increased. In contrast, some other types of nano-
materials cause a considerable reduction in the same. Similarly,
the hardened properties of geopolymer composite get increase
with the addition of nanomaterials until it reaches an optimal
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percentage. Beyond this, it tends to decrease due to agglomera-
tion and poor dispersion of nanomaterial within the geopolymer
composite.

8. The durability of GC increases when various nanomaterials are
added, both in terms of kind and quantity. These benefits were
primarily brought about by the nanomaterials’ particle extraction
phase, which stops hostile components from penetrating the
saturated gel phase’s inner structure and results in a harder
composition that resists destruction by adverse circumstances.
However, adding Nano Silica will produce a polymer film, and its
higher proportion in GPC will minimize the level of degradation
of the aluminosilicate composition. In comparison, other studies
stated that the addition of Nano materials to geopolymer concrete
products results in the formation of a new phase, calcium silicate
carbonate. The layered and laminate structures of this new
product have a negative impact on the durability of the geo-
polymer composite.

9. The introduction of Nano materials has a considerable impact on
the microstructure characteristics of GC. According to SEM
analysis, the microstructure property of GC is upgraded due to the
formation of geopolymer gels that covers the nano-void gaps.
Further, some Nano materials, such as Nano silica, give more Si
elements, resulting in an increased polymerization and poly-
condensation reaction causing the morphology and hardness of
GPC to enhance.
According to the XRD analysis, new mineral humps, peaks, and
phases were generated due to the inclusion of nanomaterials in
the composites. The generation of additional crystalline peaks
with higher intensity in the graph indicates the formation of new
compounds in the geopolymer composite with the addition of
nanomaterials.

According to TGA findings, adding Nano materials to GC en-

hances the temperature resistance and mass reduction at various

temperature levels. This was attributed to the filling ability of

Nano materials, which made the composites harder than control

geopolymer mixes, resulting in more C-A-S-H, C-S-H, and N-A-S-

H gels formation.

From MIP analysis, enhanced micro profiles in geopolymer

composite due to the closing of large pores were observed with

the addition of nanomaterials. Further additional gaps with a

lesser dimension were formed, which led to the development of

additional C-A-S-H, C-S-H, and N-A-S-H gels.

The complex formation and interaction of nanomaterials with

geopolymer composite were analyzed using the FTIR analysis. All

the bending vibration, stretching vibration, and asymmetric
stretching vibrations, together with their shifting observed from
the graph, indicates the interaction of nanomaterials with the
geopolymer composite. In the geopolymer mix composites with

Nano materials, the Si-O-Si, CO5, O-H, Al-O-Si, and H-O-H

bonding were found to be good.
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