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Geopolymers are synthesized by alkali or acid activation of aluminosilicate materials. This paper critically

reviews the synthesis kinetics and formation mechanism of geopolymers. A variety of mechanistic tools

such as Environmental Scanning Electron Microscopy (ESEM) and in situ Energy Dispersive X-ray

diffractometry (EDXRD), in situ Isothermal Conduction Calorimetry (ICC), in situ Attenuated Total

Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), H low-field Nuclear Magnetic

Resonance (NMR) and Isothermal Conduction Calorimetry (ISC), and others and phenomenological

models such as the John-Mehl-Avrami-Kolmogorov (JMAK) model, modified Jandar model, and

exponential and Knudson linear dispersion models were used to study the geopolymerization kinetics

and many mechanisms were proposed for the synthesis of geopolymers. The mechanistic tools and

phenomenological models provided new insights about geopolymerization kinetics and formation

mechanisms but each of the techniques used possesses some limitations. These limitations need to be

) removed and new methods or techniques must be developed to overcome these challenges and get
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Accepted 20th November 2023 more detailed information about all types of geopolymers. The formation mechanism consists of three

to four stages such as dissolution of raw materials, polymerization of silica and alumina, condensation,
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water-to-solid (W/S) ratio of 0.30-0.45, a temperature in the range of 30 °C to 85 °C, and a curing time of
24 hours are the best for the synthesis of geopolymers. The growing demand for geopolymers in various

fields requires the development of new advanced techniques for further understanding of kinetics and

mechanisms for tailoring the properties of geopolymers for specific applications.

1. Introduction

The increase in industrialization is posing threats to the envi-
ronment in terms of the by-products and waste generated by
industry. One way to decrease the quantity of these by-products
or waste is to select those processes that generate minimum by-
products or waste. The other way is to produce useful materials
using those by-products and waste; this can eliminate the
environmental hazards associated with their disposal. The
awareness about the quantity of solid waste generated and its
hazardous effects on human health has built a demand to find
new ways of utilizing this waste to produce valuable economy-
generating products possessing good properties as well as
diverse applications.! Technology that can utilize this waste and
produce valuable product materials that can be used for various
applications is highly required. A technology known as geo-
polymerization has emerged to handle these issues and
produce valuable materials that possess properties superior to
conventional materials and can be used in several applications.
Geopolymers are low-cost and environmentally friendly green
materials, which are produced from the source materials con-
taining appreciable amounts of silica and alumina.
Glukhovsky? in the 1950s in the former Soviet Union (USSR)
developed alkali-activated cement using slag containing a large
amount of calcium. Davidovits in 1979 in France started similar
work and synthesized alkali-activated cements using a calcium-
free system of calcined clay and named them geopolymers.
Geopolymers are synthesized through alkali or acid activation
of aluminosilicate source materials. Metakaolin, fly ash, and
ground granulated blast furnace slag (GGBFS) are commonly
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used for the synthesis of geopolymers. Sodium hydroxide
(NaOH), potassium hydroxide (KOH), and phosphoric acid as
activating solutions and sodium silicate (Na,SiO;) and potas-
sium silicate (K,Si,Os) as silica sources are used for the
synthesis of geopolymers. The structure of the reaction product
or gel of these materials is similar to organic thermoset poly-
mers, so they are also termed inorganic polymers.* Geo-
polymerization  involves  dissolution,  gelation, and
condensation reactions occurring concurrently to produce the
geopolymer.* Alkali dissolves the aluminosilicate to form free
AlO; and SiO, tetrahedral units. During the reaction, water
releases and the SiO, and AlO, tetrahedral units link in an
alternative fashion and produce polymorphic precursors (-
Si0,-AlO,-,Si0,-Al0,-Si0,-, or -Si0,-Al0,-Si0,-Si0,-)
through sharing of all oxygen atoms between two tetrahedral
units and forming an amorphous to semi-crystalline geo-
polymer in which alkali metal cations charge balances the
tetrahedral Al sites.” The properties of geopolymers are depen-
dent on the raw materials, compositions, and curing condi-
tions.*” Geopolymers possess the properties of rapid setting and
attaining high final strength,® superior thermal and chemical
resistance,”™ low permeability,’> and heavy metal wastes
stabilization or immobilization.” Geopolymers are used in
various fields such as construction,'*'* wastewater treat-
ment,'*"” immobilization of hazardous compounds,'®*® coat-
ings, preparation  of
catalysis,>*® and carbon dioxide (CO,) capture.?”?*

The understanding of synthesis kinetics is very important for
designing of new materials and the optimization of existing
materials as it controls the microstructure and properties of the
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product materials.* In the first two decades of the 21st century,
research on geopolymer early age kinetics started to develop an
understanding of the chemical reactions occurring during
geopolymerization and the mechanisms involved in the
formation of geopolymers. Few review papers on geopolymers
such as mechanisms of geopolymerization and the