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Advanced clay-based geopolymer: influence of
structural and material parameters on its
performance and applications

Rajwali Khan, © *2 Shahid Iqbal,@*b Mukhlisa Soliyeva,© Ayaz Ali®
and Noureddine Elboughdiri @ ©f

Clay-based geopolymer material cement is an intriguing alternative to traditional Portland cement when looking
for ecologically friendly and sustainable building materials. This material blends cutting-edge geopolymerization
technologies with abundantly available clay to produce a variety of advantages, including enhanced mechanical
properties and reduced carbon emissions. As the need for green building solutions grows, clay-based
geopolymer cement stands out because of its superior structural performance, durability, and resistance to
extreme environmental conditions. In this study, we present a complete examination of the curing
conditions, structural features, and diverse applications of geopolymers, emphasizing the essential elements
that determine their strength and performance. We investigated the effect of curing temperature and
duration, demonstrating that favorable curing temperatures (such as 60-80 °C) can increase the strength of
geopolymers, whereas excessive curing temperatures can degrade their long-term structural integrity. Pre-
curing treatments, such as heat and moisture management, were also investigated for their capacity to
improve the microstructural density and minimize the porosity. In addition, we investigated improved curing
procedures such as autoclave and steam-saturated methods, which provide higher mechanical qualities,
especially in terms of compressive strength. Herein, we discussed a variety of applications, including high-
performance composites in aerospace and construction and environmental remediation employing the
capacity of geopolymers to immobilize dangerous compounds. Finally, we addressed the promise of
geopolymers in future sectors, such as infrastructure repair, environmentally friendly systems, and
applications in medicine, emphasizing their long-term viability and versatility in current materials science.
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1. Introduction

The synthesis, development, and application of geopolymeric
materials have been extensively explored, primarily focusing on
waste materials and indigenous or synthetic silico-aluminates.
The composition and properties of geopolymer concrete made
from soil and clay minerals have been fully analyzed. Geo-
polymers are man-made/inorganic polymers made from Al,SiO5
minerals (which are composed of silicon, oxygen, and
aluminum) and concentrated soluble base (alkali metals
cations and hydroxide anions OH™) or a basic silicate media,
e.g., Na,SiO; or Na,O;Si. After that, a drying and curing process
is performed at room temperature or a slightly warmer
temperature in the range of 20-100 °C. According to Davido-
vits,"* geopolymerization involves the reaction between an
adequate quantity of responsive silicon dioxide (SiO,) and
aluminum oxide (Al,O;), resulting in the formation of geo-
polymers. Meanwhile, the solution should be an exceedingly
strong basic solution. To put it another way, synthesis of
a geopolymer involves strong fluid blends with powdered
aluminosilicates, as shown in Fig. 1.

2. Geopolymer configuration along
with nomenclature

The term/name “geopolymer” was coined by Davidovits.** The
prefix “geo” signifies an inorganic aluminosilicate obtained
from geological components that were polycondensed with an
alkaline liquid to create a material.® As shown in Fig. 2(A)-(C),
the recommended classification of geopolymer structures
separates geopolymers into three essential types based on their
silicon-to-aluminum proportions including Si: Al =1, Si: Al =
2, and Si:Al = 3.5 Geopolymers are three-layered Si-O-Al
polymeric organizations having an unpredictable to semi-
glasslike structure." All the oxygen particles are shared
among the SiO, and AlO, tetrahedra, with Al in a precisely 4-fold
connection, as shown in Fig. 3(a). The 4-fold coordinated Al
carries as a negative charge, which is balanced by positively
charged ions such as sodium, potassium, calcium, barium,
ammonium, and hydronium ions. The presence of positively
charged ions is essential to maintain the charge balance and
structural stability of the material.” In any case, it is considered
that as well as playing a charge-adjusting role, the positively
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Fig. 1 Schematic of geopolymer formation.
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charged particles are critical in deciding the eventual stability of
the structure. As indicated by Saidi et al,* the sodium (Na)
cation impacts the stability of geopolymers. Geopolymers can
be represented by the following general formula:

M, {~(Si05)~AlO,-}z-wH,0 (1)

where M represents positively charged ions such as Ca**, Na*
and K'; n represents the measure of polymer formation or
degree of polycondensation; z represents 1, 2, 3..., and w
represents the amount of water needed for binding.

3. Aluminosilicate sources

In the development of geopolymers, a variety of unrefined
precursor substances have been utilized. Kaolinite was ordi-
narily utilized in the preparation of geopolymer composites in
the early phases of development.'®*™” Other fundamental
materials, such as calcined muds, were subsequently exam-
ined,'®" together with industrial waste such as ash,”*** rubbish

© 2025 The Author(s). Published by the Royal Society of Chemistry
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glass,* and tailings from copper mines* also an assortment of
extra regular and manufactured silicoaluminates (e.g. zeolite,**
Al,05-25i0,) powder in its purest form,*® and minerals con-
taining magnesium.*®* Aluminosilicates, which are rich in
alumina (Al,O;) and silica, are the fundamental materials used
to fabricate geopolymers (SiO,), which are abundant in the
Earth's crust. These materials are significant sources of AI** and
Si** particles in the framework, which assists in creating geo-
polymers, as shown in Fig. 3(A)-(C). The alumina and silica
compounds in building materials should ideally be in
a responsive shapeless state'"*” with an overall proportion of
over 70%. The usage of earth or dirt minerals in geopolymer
development, as well as their design and attributes, are dis-
cussed in this work.

3.1 Composition of clay minerals

Kaolinite is a frequently used clay mineral in the synthesis of
geopolymers. It is comprised of 1:1 uncharged dioctahedral
layers with the formula of Al,0;-2Si0,-2H,0 (Fig. 3(b)). These
layers are comprised of two sheets, (Si,Os), and Al(OH); (gibb-
site), which are joined by oxygen molecules. As seen in Fig.
3(b),*” van der Waals and hydrogen bonds® keep these sheets
intact, delivering a sheet or layered design (SEM images).
Gibbsite and Si,Os possess almost negligible electromagnetic
charge and their sheets are arranged closely together, prevent-
ing substitution with other elements. Kaolinite possesses
a small surface region for the polymerization process, in
contrast to fly ash, which consists of spherical particles. Due to
the small surface area of kaolinite, acid/alkali treatment is

Table 1 Conditions for the calcination of metakaolinite, and their
effects on the compressive strength of fly-ash based geopolymers
with additional variables: metakaolinite (clay) content = 14 wt%, water
to fly ash mass ratio = 0.31, K,O/SiO, = 1.14, and alumina to silica ratio
= 0.57 (ref. 31)

Temperature (°C)
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limited, resulting in diminished strength.” Xu and van
Deventer® used sixteen types of aluminum silicate (Al,05Si or
Al,SiOs5) materials as precursor materials for the formation of
geopolymers (almandite (Fe;Al,Si304,), CazAl,Siz0;,, fibrolite,
cross stone, cyanite, hiddenite, pyroxene augite, lithia mica,
hydromica, etc.). To achieve specific characteristics, some soil
minerals require the incorporation of kaolinite as a strength-
ening agent. Regardless, utilizing kaolinite alone in the poly-
merization technique resulted in a frail design. Among them,
stilbite had the most noteworthy compressive strength of 180
bars.

Furthermore, van Jaarsveld et al* found that including
a high concentration (41 wt%) of kaolinite in fly ash geo-
polymers affected the strength of the final product. This is due
to the fact that not all the kaolinite participates in the geo-
polymerization, resulting in the formation of a geopolymer
network. The compressive strength of kaolinite increases as it is
calcined. Table 1 displays the compressive strength of calcined
kaolinite, as determined by van Jaarsveld et al.>*

3.2 Clay mineral pre-treatment

The pre-treatment of clay essentially affects the attributes of
geopolymers. Geopolymers produced using heat-treated hal-
loysite possessed average attributes, as reported by MacKenzie
et al* When mechanochemically treated halloysite was
employed, an incomplete geopolymerization process was
noticed. Table 2 presents the various types of clay minerals.
Halloysite that had been synthetically treated in an acidic
medium formed inadequately set geopolymers, while halloysite
that had been treated with alkali for over 3 h resulted in the
formation of crystalline zeolites that cured and hardened
during the formation of geopolymers. The thermal treatment
was performed at 200-1000 °C for 2 h during the examination.
The materials were treated by soaking in either a basic (0.1 M
sodium hydroxide) or acidic (0.1 M hydrochloric acid) solution
for a period of 1 to 24 h, while mechanical and chemical curing
were performed by high-energy grinding for 20 h at 400 rpm.

Time (h) 300 400 500 600 700 800 900 In general, geopolymers prepared via the thermal curing of
raw materials such as metakaolin, fly ash, and impact heater
1 14 14 30 54 17 7 8 . .
6 1 31 13 9 15 - 15  slag have improved strength.*****> Heat treatment influences
12 12 47 28 25 14 3 15 the reactivity of kaolinite in the geopolymerization process.
24 6 32 31 18 6 15 12 When kaolinite is effectively calcined, it exists in an incredibly
Table 2 Different types of clay minerals
Clay mineral SiO, Al,O4 CaO K,O Na,O Fe,0; TiO, MgO P,O5 LOI SO; MnO References
Metakaolin 51.35 44.24 0.13 0.08 0.16 0.98 0.90 0.48 0.45 0.72 — 0.01 33
Metakaolin 52.1 43.0 2.5 0.12 0.7 — 0.3 — 1.0 — — 34
Metakaolin 59.7 34.1 0.1 0.2 0.9 — — 1.2 0.12 — 35
Occhito lake clay, Italy 47.5 15.6 10.2 1.9 0.3 6.7 — 2.4 — 15.4 — — 36
Sabetta port clay, Italy 50.0 15.9 6.9 1.7 0.3 5.7 — 1.9 — 17.5 — — 37
Kaolinite from Jordan 48.92 25.16 0.68 1.4 0.21 7.52 0.86 0.21 0.16 11.93 2.94 0.01 38
Kaolinite 49.35  36.03  0.02 229 0.04 0.20 0.02 0.02 — 11.94 — — 39
Kaolinite 40.86 39.87 0.12 0.17 0.01 0.39 0.46 0.12 — 17.91 — — 39
Kaolinite 42.66 40.92 0.14 0.09 0.14 1.12 0.45 0.04 — 14.13 — — 39
Halloysite 48.12 36.33 0.04 0.03 0.04 0.33 0.16 — — 14.8 — — 39
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Fig. 4 (a)-(d) SEM micrographs of metakaolin calcined at different
temperatures 54344

pozzolanic formless state, as shown in Fig. 4(a)-(d). Thermal
curing converts the translucent state to responsive indistinct
states.* These shapeless states undoubtedly give dynamic
constituents that characterize the final strength of the geo-
polymer. At 550-800 °C, the fixed fortified hydroxyl particles on
the aluminium built-in sheet dehydroxylate due to H,O dehy-
dration during the thermal treatment of kaolinite.*® This
transforms kaolinite into the disordered metastable stage of
metakaolin. Despite undergoing treatment method, metakaolin
maintains its layered structure. This is because the layered
structure of metakaolin seems to be more open than that of
kaolinite.*”**

Besides, atomic changes and rearrangement of the hexa-
coordinated Al particles in kaolinite into penta-and tetra-
coordinated Al particles destroys its hexagonal layer.* In this
case, the amount of hexa-coordinated Al particles converted to
penta- and tetra-coordinated Al particles determine the reac-
tivity of metakaolin. When the content of hexa-coordinated Al
particle is the lowest, metakaolin has the greatest reactivity.*®
The thermal curing range of kaolinite is typically between 599 °©
C and 899 °C. Rowles and coworkers®™ showed that receptive
metakaolin can be prepared by warming kaolinite at 749.5 °C in
air for 24 h. The MAS NMR examination uncovered an excep-
tionally cluttered organization of metakaolin with wide vibra-
tions of —104.8 ppm and Q* of —111.5 ppm. Singh et al*!
employed the same calcination temperature, but for a brief
duration of 10 h. Alternatively, Guo et al®*® found that the
optimized conditions were calcining kaolin at 800 °C for 2.
Metakaolin was employed to produce low-strength geopolymers
when heated at more than 900 °C. Overall, this can be attributed
to calcination, which resulted in a difference in responsive
nebulous stages into dead consumed and non-receptive mullite
crystalline phases. Then, the ideal calcination at 900 °C was
recorded. Zhang et al.”® recorded the XRD diffractogram of their
geopolymer, which displayed that the activity of the annealed
materials improved with an increase in temperature in the
dehydroxylation area but dropped sharply in the “spinel” zone.

12446 | RSC Adv, 2025, 15, 12443-12471
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The translucent pinnacles of kaolinite became more fragile as
the temperature increased. This suggests that the crystalline
structure of kaolin was destroyed. Alternatively, a calcination
temperature of kaolin in the range of 649-849 °C had no
significant impact on the mechanical properties of the geo-
polymers, as reported by Kong et al.>> As the Si/Al proportion
increased from 1.40 to 1.54, the impact of calcination temper-
ature became more obvious. With an Si/Al proportion of 1.54,
the most elevated strength of 45 MPa was achieved at a calci-
nation temperature of 750 °C. The surface area of the unrefined
components was expanded upon heat treatment. Ferone et al.>
observed that calcining supply mud/clay silt/sediment at 400 °C
and 750 °C for 2 h before alkalination increased the disinte-
gration of the clay sediments. The compressive strength of the
clay samples treated at 750 °C was higher (between 6 and 12
MPa) than that cured at 400 °C (between 1 and 4 MPa). It was
shown that the treated unrefined components had an enormous
surface region for alkali/basic reactant disintegration, ensuing
a geopolymer process response.

Calcination has been reported to be performed in the air
using heater. Kolousek et al.** utilized an alternative calcination
strategy. In their study, an inferior class of kaolin was used for
calcination with a blend of sodium hydroxide and potassium
hydroxide. After calcination, the substance was ground and
blended directly with H,O(1) (instead of a salt reactant) for the
production of a geopolymer. This geopolymer was named a one-
part geopolymer. However, the final product had a strength of
1 MPa. Feng et al® created geopolymers with adequate
compressive strength of 40 MPa after treatment for 4 weeks,
compared to that reported by Kolousek et al.>* The final sample
was obtained via the calcination of albite with soda ash
(Na,CO3) or caustic soda (NaOH). Ke and co-researchers,*® Peng
and co-workers,” and Nematollahi and co-researchers®® per-
formed comparative studies; however, they used different
unrefined components such as bauxite residue, coal ash, slag,
and calcium hydroxide. The interest in this field of examination
is critical given that it can possibly expand the application and
cost-effectiveness of geopolymers.

3.3 Geopolymers made of clay (clay-based geopolymers)

Commonly, clay is utilized as the starting material for geo-
polymers given that it accommodates straightforward trans-
lation of the outcomes and disposes of the requirement for
modern understanding. Due to the presence of debasements
and impurities, the use of unrefined components, for example,
fly ash and slag, may affect the outcome. Clay is rich in Al,O;
and SiO,, with an overall content of 70-90% of both. Generally,
the structure of clay varies depending on its source and
geographical location. The impact of changing variables such as
silicon to aluminium and sodium to aluminium molar
proportions, explicit surface and synthesis of dirt, soluble base
centralization of alkali reactant arrangement, modulus of alkali
silicate arrangement, treatment conditions, etc. has been widely
investigated in metakaolin geopolymers to date.*®***° Meta-
kaolin geopolymers are not compact. The layer structure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of (a)—(c) pure metakaolin and (d) metakaolin
geopolymer with slag where ("A" shows geopolymer matrix and “B"
shows CSH gel).®

remains in the geopolymer matrix after the geopolymerization
reaction,® as shown in Fig. 5(a)-(d).

A few analysts prepared blended geopolymers as opposed to
utilizing metakaolin alone in geopolymer amalgamation. Met-
akaolin is combined with other initial reactants such as
Ca(OH),, ash, and cinders. In the geopolymer network, these
unrefined components act as both a fastener/binder and a filler.
Alonso et al.,*"** for instance, combined Ca(OH), with meta-
kaolin and discovered that Ca(OH), had no effect on the final
results. Moreover, Yunsheng et al.®® showed that adding 30%
slag to metakaolin geopolymers further enhanced their
strength. However, if more than 50% slag was applied, the
strength was reduced. The mechanical characteristics of the
final result were upgraded by filling huge grains of slag.*
CaH,0,Si (C-S-H) phase was created in the blend with the
geopolymer matrix considering the fact that both Ca(OH), as
well as slag have a high “Ca” concentration. Yunsheng et al.*
made microstructure geopolymers, given that the unadulter-
ated metakaolin geopolymer only displayed one homogenous
phase, though the slag-metakaolin geopolymer had two obvious
phases (CSH and geopolymer framework). Buchwald et al®
reported similar observations.

4. Alkali reactant

A solvent alkali metal, namely, sodium or potassium, is utilized
as a salt reactant. Alkali silicates, hydroxides, carbonates, and
additives such as sodium aluminates and concrete oven dust
are used. Aluminosilicates quickly disintegrate in solid basic
media, delivering silicon-oxygen tetrahedral and AlO, tetrahe-
dral units and enhancing the disintegrated species for poly-
condensation.®*® A solution of hydroxides (sodium hydroxide
and potassium hydroxide) and silicates is the most well-known
alkali reactant solution (sodium silicate and potassium
silicate).'®*>%7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.1 Sodium or potassium-based alkaline solution

Alkalinity is accomplished utilizing NaOH or KOH solutions.
The limit of different aluminosilicate sources to filter NaOH and
KOH has been widely observed. The disintegration of alumi-
nosilicate sources regularly increases as the concentration of
alkali solution increases. The limit of a geopolymer to disinte-
grate is often related to its final strength.*® However, a large
number of researchers concluded that Al,SiOs; materials
dissolve better in sodium hydroxide than in potassium
hydroxide. The geopolymers created using Al,SiO5 material had
higher compressive strength in potassium hydroxide than in
sodium hydroxide solution, despite its higher dissolution in
NaOH solution, as shown in Fig. 6. Panagiotopoulou et al.®®
explored the limit of Al,SiOs to leach in 10 M sodium hydroxide
and potassium hydroxide solutions, individually, as shown in
Fig. 6. The aluminosilicates broke down more promptly in
NaOH than in KOH, forms expected.

The ability to leach was found to decrease in the order of
kaolin > metakaolin > zeolite > slag > fly debris > pozzolana, as
shown in Fig. 7(a). More Na' particles were easier to combine
with the silicate anion to form smaller oligomers, according to
Xu and van Deventer.*® Overall, when more K' particles
combined with the silicate anion, larger oligomers were formed.
Therefore, the compressive strength of the K-based geo-
polymers was 42% greater than that of the Na-based geo-
polymers. In the case of kaolinitic material, a comparable
example was seen.?” Also, greater K' particles help in the setting
of geopolymers.”” Steveson and Sagoe-Crentsil”* detailed
a captivating outcome. The microstructure of geopolymers
made with K and Na alkali solution is displayed in Fig. 7(a)-(d).
The geopolymer had a more obvious geopolymer grid, as shown
by globular units and less unreacted metakaolin particles in its
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Fig.6  Aluminium (Al) and silicon (Si) were dissolved in 10% 10 M NaOH
and KOH solutions, respectively. The soluble fraction of oxides and the
total soluble fraction of oxides of metakaolin were analyzed. Addi-
tionally, the release of SiO, from different aggregates in 0.4 M NaOH
and KOH solutions was measured as a function of time at 38 °C.%8-7°
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Fig. 7 Metakaolin geopolymers of the same composition made with
different activating cations (MKK1 shows geopolymers prepared with
(@) K-based activating alkali solution, while (b) MKNal shows geo-
polymers prepared with Na-based alkali solution, while (c) MKNa06
and (d) MKNal0 show different molarity of sodium alkali solution).”

morphology (layered design). In this case, the K-based geo-
polymers possessed a better surface and a denser design. The
Na-based geopolymers had a better compressive strength than
the other geopolymers, as observed in their SEM images. The
smaller Na" particles are believed to be more dynamic in soluble
base responses, bringing about superior disintegration and
adjustment of the silicate monomers and dimmers. Rahier
et al.”® performed a DSC investigation to confirm this outcome.
Lizcano et al.” reported comparable examples of microstruc-
tures. In any case, the compressive strength estimation varied
from that reported by Steveson and Sagoe-Crentsil.”* Despite the
fact that the Na-based soluble base reactant is thicker and
responds faster, it prevents the creation of a homogenous
design, resulting in a permeable structure and lower strength.
Regardless, the Na-based alkali reactant is preferred for geo-
polymer alkalination given that this method is more practical.

4.2 Mixture of alkali silicate solution and alkali hydroxide

Although alkali hydroxide is fundamental for aluminosilicate
disintegration, soluble base silicate can act as a fastener, alkali
reactant, dispersant, and plasticizer.” Besides Na,SiO3/K,SiO;
solution, silica seethe/fume can be utilized as another option or
additive to metal silicate. Currently, they are used to examine of
geopolymers created with soluble base hydroxide versus
a mixture of basic hydroxide and metal silicate arrangements,
as shown in Fig. 8(a)-(d). The presence of alkali silicate in the
alkali reactant combination is vital according to most exami-
nations, resulting in an microstructure and strength charac-
teristics. Also, it affects the particular extent of solvent SiO,
structures, including monomers, dimmers, and oligomers, in
the alkali silicate arrangement/solution.”

A change in the silica content of the combination*® resulted
in improve silicate gelation and precipitation. NaOH-activated
kaolin geopolymers had a compressive strength of 20 MPa, as
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Fig. 8 SEM images of (a) and (b) kaolin made with NaOH solution and
(c) and (d) kaolin made with alkaline sodium silicate solution.”s””

reported by Mohsen and Mostafa” (Fig. 8(c) and (d)), while
soluble sodium silicate-activated kaolin geopolymers had
a compressive strength of 60 MPa. Pacheco-Torgal et al.* found
a comparative strength design. The kaolin geopolymers made
with Na,SiO; arrangement possessed a fine texture and a high-
density construction, as seen in their microstructure images.
This suggests an enhancement in the sodium silicate geo-
polymerization response.

Ferone et al* reported comparable results, as shown
Fig. 9(a)-(d). Although the compressive strength of the NaOH-
activated and NaOH-Na,SiOs-activated geopolymers was
comparable, their microstructures were significantly different.
The minimal construction created when responded with the
NaOH-Na,SiO; mixture showed the more viable alkalization of
Al and Si. Because of its dissolvable silicate content, which will,

Fig. 9 SEM micrographs of geopolymers made using (a) NaOH solu-
tion and (b) combination of NaOH and Na,SiOz/sodium silicate solu-
tions using clay particles from the Occhito reservoir. (c) and (d) Blast
furnace slag was used as a supplement/additive after the clay sedi-
ments were subjected to heat at 750 °C.5®

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07601j

Open Access Article. Published on 22 April 2025. Downloaded on 3/16/2026 6:08:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Fig. 10 SEM images of fly-ash-based geopolymers made with (a)—(c)
NaOH solution and (d) alkaline silicate solution.”s-8

in general, modify the speed of the geopolymerization activa-
tion, fluid metal silicate is inclined toward antacid/alkali sili-
cate arrangement/solution in the formation of geopolymers.”

Moreover, alkalination of Al,SiO5 with strong antacid/alkali
without solution of alkali silicates yields products that fluc-
tuate from geopolymers, as indicated by Davidovits.** A trans-
lucent zeolite or hydroxysodalite as opposed to fly debris
geopolymers was obtained when the antacid/alkali silicate-
activated fly debris/ash geopolymer framework had globular
units as geopolymerization proceeded. Translucent/crystalline
and granular designs were found in the NaOH-activated fly
debris geopolymer, as shown in Fig. 10(a)-(d).”* In addition,
geopolymers were formed using a mixture of alkali reactant
solutions of potassium silicate/sodium hydroxide, sodium
silicate/sodium hydroxide, and potassium silicate/potassium
hydroxide. Alkali reactant solutions of the same alkali
elements (sodium silicate/sodium hydroxide and potassium
silicate/potassium hydroxide) usually outperform different
alkali metal reactant solutions in terms of strength. This was
attributed to the fact that potassium silicate has a quicker
polycondensation rate than sodium silicate, resulting in more
salt elements participating in the polycondensation interaction
instead of aluminosilicate disintegration.”” Geopolymers con-
taining sodium silicate set faster than that containing potas-
sium silicate, according to Kong et al** O'Connor and
Mackenzie® utilized a lithium-based salt reactant to make
halloysite geopolymers besides Na and K-based antacid/alkali
reactants. Because of the reactant impact on gel development
and stage division, the final results did not properly show the
common nebulous element/final product of geopolymers, but
instead lithium zeolites. Na,COj;, K,CO3, and K,SO, may be
utilized as salt reactants, in addition to the previously
mentioned normal alkali reactant solutions.'***** Clay-based
geopolymers definitely stand out to be noticed with the above-
mentioned alkali reactants.
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5. Reactions occurring during the
formation of geopolymers
(geopolymerization process)

The reactions happening during the geopolymer formation
process are synthetic reactions, in which aluminosilicate
(AL,SiOs) materials change to some extent or completely from an
amorphous phase into 3D polymer organizations rapidly. The
alkali reactant and the type of (Al,SiO5) material used decide the
science of alkalination. The geopolymer combination employ-
ing a comparable system for understanding the response that
prompts the formation of geopolymers is vital. The particular
geopolymerization response was only recently revealed.*® Most
investigations concur that the formation of geopolymers
involves dissolving Al and Si species from aluminosilicate
surfaces, cross-linking (polymer formation process) of dynamic
plane assemblies and solvent atoms and ions forming a gel,
which afterward solidifies to shape an unbending strong
material known as a geopolymer.

5.1 Reaction occurring during the formation of geopolymers
(geopolymerization process)

As mentioned, kaolinite-based geopolymers have an overlay
construction, as well as ionic charges, which prevent ion
interchange after interaction with soluble base reactants. As
a result, the kaolinite layer chemical attack begins at the
outward area and borders, and gradually perforates the struc-
ture layer by layer, as shown in Fig. 11.° This becomes the
primary reason for the poor strength performance of almost all
geopolymers made using clay or soil. Meanwhile, the produc-
tion of aluminium-substituted silicate layers after attack by
sodium hydroxide solution is depicted in a schematic model in
Fig. 12.%%¢ Structure-damaged aluminum sites were produced
and changed into tetra-organized aluminum sites after the
chemical attack.

5.2 Reaction mechanism

Geopolymerization is a heat-releasing reaction that is thought
to be carried out by oligomers (dimers and trimers) that supply

~ (Si,04)* layers

Chemical
attack

Aluminium
hydroxyl
Chemical side group

attack

Chemical
attack

Fig. 11 Chemical attack on kaolinite layers (orange circles represent
aluminium hydroxyl side group).®
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Fig. 12 Schematic showing the unsubstituted silicate layer and
substituted aluminium silicate layer after interaction of metakaolin with
NaOH solution.®2¢

the real unit structures of three-dimensional macromolecular
structures. The equations for geopolymer production proposed
by Kong,* Davidovits and Heah"* are shown in Fig. 13, where
(81,05, Al,O,) refers to the IV-fold coordination of Al, while SiO,
comes from a silicate solution. The backbone of the final
product is Si-O-Al. The existence of OH™ in the soluble base
reactant starts the breakdown of Al,SiOs in alkaline media,
releasing (Si,0s> "), and (AlO;'7) ions to aid in the geopolymer
formation process.”” The amount of disintegration is deter-
mined by fine grains, the capability of ion interchange, the
alkaline solution concentration, and the structure of the
precursor materials. The polymerization reaction is thought to
take place in many steps that occur at the same time,**>* as
follows:

e Aluminosilicates disintegrate in an unequivocally alkaline
reactant;

e Strong state changes and solidifying/hardening to create
hard strong/solid;

e Depolymerization to create Al,SiOs gel phases; and

e Strong state change and solidifying to frame a strong
geopolymer.

Also, Xu and van Deventer® introduced a response system
for the union of geopolymers, as displayed in eqn (2)-(4). The
creation of geopolymers occurs in eqn (4). The time expected for
the Si-Al material to be consumed is not determined by the
unrefined substance handling conditions.”

n (OH);=Si-0-AI-0-Si<(OH);
|
(OH),

n(AL0,,Si,04) + 2n8i0,+ 4nH,0 KOHNaOH |
Geopolymer antecedents

| | |

(Na*, K¥)-Si-0-Al0-0-8i-0-) + 4nH:0
| | |
0O 0 o0

n(OH); ~$i-0-A10-0-si-(0), N0 |

(0H),

Geopolymer Pillar

Fig. 13 Diagram showing polymerization process.*®”
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Al-Si material (s) + [M, (AlO,): (SiO,)y. tMOH . 3)

mH20] gel

l

Al-Si material (s) [My(AlO; )s (SiOz),. nMOH . © (4)
mH20]

The underlying geopolymer gel phase is distinct from
a definitive gel phase after broadened restoration, as indicated
by researchers®”®* and shown in Fig. 14. During restoration, the
gel phase goes through a steady adjustment toward more
prominent crosslinking, with unbound water being released
and the creation of some zeolitic crystallites. In their model, the
beginning and last gel phases are addressed by the “hardening
and solidifying” and “ongoing gel reworking and crystalliza-
tion”, separately. More arranged phases are shaped in the end
product.

When Si-O-Si and Si-O-Al covalent bonds contact an alka-
line solution during geopolymerization, they dissociate into
a colloidal phase. Most researchers accept that the dis-
integrated items associate/interact and produce a coagulated
design.”® As the activation continues, the intermediate (Gel 1),
having a high content of aluminium, is reorganized into Gel 2,
which contains a higher content of Si, as shown in Fig. 15.
Finally, the gel creates and delivers three-layered designs. The
paradigm followed was very similar to that reported by Provis
et al.,”® in which the reaction involved the continuous arrange-
ment of the gel into three-dimensional geopolymer structures.

Geopolymer structures are formed at an incredibly fact rate.
The previously mentioned process is considered to happen at
the same time. Also, the activation energy and reaction kinetics

Aluminosilicate
Precursor
Dissolution
§ e=H0
Aluminate and
silicate
Ilz()m @, Speciation
Sol
H0 ¢ @ : Gelation
Gel 1
H,0 dumm ¥ > Reorganization
Gel 2
1,0 ¢umm g ioes
g @" Polymerization and
hardening
Geopolymer wrdening

Fig. 14 Processes occurring during geopolymer formation.®%%*
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are interconnected.® Thus, it difficult to isolate the activation
steps in tests.

5.3 Geopolymer formation

A homogenous geopolymer mixture with remarkable strength is
the final result of the optimal mixture. The best known tech-
nique for producing geopolymers is the direct mixing of
aluminosilicates with a soluble base reactant. After projecting
and embellishing, the geopolymer glue is reconstituted at room
temperature or at a slightly higher temperature. A thin coating
of plastic is applied to the exposed surface to prevent damage
from excessive moisture or dampness. Various mixing succes-
sions have also been used. To create kaolin/white soil slag
mixed geopolymers, one method involves the use of the previ-
ously mentioned conventional blending procedure. In the next
step, the aluminosilicates are combined with fluid or liquid
sodium silicate, and after 3 min, an NaOH solution or solution
is applied.* Neither approach was successful in reducing the
level of geopolymerization. However, the last approach was
detrimental to the mechanical strength given that the mixture
contained too much water. Rattanasak and Chindaprasirt®
uncovered incongruous discoveries in the example of fly debris
geopolymers. Given that more time is allowed for the filtering of
aluminosilicates, which affects the reaction, the subsequent
procedure produced stronger geopolymers in comparison to the
main technology. The type of underlying materials used and the
ratios of blending and mixing determine whether a modified
blending arrangement may enhance the geopolymerization
process. To achieve a good consistency, an excessive amount of
water is anticipated during the blending process in the clay
testing. Compared to fly ash-based blends or mixtures, clay-
based mixtures are usually gooier and tackier.”® This is due to
the layer-like structure of dirt, which reduces their usefulness
for everyday tasks. Alternatively, fly ash is comprised circular
particles, which reduce the inter-particle friction or between-
molecule erosion, while also making the geopolymer mixture
more usable. This can explain the superior mechanical prop-
erties of fly ash-based geopolymers. Functionality is an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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important factor to consider in the design of geopolymers.
Compaction will become problematic and result in a perme-
able/porous and sensitive final design if there is a real func-
tioning problem.

6. Structural characterization of clay-
based geopolymers
6.1 Morphology of clay-based geopolymers

Microstructural investigation can be performed to follow the
development of geopolymers with time. The thickness and
porosity of a geopolymer structure are firmly associated with its
solidarity. Low porosity, high thickness, and fine-grained
microstructures are factors that contribute to the formation of
high-strength geopolymers overall,”* as shown in Fig. 16.

The SEM pictures recorded by different researchers®* are
displayed in Fig. 17(a)-(d). The layered design of metakaolin
geopolymers was protected during the geopolymerization
process. This upholds and confirms the guarantee by Davido-
vits®* that the response happens on the outer layer of
geopolymers.

Fig. 16 SEM images show low porosity, high thickness, and fine-
grained microstructures are factors that contribute to the formation of
high-strength geopolymers.”
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Fig. 18 ESEM micrographs obtained for the same area at different
mixing times of (a) 10 min, (b) 3 h, (c) 6 h and (d) 9 h 86100103

The precipitation of film-like geopolymer globular units on
the outer layer of approximately spaced metakaolin particles,
along with densification and continuous formation of a dense
geopolymer network within and around the voids, was observed
in the microstructure of metakaolin geopolymers processed for
an extended period, as displayed in Fig. 18(a)—(d).%****

The existence of residual particles in the bulk geopolymer
structures, according to Rowles et al.,*® constitutes a stress
concentration site, which generates cracks and fractures.
Furthermore, leftover particles may modify the nominal
composition of the geopolymer, preventing the complete
growth of the geopolymer network.

Fly ash geopolymers are different from metakaolin geo-
polymers in that they are heterogeneous materials, for example,
the non-responsive fly ash particles left in the empty spaces to
some extent dissolve fly ash particles, as shown in Fig. 19(a)-(d).
Non-responsive particles serve as filling particles and help to
reinforce the composite. Instead of globular units in the geo-
polymer matrix in metakaolin geopolymers, a smooth and
connected geopolymer matrix was discovered in fly ash-based
geopolymers.

12452 | RSC Adv, 2025, 15, 12443-12471
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Fig. 19 SEM micrographs of (a) fly ash-based geopolymer, (b) fly ash-
based geopolymer after calcination at 400 °C, 600 °C and 800 °C, (c)
fly ash-based geopolymer calcined and cured at room temperature for
24 h and at 80 °C for another 24 h and (d) fly ash-based geopolymer
prepared at 80 °C 18101102

6.2 Geopolymer phases

As per X-ray diffraction (XRD), geopolymers are completely
amorphous. As outlined in Fig. 20 (left side panel and a-d), they
frequently have a diffuse hollow peak in the 26 range of 27-
300,141 In accordance with the broad diffuse hump, the
shapeless aluminosilicates, which contain a substantial cover,
purposefully relax the geopolymer structure and increase its
strength. The slope of this diffuse halo is determined by the Si/
Al ratio. As the Si/Al proportion increases, the hump level
decreases.” Similarly, Wang et al.®” found response items with
halo diffuse qualities somewhere in the 26 range of 18° to 25°
for metakaolin geopolymers. The quartz phase was demon-
strated to be inert after alkalination. In any case, because of
inadequate calcination, the impurities in kaolin decline in
intensity.*®'*¢1%” Related to the indistinct phase of geopolymers,
the development of crystalline phases, eminently zeolites, can
be identified in the X-ray diffraction pattern of geopolymers, as
shown in Fig. 21(a)-(c).®"*'* Geopolymers are substances that
are equivalent to zeolitic materials. Geopolymers are in some
cases considered to be a zeolitic precursor. Geopolymers and
zeolites differ in that geopolymers are shapeless, while zeolites
are translucent in nature."*'”* Crystals inside geopolymers are
managed by the curing temperatures, as well as the curing time

(a) ()
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Fig. 20 (Left side panel) XRD diffractograms for poly(sialate-siloxo)
geopolymers with molar ratios of SiO,/Al,O3 of (a) 4.02; (b) 3.98; (c)
3.39; and (d) 4.11. (Right) (a)—(c) XRD diffractograms of geopolymers
with  different  SiO,/ALOs ratios and cured at different
temperatures 104105
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Fig. 21 XRD patterns of (a) geopolymers with different Si/Al ratios
(NMK = metakaolin, G = Si/Al ratio) and (b) metakaolin made with
alkaline sodium silicate solution with different Si/Al ratios and cured at
50 °C for 24 h.1819 (c) XRD patterns of geopolymers at calcining/
curing temperature of 80 °C for 28 days (A = amorphous phase =
quartz) (AC = air curing, SC = steam curing).3881106-109

and the type of alkali used. The crystallization of zeolites is
supported by a high water content, a high calcination temper-
ature, and a long curing length/time."” The quantity of zeolite
crystallites increases with aging."*® Zeolites are known for their
permeable nature and poor mechanical qualities. It was once
imagined that the amount of crystalline phase that the lattice
could support was restricted 100% of the time. A few
researchers®''' noticed that zeolite crystals strengthen the
geopolymer matrix and increase its toughness; however, its
overall strength is altogether diminished. Fly ash geopolymers
have shown a comparable strength development design."*

6.3 Identification of functional groups

FTIR spectroscopy can be utilized to offer data on the progress
of vibrations inferable from slight underlying changes, as well
as aiding the investigation of functional groups in geopolymers.
The essential band of clay based geopolymers is located at
around 990 cm™", which is related to the deviated extending/
asymmetric stretching of silicon and oxygen bonds and
aluminium oxygen links.®*'** As the polycondensation cycle
advances, the intensity of this band increases, which means an
increase in Al,SiOs in the lattice/matrix. Moreover, because of
the higher calcination temperature, it shifts to a higher wave-
number. This is attributed to the substitution of aluminum for
silicon, which causes atomic primary adjustments.'** The
progress of Gel 1 to Gel 2 proposed™>'*® shows the spectrum
changes from lower to upper wavenumbers, as shown in
Fig. 22(a) and (b). Besides, geopolymers display a peak at
720 cm ™, which is attributed to the Si-O-Si/Si-O-Al extending/
stretching.®**¢ Other functional groups or absorption bands
can be seen at 560 cm ™" and 690-440 cm ', showing tetrahedral
aluminium extending/stretching groups and Si-O-Si/Si-O-Al
twisting vibrations, respectively. The enhanced silica content in
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Fig. 22 (a) FTIR spectra of (G1 = Gel 1) and (G2 = Gel2). (b) FTIR
spectra of geopolymer, aerogel/geopolymer composite and
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geopolymer structures improves their strength. This is because
of the stronger Si-O-Si bonds than Si-O-Al bonds.""”

7. Properties of clay-based
geopolymers

Besides their exceptional mechanical and physical properties,
geopolymers exhibit low thickness and resistance to heat, fire,
and chemicals, and other heat-related hazards. As a result, they
are widely used in a variety of fields, such as innovative mate-
rials, fireproof materials, and new ceramics. Metakaolin geo-
polymers are estimated to have a bulk density in the range of
1.20 to 1.80 g cm . Geopolymers can also be used to create
lightweight objects. Their reported bulk density is lower than
that of OPC concrete and almost as low as geopolymers made
from fly ash and slag. The traditional Portland cement paste, for
instance, has a density of >1.80 g cm>,*” whereas coal fly ash
geopolymers have a bulk density ranging from 1.40 g cm > to
1.80 g cm 1810

The curing conditions, as well as a combination of other
factors including the type of geopolymers, alkali concentration,
and the nature of soluble base metal silica (SiO,), affect the bulk
density. With an increase in the curing temperature, the bulk
density of geopolymers decreases.”® The compressive strength
of a material corresponds to its mass thickness. Potassium-
based metakaolin geopolymers (1.38 to 1.82 g cm °) and
sodium-based metakaolin geopolymers (1.24 to 1.71 g cm ?)
exhibited almost the same density values. Geopolymers based
on Na are generally lighter than that based on K. This is because
potassium-based geopolymers have a high density and less
openings, as recently reported.”

Geopolymers set rapidly. Metakaolin geopolymers set and
solidify in around 24 h. De Silva et al.*” reported a short setting
period of 4 h at a restoring or curing temperature of 40 °C.
Compared to metakaolin geopolymers, fly ash geopolymer glue
sets and solidifies more rapidly. As indicated by Hardjito
et al.,"* this can be achieved in 2 h when cured at 65 °C and 80 °
C. Indeed, the curing temperature significantly affects the
setting time. Geopolymers set quicker at higher temperatures.
The geopolymerization strategy required 4 h at 50 °C. Besides, at
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85 °C and 95 °C, the geopolymerization cycle required 1.5 and
0.5 h, respectively."” If the geopolymer glue is cured at temper-
atures below the surrounding/ambient temperature, it may take
more than one day to set. Rovnanik'® observed that the
strength of geopolymers did not degrade after 28 days, where
they required an extended treatment time. De Silva et al®
observed that a high SiO,/Al,0; proportion in the underlying
synthesis prompts delayed setting and solidifying, as shown in
Fig. 23(a). Despite the fact that the setting time was longer,
metakaolin geopolymers with a silica to alumina ratio of 3.8
gained higher and more stable strength at a later period, while
in the case of the fly ash-based geopolymer, the highest
compressive strength after 7 days was obtained at the SiO,/
Al,O; ratio of 4.18, as shown in Fig. 23(b).*** The setting time
was quick when the Al,O; fixation was high; notwithstanding,
assuming that the SiO, content is low, the strength will endure.
Moreover, the “Ca” content in the precursor material has a huge
impact on the setting time. This is based on the fact that the
presence of calcium offers more nucleation sites for the
precipitation of degraded species, resulting in a faster setting
and solidifying speed.'* After just 4 h at 20 °C, the geopolymers
exhibited a compressive strength of 20 MPa. The 28 days
compressive strength of geopolymers may be as high as 70 to
100 MPa.' An increase in strength shows that the source
materials break down more effectively or more rapidly, gener-
ating more aluminosilicate species, which are the main
components interaction. The
compressive qualities of geopolymers can straightforwardly be
determined by the activation degree of the source materials.
Geopolymers are not entirely characterized by their gel phase
strength, how much gel phase is created, and the amorphous
nature of the reaction products.*® Geopolymers offer extraordi-
nary stability to heat with simply 2% shrinkage. Geopolymers
have a ceramic-like design and are steady up to 1000-1200 °
C.1034%3123 Geopolymers are correspondingly steady in their
functioning in the range of 250 °C and 800 °C, according to
Subaer and van Riessen. Filler (for example SiO, or rock) and
foaming agents (for example ground aluminium and H,O,)
were added to geopolymers during blending to enhance their
thermal characteristics. An increase in the content of quartz or
rock in the blend diminished the shrinkage to 1%.%® Besides,
according to researchers,* foamed geopolymers supported with
(C3Hg),, strands have flame resistance for around 60 min, as

in the geopolymerization
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Compresive streagth (MPa)
days(MPa)

Compressive strength at 7
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Fig. 23 (a) Compressive strength and final setting time of metakaolin
geopolymer with constant H,O/Na,O molar ratio of 13.6 and varying
SiO,/ALO3 ratios. (b) Compressive strength of geopolymer with
varying SiO,/AlL,O3 ratios.312°
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Fig. 24 (a) Fire testing of 4 different mixtures of metakaolin geo-
polymer. (b) Fire resistance test of metakaolin geopolymer activated
with Na,O,; N shows percentage of Na,0O,.35124

shown in Fig. 24(a). Foamed geopolymers have great potential
for use as warm protector/thermal insulators in the environ-
ment considering their low thickness and compressive
strength. To achieve a comparative fire rating, materials should
have exceptionally low thermal conductivity and thermal
damage resistance. Elimbi et al.*® found that when metakaolin
geopolymers heated in the range of 300 °C and 900 °C, their
uniformity/strength decreased. This was ascribed to the slow
progress of the geopolymer framework transforming into
translucent phases. At 1000 °C, the metakaolin geopolymers
extended and broke, as shown in Fig. 24(b).

Under acidic and antacid/alkaline conditions, geopolymers
have high toughness.""*** In experiments, they were found to be
stronger under alkaline conditions. When submerged in ocean
water (potential of hydrogen = 8) and Na,SO, arrangement (5%
sodium sulfate) for a full year, their mechanical properties not
degrade. However, geopolymers were fundamentally damaged
when lowered in HCI solution for a long period. With an increase
in applied test mass, their pressure strength diminished. This
was undoubtedly caused by the de-aluminization of the geo-
polymer structure in an exceptionally acidic environment.
Because of the breakage of the Si-O-Al bonds, de-aluminization
causes mass loss in the geopolymer structure, generating more
corrosive silicic particles in the corrosive media. Subsequently,
the microstructure of the geopolymers became more permeable
or porous, as shown in Fig. 25(a) and (b).****

Fig. 25 (a) SEM image of fly ash-based geopolymer exposed to acid
attack for 365 days. (b) SEM image of kaolinite geopolymer exposed to
acid attack for 90 days.126127
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Drying shrinkage happens when unbound water is lost
during curing, causing the geopolymer grid to contract. As
recently expressed, adding filler to geopolymers reduces their
shrinkage. Generally, materials with a higher convergence of
better components/finer components will contract more than
that with a high content of coarser materials.*® The drying
shrinkage of geopolymers with sand filler, for instance, was
0.01% after 180 days. In contrast, the drying shrinkage of geo-
polymers without sand filler changed somewhere in the range
of 0.03% to 0.04%.'*¢

8. Factors affecting the properties of
clay-based geopolymers

Geopolymer growth is influenced by a variety of factors,
including the initial solid or fluid substance, molecule size, the
number of reactive stages, the substance organization/chemical
composition, type of Al,SiOs, type of metal silicate, alkali
concentration, curing systems (curing regimes), fillers or added
substance content, and water content.

8.1 Concentration of alkali

The mechanical and physical characteristics of geopolymers are
significantly influenced by alkali substances. Soluble alkali
increases the dissolution and disintegration of aluminosili-
cates, as well as the rate of geopolymerization.*® However, the
amount of particles expected to dissolve by the soluble alkali is
still under debate, which is pH dependent. As a rule, an increase
in the concentration of NaOH in the range of 4-12 M fortifies
metakaolin geopolymers. XRD examination uncovered that the
quantity of shapeless phases increased with an increase in the
concentration of NaOH, as shown in Fig. 26(a) and (b).””**® The
heat activation increased as the alkali/antacid concentration
increased. Thus, the ideal alkalinity for the disintegration of the
source materials is recommended to achieve a higher heat
activation rate.*®** The Na" particle and OH will be connected
during the cycle. Thus, there will be a lack of OH to totally break
down Si*" and AI** from the aluminosilicates in examples with
a low sodium concentration, as well as inadequate Na* to ach-
ieve total geopolymerization. Thus, the obtained geopolymer
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Fig. 26 (a) XRD patterns of metakaolin geopolymers made with

different NaOH concentrations and cured at a temperature of 20 °C
for 1 h, and then cured for 10 h at a temperature of 65 °C. (b) XRD
patterns of Johor kaolin, metakaolin and hydrosodalite with 4 M, 5 M,
6 M and 7 M NaOH 97128
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had poor compressive strength.* Despite the prior finding,
various researchers concurred that excessive alkalinity dimin-
ishes the strength of geopolymers. The strength of geopolymers
increases with an increase in the concentration of NaOH solu-
tion and diminishes once it reaches the ideal/optimum value.
As indicated by Zuhua et al.,** the best NaOH concentration for
the creation of metakaolin geopolymers is 9 M. The polymeri-
zation response is unsatisfactory over this ideal value. Given
that a high convergence of sodium hydroxide arrangement is
sticky, it may impede the leaching of silicon and aluminium
from the Al,SiO5 sources, resulting in the untimely precipita-
tion of geopolymer gels and poor mechanical properties in the
final product, which is attributed to the unreacted precursor
material.’* Compared to the study by Alonso and Palomo,*
increasing the NaOH concentration reduces the poly-
condensation interaction, as shown in Fig. 27(a) and (b). The
concentration of NaOH utilized (10-18 M) was marginally
higher than that in other studies. An increase in NaOH
concentration was observed to limit polymerization given that
numerous degraded particles in a basic arrangement produced
immersion/saturation, which confined/restricted the interac-
tion between the polymerized species and the formation of
coagulated designs.**** Singh et al.*** confirmed this, expressing
that a high alkaline environment with an increase of more than
30 mol% of complete Na,O is not suggested. Similarly, the
speed of geopolymerization is supposed to be related to the pace
of geopolymer setting. Metakaolin geopolymers did not set in
6 M of NaOH, according to Steveson and Sagoe-Crentsil,” but
flash set in 13 M NaOH. With an increase in the antacid/
increasing alkali concentration (7-12 M), geopolymers become
denser and have a smoother surface. The enhancement in
strength is related to this. Quick setting is facilitated by a high
antacid/alkali concentration, which shortens the time for
disintegration and reduces the amount of unreacted material at
the end. An increase in the concentration of NaOH has been
connected to a longer setting time. In this case, a blast heater/
furnace slag and potassium hydroxide system was used, with
the clarification that potassium hydroxide reduces the sticky
behaviour of the geopolymer framework.""* Likewise, the func-
tionality of geopolymers changes depending on the alkali
concentration used. As recently expressed, an increment in
alkali concentration caused geopolymers to set at a faster rate,
which is associated with the effectiveness of the paste. Overall,
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Fig. 27 (a) Calorimetric curves of calcium hydroxide used with met-
akaolin geopolymer. (b) Curves showing heat evolution of geopolymer
activated with NaOH solution.*
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increasing the alkali content reduces the paste functionality of
geopolymers. The impact of soluble base activation on the
usefulness of metakaolin geopolymers has gotten little consid-
eration. Increasing the concentration of fly ash geopolymers
decreased their functionality."****> Both low and high antacid/
alkali concentrations/fixations have been connected to low
compressive strength. This may likewise be found in a geo-
polymer framework made of fly ash and slag."***** It is essential
that the soluble alkali concentration should be sufficiently high
to charge-balance the geopolymer networks; however, not too
high to cause the creation of Na,CO; through carbonation.™*

8.2 Solid/liquid ratios

The solid content refers to Al,SiO5 during the formation of
geopolymers, while the fluid substance refers to the alkali
reactant. The solid to liquid proportion is critical considering
the fact that it controls how much solids and fluids are utilized
in homogeneous blending, which straightforwardly affects the
functionality, disintegration, geopolymerization response, and
finally the uniformity/strength of the product. Overall, for clay
geopolymers, especially metakaolin geopolymers, the ideal S/L
proportion is 0.80.'*°*'3 The S/L proportion fundamentally
affects the geopolymer paste function, which was diminished
when the S/L proportion expanded/increased. S/L proportions
greater than 2.0 brought restricted the usefulness of metakaolin
geopolymers, as indicated by Yao et al.*® Alternatively, a low S/L
proportion reduces/slows down the geopolymerization
response. With an increase in the S/L proportions, Fernandez-
Jimenez™® observed a comparative usefulness pattern for fly
ash geopolymers. Fly ash geopolymers can endure a more
noteworthy S/L proportion. As a result of the wide distance
between molecules and less molecule impedance/interference,
a medium with a high liquid proportion (low solid to liquid
proportion) limits the molecule to-molecule contact of the
precursor materials, affecting the functionality of geopolymer
paste.? Due to usefulness/workability limits, an indistinguish-
able S/L (solid to liquid) proportion for both fly ash and meta-
kaolin geopolymers will never be achieved. It is important to
realize that the use of fine raw materials have an influence on
the amount of water used. Metakaolin requires more fluid than
fly ash. This is evident from the differences in molecular
structure between metakaolin and fly ash; metakaolin has
a layered pattern, whereas fly ash has a round form/structure.
The multilayer construction limits molecule versatility during
blending, making it less serviceable. To acquire uniform
blending, metakaolin geopolymers require lower solid to liquid
proportions than fly ash geopolymers. In the synthesis of met-
akaolin and fly ash geopolymers, for instance, Kong and co-
workers*® proposed solid to liquid proportions between 0.8 and
3, individually. The void volume and porosity in geopolymer,
and consequently the strength of the final product, are
straightforwardly impacted by the functionality of the glue/
paste.®® According to Zuhua et al,** a lower S/L proportion
results in quick aluminosilicate disintegration. Despite the fact
that increasing the concentration of sodium hydroxide

enhanced the aluminosilicate draining/leaching, it was
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restricted by diminishing the polycondensation cycle at a very
high concentration, as depicted previously. Regardless, more
noteworthy S/L proportions of 3 (ref. 97) have been seen previ-
ously, and some have contended that the S/L proportion should
be in the range of 1 to 5."%”

8.3 AlKkali reactant ratios

Geopolymers require a certain ratio of sodium hydroxide solu-
tion to liquid sodium silicate solution. This is due to the fact
that NaOH acts as a dissolvent in the geopolymerization reac-
tion, whereas Na,SiO; functions as a fastener/binder. In light of
previous study, a large range of Na,SiO;/NaOH ratios remains
unknown, from 0.24 to 2.2. In the case of metakaolin geo-
polymers with an extreme compressive strength of 59 N mm 2,
Wang et al.”” proposed an Na,SiO3;/NaOH proportion of 0.24.
Pelisser et al.**® made metakaolin geopolymers utilizing a larger
range of Na,SiO3/NaOH proportions (1.0, 1.6, and 2.2). At 1.6,
the greatest strength (64 MPa following 7 days) was achieved.
The lowest strength was observed with a proportion of 1 and
a permeable geopolymer grid, as shown in Fig. 28(a) and (b).
The above-mentioned result was supported by Poowancum and
co-researchers™ for a geopolymer made with calcined clay
particles. In any case, while utilizing sedimentary clay, the best
proportion was viewed as 0.50, with a strength of 27 N mm >, as
shown in Fig. 29(a) and (b). The strength of clay sediment
geopolymers is weaker than metakaolin geopolymers, which is
likely due to the weak reactivity of clay sediment when
compared to metakaolin. It was anticipated that at 1.0, there
would be deficient NaOH and Na,SiO; for full disintegration
and binder formation/folio development, as shown in Fig. 29(a)
and (b), respectively. The strength of geopolymers is enhanced
when the alkali reactant proportion increases. The polymeri-
zation cycle is promoted with an increase in the Na,SiO;
concentration, resulting in enhanced mechanical strength in
the item/final product.** The degree and speed of the geo-
polymerization based on the soluble alkali reactant proportions
is still under debate.” Nonetheless, at a specific high propor-
tion, the usefulness of the glue is restricted, resulting in
a decrease in strength.

Pinto claimed that metakaolin geopolymers could not be
joined at a proportion under 0.85. This is most likely owing to the
viscosity of liquid Na,SiOs;, which results in a tacky geopolymer
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Fig. 28 (a) Graph showing the relationship between molar ratio of
alkali reactants and compressive strength. (b) Graph showing the
relationship between compressive strength and ratio of alkali reactant
with the NaOH concentration of 10 M.***
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Fig. 29 (a) Relationship between ratio of alkali reactant and
compressive strength of sedimentary clay geopolymers. (b) Relation-
ship between alkali reactant ratios and compressive strength by
different researchers in different investigations.*40-41

glue.” The strength development of zeolite geopolymers is hel-
ped by increasing the Na,SiO;/NaOH proportion to 1.5.>* It is
basic to recall that the antacid/alkali reactant proportion is not
determined by the usefulness of the geopolymer combination,
where in the case of clay geopolymers, a more modest and lower
soluble alkali reactant proportion range is regularly utilized.
Alkali reactant proportions of 0.05-3.00 and 0.40-2.50 have been
utilized for fly ash geopolymers.'**'*>'** This is attributed to the
way that round particles decrease the molecule grinding*** and
diminish the surface-to-volume ratio,'"*® enhancing the func-
tionality of the blends.

The alkali reactant proportion may be expressed as a molar
proportion of SiO,/Na,O. Increasing the SiO,/Na,O proportion
reverses the cycle/slows the process and makes the glue set
later. The response pace of a framework with an Na-silicate
solution is slower than that of a framework with K-silicate
solution.” To achieve further developed strength and sturdi-
ness, Davidovits®” suggested an SiO,/Na,O proportion of 1.85
for basic reactants. Table 3 presents the molar ratios of oxides
recommended by Dividovits."*

Higher alkali reactant proportions resulted in the formation of
geopolymers with more unreacted particles, as indicated by
Duxson et al,*"” while lower alkali reactant proportions created
a gel microstructure. Huge quantities of little labile species such
as (Si,05>),, AlO;'~ monomer, and Al,SiO5 dimer were antici-
pated to be available in metakaolin geopolymers created utilizing
arrangements with a low SiO,/M,O molar proportion of 0.50
throughout the framework. For a higher SiO,/M,0 molar
proportion of “1”, a large percentage of the aluminium released

Table 3 Recommended molar ratios of oxides

Molar proportion

of different oxides Range

H,0/Na,O 15-17.50
Na,O/SiO, 0.20-0.28
Na,0/ALO; 0.80-1.20
Si0,/AL,0; 3.50-4.50

© 2025 The Author(s). Published by the Royal Society of Chemistry
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after disintegration was projected to be consolidated in the geo-
polymer network. However, NaOH pellets are less expensive than
liquid sodium silicate. As a result, it is advantageous to employ
a low alkali reactant percentage in the geopolymer system without
affecting the utility and strength of the resulting product.

8.4 Molar ratios (sodium, aluminium, silicon and water
contents)

The molar ratio of elements plays an important role in the
geopolymer framework. The Na content of the geopolymer
framework is resolved using fluid Na,SiO; and NaOH. Al,SiO;
and fluid Na,SiOj; increase the Si content, while Al,SiO; alone
increases the Al content. The NaOH arrangement, fluid
Na,SiO3, and free water introduced in the mixing system all
increase the H,O concentration. In the geopolymer framework,
varying the mixing parameters (such as NaOH concentration, S/
L ratio, and Na,SiO3/NaOH ratio) results in different atomic or
oxide molar ratios. However, the reaction or recovery phases of
Al,SiO;, the time available, and the extent to which they are
consolidated to create a rigid organization/rigid network all
influence the amount of each element present in the geo-
polymerization reaction.

The fundamental elements of Si, Al, and Na limit the
amorphous-crystalline phase change,?”* as shown in Fig. 30(a)
and (b). The most essential proportions are Si/Al and Na/Al. To
achieve high strength and toughness, Davidovits advised that
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the structure of geopolymers be within the range described in
Table 3. Based on this, he determined that the optimal Na,O/
Al,0; and SiO,/Al,O; ratios are 1.00 and 4.00, respectively. The
Si/Al ratio influences geopolymer disintegration, hydrolysis,
and build-up reactions."*”'*> However, most studies reported
optimal SiO,/Al,0O; ratios of 3-3.8 based on previous studies,
which are significantly lower than the range represented in
Table 3 and Fig. 30(a), (b).>”**%

The mechanical characteristics are improved by expanding
the SiO,/Al,O; proportions.***®* The mechanical strength of
geopolymers is mostly determined by their silica content,
whereas the parameters of geopolymers are limited by the
alumina concentration. This can be attributed to the increased
disintegration of aluminosilicates towards geopolymerization
reactions with an increase in the Si concentration.’®**>** An
increase in the Si to Al and Na to Al ratios increases the
mechanical strength of geopolymers, while also transforming
them into a more homogeneous structure.>

According to previous reports,®” increasing the (silica (SiO,)/
alumina (Al,0;)) ratio from 2.5 to 3.80 increased the initial
strength of metakaolin geopolymers with a specified (water
(H,0)/sodium oxide (Na,O)) ratio of 13. Satisfactory strength of
22 MPa was obtained by using a silica (SiO,)/alumina (Al,03)

MKSi25

SR xsiso

Fig. 31 (a)-(d) High-resolution SEM micrographs of metakaolin with
different silica contents (MK = metakaolin, MKSi25-SiO,/Al,0< = 2.5,
MKSi30-SiO,/Al03 = 3.0, MKSi35-SiO,/Al,03 = 3.5, and MKSi38-
SiO,/AlLO3 = 3.8).*
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ratio of 3 to 3.80 and a sodium oxide (Na,O)/alumina (Al,O3)
ratio of about “1.00”, as shown in Fig. 31(a)-(d).”* Duxson
et al' also investigated these ideal ratios, achieving
a maximum strength of around 80 MPa. Alternatively, Provis
and van Deventer*>'® discovered that increasing the silica
(SiO,)/alumina (Al,O3) ratio from 2 to 3.5 decreased the initial
reaction speed of geopolymerization due to binder solidifica-
tion. Their research focused on the response kinetics and made
no mention of strength. In another studies,"**'”*** demon-
strated that the building cycle of geopolymer frameworks with
low Si/Al fractions occurs mostly between the aluminate and
silicate  species, resulting in poly(sialate) structures.
Poly(sialate-siloxo) and poly(sialate-disiloxo) geopolymer struc-
tures were observed in geopolymer frameworks with high Si/Al
proportions as a consequence of controlling the build-up
communication between silicate species, generating oligo-
meric silicates that react with Al(OH,),. Poly(sialate) has less
siloxo Si-O units than poly(sialate-siloxo) and poly(sialate-
siloxo), as seen in Fig. 32(a) and (b). The durability was boos-
ted by increasing the number of siloxo units. Steveson et al.”*
utilized a comparable range of SiO,/Al,0; proportions. The
highest strength (47 MPa) was achieved with a silica/alumina
ratio of 3 to 3.89, which is nearly double that reported by De
Silva et al® Correspondingly, the compressive strength
increased as the structure improved to become a better, denser,
and mediating geopolymer matrix. The distinction in their
examination was a slightly lower water-to-sodium peroxide
proportion of 12 and a somewhat high sodium peroxide to
alumina proportion of 1.2 in their trials. This demonstrates that
the test by Steveson and Sagoe-Crentsil”™ contained more Na,O
(sodium peroxide), resulting in the disintegration of more
source materials and length of geopolymer creation/production.

Lizcano et al.”* developed geopolymers with a strength of
34 MPa using a silica to alumina ratio of 3.00, at fixed water to
sodium peroxide and sodium peroxide to alumina proportions
of 1 and 10, respectively., utilizing a potassium-based alkali
reactant system. The size and distribution of breaks, voids, and
incorporations will decide the eventual strength of the product.
At high Si/Al proportions, lingering/residual metakaolin parti-
cles in the lattice act as defects, reducing the strength.”>"*” The
thickness and pores of geopolymers are unaffected by the
silicon/aluminum proportion.** As indicated by Kong et al.,*
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the strength decreased when this proportion was increased to
4.6. The outcome changes depending on what was previously
disclosed. The degradation was thought to be the result of the
increase in strength due to the fact that the silica fume delivered
contained more Na,O (sodium peroxide), resulting in greater
disintegration of the source materials and a longer period of
geopolymer formation/production. For the preparation of met-
akaolin geopolymers, scientists utilized uncommonly high
SiO,/Al,0; proportions in a few analyses, and the molar
proportion of Si0,,Al,0; was found.''>**>'* The best pulver-
izing strength (10.9 MPa) was achieved when the proportion was
16: 1. At a proportion higher than 24, the mechanical strength
could not be established. Shockingly, tests with Si0,/Al,0; <2
did not properly display the common attributes/characteristics
of geopolymers; however, tests with a silica to alumina ratio
higher than 24 were run on typical geopolymers, showing elastic
rather than brittle behaviour.

Soluble positive alkali ions must be present in geopolymer
networks to modify the aluminium anion in the IV-fold coor-
dination. To achieve electrical neutrality, one mole of IV-fold-
assisted AI’* requires 0.5 moles of sodium peroxide
(Na,0)."**'** According to most review publications, the justi-
fication for optimal strength when Na/Al = 1 stems from this.
The maximum Si/Al ratio that may be achieved for geopolymers
with a sodium to aluminium ratio of 1 is 4.'7**'"” Riessen,**
unlike other researchers, discovered that metakaolin remaining
in the geopolymer network increased the density, and, hence
the durability of the geopolymers. The strength reported by
Kani and Allahverdi'** is displayed in Fig. 32(a). Geopolymers
with sodium to aluminum ratios less than 1 have limited
advantages, as demonstrated in Fig. 32(b)."**'*

As recently expressed, this is due to the overabundance of
sodium in the geopolymer networks, which negatively affects
the geopolymers strength. The level of geopolymerization of
dissolved species is constrained by the SiO,/Na,O molar
proportion, as shown in Fig. 33(a). An increase in the K,O or
Na,O concentration resulted in a faster setting rate, improved
geopolymer strength development,'** and decreased breaking/
cracking events.* According to Nasab et al,'*® the XRD dif-
fractogram in Fig. 33(b) shows that a high silicate to sodium
peroxide proportion (high silicate species) resulted in a bigger
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Fig. 33 (a) XRD patterns of metakaolin geopolymer made with
different SiO,/Na,O ratios of 2.25, 2.50, 3.00, 3.50, 4.00, and XRD
pattern of metakaolin. (b) XRD patterns of fly ash geopolymer with
different SiO,/Na,O ratios, for N, W15, W50 and W84 the SiO,/Na,O
values are 0, 0.19, 0.69, and 1.17, respectively.1?53
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combination of indistinct/amorphous geopolymer phases,
while a lower silicate to sodium peroxide proportions resulted
in highly crystalline zeolite materials. With a proportion of 2.5
to 3, the geopolymer matrix had more grains and became
denser. On account of fly ash geopolymers, Provis et al.'>® re-
ported consistent results.

The amount of reaction products generated can be
controlled by the alkalinity of the alkali reactant solution in the
form of the Na,O/H,0 ratio, which has no effect on the type of
final products.” In most cases, increasing the Na,O/H,0O ratio
improves the clay-based geopolymer dissolution and mechan-
ical strength development.*® This contradicts the findings by
Latella et al.,'*® who found that a low water content (water to
sodium proportion <5.5) in geopolymers resulted in fractures
after 10 days, whereas a water to sodium proportion = 6 resul-
ted in a larger quantity of pores. Steveson and Sagoe-Crentsil™
found that increasing the H,O/Al,O ratio from 12 to 16
improved the roughness, number of pores, and intervening
geopolymer matrix, as shown in Fig. 34(a)—(c). Anyways, some
H,0 must be present in the internal structure of the geo-
polymer, and the H,O that was evacuated due to hardening
formed holes in the product.

Through a systematic analysis, Yunsheng et al.*® found that
the (sodium oxide to alumina) and (water to sodium oxide)
molar proportions greatly affected the strength of geopolymer
compared to the (silica to alumina) molar proportions. (Silica to
alumina ratio) = 5.5, (sodium oxide to alumina ratio) = 1.0, and
(water to sodium oxide) ratio = 7.0 resulted in the greatest
strength (34.9 MPa). With a (silica to alumina) ratio = 6.3 and
(sodium oxide to alumina) ratio 1.1, the strength was consid-
ered a totally set geopolymer, which was close to the hypothet-
ical values of a polymer (sialate-disiloxo). Barbosa et al'®
additionally found the ideal conditions of (sodium peroxide to

Fig. 34 (a)-(c) SEM images of metakaolin geopolymer at different
H,O/AlL,O3 ratios; MKH represents H,O/AlL,Os3 (a) 12, (b) 14 and (c) 16.*
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Fig. 35 (a) Effect of various molar ratios (R,O/AlL,Os, SiO,/Al,Os3,
Na,O/K,0 and H,O/R,0), where (R = Na or K) on the compressive
strength of metakaolin geopolymers shown in a contour plot. The
units of contour are in MPa. (b) Graph showing the effect of Na,O/
Al,Oz molar ratio on the compressive strength of a geopolymer. (c)
Graph showing the effect of Na,O/SiO, molar ratio on the compres-
sive strength of a geopolymer.?57-1%°

silica) ratio = 0.25, (water to sodium oxide) ratio = 10, and
(silica to alumina) ratio = 3.3. The molar proportion of H,O/
Na,O of 25 was found to shape geopolymers with low and
immense strength. The geopolymerization response was
demonstrated to be reliant on the structure of the blends,
mainly their water content. Heah et al.*® found that the best
molar ratios of (silica to alumina), Na,0/SiO3, water to sodium
oxide, and sodium oxide to alumina for undehydrated kaolin
geopolymers were 3.28, 0.28, 14.61, and 0.92, respectively.
Regardless of the fact that the observed molar oxide ratios are
within the range suggested by Davidovits,”” the achieved
strength was weak and not completely reactive, as evidenced by
the huge number of unreacted molecules.’® Based on the study
by Kamalloo et al.**” and the filled contours shown in Fig. 35(a),
geopolymers with (potassium oxide to sodium oxide), H,O/M,0
(M = alkali metal), M,0/Al,03, and (silica to alumina) ratios of
0.6 to 1, 10 to 11, 1 to 1.2, and 3.6 to 3.8, respectively, had the
highest compressive strength (80 MPa). Due to the mixed alkali

Table 4 Outline of ideal molar ratios by researchers
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effect, they discovered that K' cations were better charge
balancers in geopolymer structures than Na' cations, as shown
in Fig. 35(b) and (c).

Specifically, the quantity of Si, Al, and Na in geopolymers
considerably affect their definitive qualities. When aluminosil-
icates other than clay-based were used, the substance shifted/
contents varied. Regardless of whether a large portion of the
scientists changed the unique combinations, the degree of
response determined the final characteristics given that various
raw materials have shifting receptive stages and all play a role in
forming a rigid network. Analysts found the best oxide molar
proportions, as listed in Table 4. Regardless, most of the studies
focused on the fact that the combination of geopolymers is
restricted to a particular range of Si, Al, and Na contents.'” ">

8.5 Content of water

Water affects the development, design, and attributes of geo-
polymers. It is a fundamental part of geopolymers. Water serves
as a mechanism for oligomer disintegration, particle transport,
oligomer hydrolysis, and polycondensation. Zuhua et al.** por-
trayed the elements of water during geopolymer arrangement/
formation, as shown in Fig. 36. Water additionally works on
the flowability of the geopolymer blend. An adequate measure
of water helps with blending and offers an instrument for
particle transport. The incorporation of extra water during the
formation of geopolymers is a cause of stress. Excess water was
found to weaken the alkalinity of the framework and move
particles/ions from the reaction/response zone.***® Given that
geopolymerization is a water-induced response, excess water
could hinder the process.* The response rate is reduced by high
and low water contents, as indicated by Bagheri et al.” This is
believed to be connected with the decrease in hydroxyl ion
concentration in the presence of excess water in the system.
Interestingly, although the OH™ concentration decreases at
a low water content, the receptive species (monodeprotonated
monomer H;SiO,) for connection between silicate oligomers

Molar ratios

Source material H,0/Al,03 Na,0/Al,04 Si0,/Al,03 Compressive strength References
Metakaolin 13.6 1 3-3.81 22 MPa@3 days 37
Metakaolin 54 5 16 10.9 MPa@1 day (crushing strength) 152
Metakaolin 12 1.2 3.9 47 MPa@2 h 71
Metakaolin 10 1 3 34 MPa@1 day (K-based alkali reactant) 74
Metakaolin — 0.42 3.08 45 MPa@3 days (K-based alkali reactant) 52
Metakaolin 18.01 1.29 5 64 MPa@1 week 50
Metakaolin 10 0.6 3 86 MPa@1 week 33
Natural pozzolan 8.5 0.92 6 45 MPa@1 month 114
Metakaolin 7.2 1 4 70 MPa@10 days (addition of 60% sand) 156
Metakaolin 7 1 5.5 34.9 MPa@1 month 19
Metakaolin 10 0.83 3.3 49 MPa@3 days 16
Kaolin 14.61 0.92 3.28 6 MPa@6 months 29
Metakaolin 10-11 1-1.2 3.6-3.8 80 MPa@1 week 157
Metakaolin 11 1 3-3.8 80 MPa (testing days were not 117
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Fig. 36 Contribution/function of water in geopolymer formation.®*

decreases, slowing the geopolymerization action. The water
demand is usually setup/determined by the makeup of the
framework. Generally, a low Na/Al proportion requires the
utilization of more water. This increasing the risk of breaking
during the restoring/curing stage.'*® Moreover, too much water
in the geopolymer framework affects the thickness/density and
open porosity of the final product. Open porosity is expanded
when there is excess water.'?"%

The water that is lost before drying shrinkage is known as
free water, which is trapped in the pores rather than artificially/
chemically reinforced. Structural water is characterized as an
element of the shrinkage brought about by the geopolymer
framework structure. To stay avoid shrinkage, a high starting
water content is essential,*** which considers the extra water to
be released before shrinkage starts. To maintain a consistent
strength, non-evaporable water must be available in the geo-
polymer structure (Fig. 37(a) and (b)).** Shrinkage and a lack of
strength happen because of a deficiency in water during the
restoring/curing process.

Nevertheless, the content of water is not determined by the
properties of the unrefined components/raw materials used.
Moreover, extra blending variables such as soluble base
concentration, S/L proportion, and alkali reactant should be
considered related to the water content in the geopolymer
system/framework.

(a) (b)

\
N
/
]
ngth/(MPa)

Compressive

\
\

Mass fraction of nonevaporable water/(%)

Curing time/(day) Curing time/(day)

Fig. 37 Under varying curing conditions, variations in (a) non-evapo-
rable water by weight fraction of metakaolin geopolymers and (b) non-
evaporable water by weight fraction of metakaolin geopolymers. [AC =
in air (22 °C), BC = in a sealed bag (22 °C), RWC = room temperature
water (22 °C), SC = in steam (80 °C), and EWC = in hot water (80 °C)].**
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8.6 Curing regime

Subsequent to blending, geopolymers are ordinarily cured at
room temperature or somewhat higher. Generally, a tempera-
ture of under 100 °C is desirable for curing/restoring. Most
scientists agree on this. Davidovits'” suggested a curing
temperature range of 60 °C to 95 °C. Following 4 h of curing at
75 °C, the geopolymer arrangement was almost complete, and
the compressive strength of 39.8 MPa was achieved with no
further treatment.” To acquire enhanced mechanical strength
and durability, adequate restoring/curing is generally
required.” Heat helps the polycondensation cycle and solidi-
fying of the geopolymer matrix by accelerating the disintegra-
tion of SiO, and Al,O; species from Al,SiOs and advancing the
disintegration of silica and alumina species from aluminosili-
cates.>>%119012 gpecifically, heat is expected to overcome the
heat activation of the cycle and initiate the geopolymerization
reaction. Regardless if increasing the curing temperature
increases the strength, if the temperature is elevated or the
temperature exposure duration is too long, the strength may be
reduced. Although a high curing temperature enhances the
initial strength, it may compromise the long-term strength.'*?
Thermal treatment from 20 °C to 50 °C increased the geo-
polymerization cycle reaction time, as indicated by
researchers®®'®* and shown in Fig. 38(a) and (b). Curing at room
temperature consumes a large portion of the day; however,
curing at 50 °C does not enhance the strength. This is attributed
to the fast formation of the geopolymer structure on the mole-
cule surface, which prevents further aluminosilicate disinte-
gration.”* At a temperature of 35 no doubt, the ideal conditions
are achieved.

According to Rovnanik,"? higher curing temperatures result
in the development of enormous/big openings/holes, which
diminishes the strength of geopolymers. The initial and ulti-
mate setting durations of geopolymer slurries were calculated
using the Vicat needle method in accordance with the ASTM
C191-01 standard. Metakaolin was first combined with an
activating solution in a planetary mixer for 5 min to form
a homogenous slurry. The produced slurry was then put into
a Vicat mold to create the test specimen. In the first setup time
measurement, a steel right-cylinder Vicat needle was allowed to
pierce the soft specimen, and the penetration depth was
measured at regular intervals. The first setting time was

|/(a) “1 4 (b)
{ ~e~initial setting time
. o ~e—final setting time
bo 1000
R £
£, £ mo
5 T
5 E 600
2 =
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Fig. 38 (a) Effect of curing temperature on geopolymer reaction (S17

= 20 °C, S18 = 35 °C, S19 = 50 °Q). (b) Effect of temperature on
geopolymer reaction and setting time. 38163
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Fig. 39 (a) Data showing effect of curing temperature and time on
(top panel) flexural strength and (bottom panel) compressive strength
of metakaolin geopolymer. (b) Flexural and compressive strength of
metakaolin geopolymer at different curing temperatures 13164

determined as the period between mixing and when the needle
penetrated 25 mm into the material, as shown in Fig. 39(a) and
(b).**>%* To calculate the final setting time, the needle test was
repeated at intervals until the penetration became minimal,
and the final setting time was noted when the needle no longer
sunk deeply into the paste. The above-mentioned data were
recorded at different curing temperatures, including 20 °C, 30 °
C, 40 °C, 60 °C, 80 °C, and 100 °C, to investigate the influence of
temperature on the setting behavior of the geopolymer.**'*
Rovnanik'? created geopolymer as demonstrated in the refer-
enced figure (Fig. 39(a) and (b)), curing temperature signifi-
cantly affects the mechanical performance and microstructure
of metakaolin-based geopolymers. High-strength goods were
obtained by treating at 60 °C and 80 °C; however, the strength
was lost after 28 days. Geopolymers cured at 20 °C or 40 °C
showed an improvement in strength after being tested for 1 to
28 days. Zuhua et al.** supported this case. At the point when the
geopolymers were treated in water at 20 °C to 22 °C, their
strength was poor. This was believed to be caused by the dis-
integrated species spilling from the geopolymer surfaces.**
Moreover, high-temperature treatment would certainly improve
the breaking capability of geopolymer products. This is because
of the quick water loss, which reduces their open porosity.**
The fast vaporization of blending water prevents the funda-
mental strength from being created/developed.”” Thus, sealing
the uncovered surfaces of the geopolymer samples during the
curing process is proposed. To limit breaking and maintain
structural integrity, a small amount of underlying water should
be kept in the structure.*'** Indeed, even in a fixed climate,
water transported and liberated to the outer layer of the geo-
polymer by narrow activity will prompt a decrease in primary
water, according to Zuhua et al.®* Crack-free metakaolin geo-
polymers were obtained at an ambient and regulated moisture
content after a light heat treatment at 40 °C to 60 °C, according
to Perera et al.*®®

With a change in the curing time, the development of geo-
polymer design or structures shifts. The structural properties of
a geopolymer were evaluated at the curing time of 60 min, 4 h, 2
days, and 3 days at 65 °C, as displayed in Fig. 40 left(a-d) and
right(a-d)."**'*” The microstructures revealed the production of
an indistinct/amorphous phase and grid/matrix densification
as the fix/cure time extended. At 65 °C, the best restoring/curing
period was 72 h.'*® At the point when geopolymers based on red

12462 | RSC Adv, 2025, 15, 12443-12471
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Fig. 40 (Left) (a)-(d) SEM micrographs of geopolymers made of
vitreous calcium aluminosilicate that were treated at 65 °C for 60 min,
4 h, 2 days, and 3 days, respectively. (Right) SEM micrograph of fly ash-
based geopolymer cement with (a) calcium aluminate = 0%, (b)
calcium aluminate = 2.5%, (right) (c) calcium aluminate = 5% and (right)
(d) calcium aluminate = 7.5% 166167

mud and rice husk ash aged for 35 days, the compressive
strength was almost consistent (11.7 MPa).*** This meant that
the geopolymers would only finish geopolymerization after
a certain amount of time had passed.

Kani and Allahverdi'** focused on a few curing procedures,
including steam-saturated aqueous curing and autoclave treat-
ment. The aqueous treatment took less time and was performed
at a lower temperature than autoclave curing. Autoclave curing
at 210 °C for 30 h after 7 days of pre-curing (25 °C, 95% RH)
improved the strength (109 MPa) of the geopolymers with no
primary small cracks, as shown in Fig. 41(a) and (b)."** Curing
by electricity helped with reducing the temperature directed by
electricity supply, flow, and potential difference, which showed
no distinction in eventual outcome strength when contrasted
with conventional curing.’*® This could possibly be an alterna-
tive approach to restoring. It has been shown that pre-restoring/
curing geopolymer glue before typical relieving/curing affects
the strength of geopolymers."*****'* The strength result
acquired by Kim and Kim'* is displayed in Fig. 42(a)-(d).***"*
To make high-strength metakaolin geopolymers, pre-treatment
was performed at 75 °C for 3 h, and afterward treatment at
ambient temperature for 28 days (51.06 MPa). Pre-treatment is
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Fig. 41 (a) Compressive strength development of a geopolymer after

curing for 7 days at different temperatures. (b) Compressive strength
development of a geopolymer with time.**#
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Effect of curing time on compressive strength of geopolymer. (d)
Effect of curing time on compressive strength of geopolymer.26-17

expected for the consistent increase in strength during the
thermal treatment process, and great strength can be achieved
in the initial phase. Besides, pre-curing diminishes the pores in
the geopolymer lattice, considering all the free water remaining
in the design/structure.’®® Pre-curing in a muggy climate for
a long time prior to thermal treatment is beneficial to enhance
the strength, as shown in Fig. 43(a)-(c)."**'”> The synthesis of
geopolymers in view of extra aluminosilicate sources, for
example, fly ash™® and regular zeolites,> additionally shows
a detrimental influence on mechanical strength at a delayed
curing time and higher temperature. Clay-based geopolymers,
in contrast with fly ash-based geopolymers, require a high-
temperature thermal treatment and a more extended curing
time to achieve more noteworthy strength geopolymers.

Compressve streagth (MPa)

Compressive strength (MPa)

4« [} L]
Temperature of curing (C)

Comprossivo Strongth/MPa
3

15 30 45 60 % 20 105
Curing Temperature/*C

Fig. 43 (a) and (b) Following 1 day and 7 days of pre-curing, the
compressive strength of Taftan pozzolan geopolymers was restored
under different hydrothermal treatments and (c) effect on curing
temperature on geopolymer compressive strength 4172
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Nonetheless, this is reliant on the reactivity of the aluminosil-
icate materials and the natural substance/raw material
blending proportions.

For ideal the disintegration and accumulation of silica and
alumina species, a proper curing system should be utilized.
Unacceptable curing conditions (exceptionally low or high
temperature) may adversely affect the mechanical attributes/
properties of geopolymers.'* In tuning the strength of geo-
polymers, the curing temperatures are related to the type and
concentration of alkaline reactant solution. Thus, during the
synthesis of geopolymers, the curing temperature and term/
duration should be coordinated with the soluble base reactant
concentration and source material.

9. Geopolymers development and
applications: past and future

Geopolymers have emerged as a potential class of materials
with several applications because of their superior mechanical
characteristics, sustainability, and adaptability, as shown in
Fig. 44. Their development has been fueled by the demand for
economically and environmentally acceptable alternatives to
standard cement-based materials, with applications in a variety
of industrial sectors. One of the most significant advancements
in geopolymer technology has been the invention of
outstanding performance binders such as GEOPOLYMITE and
PYRAMENT mixed concrete, which have achieved commercial
success in structural engineering for precast and pre-stressed
concrete applications. These materials not only provide excel-
lent power, but also help reduce carbon emissions compared to
regular concrete.'”

Besides construction, geopolymers have been used in several
other fields. For example, because of their insulating qualities
and capacity to tolerate high temperatures, GEOPOLYMITE
binders have been used in combustion linings, tooling, foundry
work, and building insulation. Geopolymer-based ceramics
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Fig. 44 Different applications of geopolymers.
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have also been investigated for their fire and heat resistance,
with kaolinite geopolymers being processed at high tempera-
tures to create long-lasting tiles and bricks. Additionally, the use
of geopolymer-based materials in aerospace, specifically as fire-
resistant composite materials for aircraft interiors, has been
a significant milestone.

Geopolymers have also been produced into lightweight
concrete products that are simpler to transport and use less
energy, in response to the growing need for lightweight mate-
rials in structural engineering. These thin geopolymers help
with load-bearing applications, in addition to acting as heat
insulators. The development of foamed geopolymers has also
created opportunities for their application in thermal insu-
lation materials, which makes them appropriate for use in
building applications such as home construction. Further
increasing their usefulness in building, studies have shown that
geopolymer coatings have the ability to reflect heat and provide
protection against temperature changes."””* Geopolymer
ceramics are non-ignitable and flame resistant. Besides, a clever
way for creating fired materials is to pack geopolymer powder
utilizing powder metallurgy and afterward sinter at 1000-1200 °©
C."7® Additionally, geopolymers are being investigated for their
potential to absorb and immobilize harmful contaminants,
which makes them perfect for use in environmental remedia-
tion and waste management. Similar to zeolitic materials, they
have a special chemical structure that enables them to stabilize
and retain harmful chemicals such as heavy metals, making
waste disposal safer. To reduce global warming, geopolymers
have also been studied for use in cooling systems. Because of
their capacity to retain moisture, they are a good fit for evapo-
rative cooling methods. Geopolymers have been evaluated as
adhesives and sealants for infrastructure restoration, taking the
place of conventional epoxy cements in fiber-reinforced poly-
mer retrofitting. This type of application has demonstrated
potential for improving the lifetime and endurance of infra-
structure. Their use in acoustic insulation has also been
investigated; research has shown that they can be used as
materials for sound insulation in building interiors and during
construction.” In structural design, lightweight substantial
materials made of geopolymers have been created because of
the requirement for lightweight materials that are simpler to
move and consume less energy.'”® Besides, their lightweight
concrete capacities, they can be employed as a heat protector
and help loading bearing.””” There have also been examinations
on foamed geopolymers in warm protection materials for home
structures."”® Zhang et al.'” utilized geopolymers to make an
intelligent and heat-protecting covering. The covering created
had 90% reflectivity and warm protection capacity up to 24 °C,
on account of the utilization of shades and fillers (for example,
titanium dioxide, empty glass microspheres, and powder), as
well as a scattering specialist, wetting specialist, and water-
holding specialist. Moreover, as reported by Temuujin et al.,**
geopolymers have anti-ultraviolet and anti-aging properties,
making them ideal for use as a covering on outside walls to save
energy. The examination of geopolymers in heat and fire
applications have also been published.******** Geopolymers, as
recently expressed, have atomic models that are similar to that
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of zeolitic materials. Because of their capacity to ingest and
harden unsafe synthetic waste, they can immobilize harmful
material or weighty metals. This is a favorable strategy for
immobilization.'**'®” Extensive research has been done over the
years to see if geopolymers can be used in more applications.
Okada et al.*®*® developed porous geopolymers for application in
cooling systems. Geopolymers with strong water retention
capabilities or slow water release properties inspired this
notion. This makes geopolymers appropriate for moisture
evaporation-based surface cooling, which aids in reducing
global warming resulting from human activities and national
growth. Pacheco-Torgal et al.** reported that geopolymers may
be utilized in infrastructure repair. In fiber-reinforced polymer
retrofitting, geopolymer glue can be utilized as a sealant for
developments and can supplant epoxy cements. Geraldes
et al.* reported a unique review, in which geopolymers were
used as tile fix materials. Hung et al.*** depicted the preparation
of geopolymers for acoustic protection besides their warm
insulative abilities. Geopolymers can be utilized as sound pro-
tecting materials in development and structures. The sound
decrease coefficient is impacted by the thickness of the geo-
polymer framework. Scientists have focused on a one-section
geopolymer framework®**”** in which a geopolymer blend
can be shaped by simply adding water for the utilization of
geopolymers in structural designing. The requirement of geo-
polymer innovation for in situ application, which restricts their
cost effectiveness, inspired the consideration of this review.
Geopolymer research has advanced recently, showing that they
can be applied as biomaterials. Pangdaeng et al.'*> showed that
geopolymers have high bioactivity, which can be improved by
the expansion of white Portland concrete. Jamstorp et al.*** and
Cai et al.*** investigated the use of a geopolymer as a drug
delivery agent. Geopolymers possessing varying pore structures
can deliver drugs to target cells.

Despite the major advances in this field, current research has
numerous limitations that prevent the complete understanding
and practical use of geopolymers. One important problem is
variability in experimental methodology, which causes dispar-
ities in the reported results due to differences in synthesis
processes, processing conditions, and measurement protocols.
Furthermore, theoretical models frequently fail to reflect the
intricacies of the real-world behavior of materials, reducing
their forecast accuracy. Cross-study comparisons are further
confounded by discrepancies in sample preparation, charac-
terisation methodologies, and data interpretation, making it
difficult to identify globally acknowledged patterns. Thus, to
ensure repeatability and dependability, these constraints must
be addressed by standardizing experimental frameworks,
improving theoretical models, and conducting more thorough
comparison investigations. By systematically analyzing these
issues, our review enhances the coherence of existing research
and provides a clearer direction for future studies.

10. Conclusion

This research examined geopolymers and their creation, as well
as raw materials, alkali reactant systems, reaction processes,
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characterisation, properties/characteristics, and applications,
focusing on clay-based geopolymers. This review indicates that
regardless of the main material utilized, the geopolymerization
cycle has comparable component differences in primary mate-
rial features, such as chemical composition, molecule shape
and size, surface area, and contaminants, which may have an
influence on the final product. The primary restriction is the
layered-like construction of clay-based antecedents/precursors,
which results in low reactivity, and consequently low strength
geopolymers. Regardless, this is an important topic. Changes to
the design of clay materials should be pursued with greater
passion. Also, the alkali concentration, blending/mixing
proportions and extents, restoring/curing regimes/systems,
water content, and the inclusion of added substances/fillers
all affect the qualities of geopolymers. The ideal geopolymer
is not entirely determined a few blending and handling factors.
The primary attributes (soluble base/alkali substance, blending
proportions and combination extents, and relieving systems/
curing regimes, among others) should be considered to
fundamentally affect geopolymers. Geopolymers have been
successfully utilized in an assortment of disciplines because of
their prevalent characteristics.
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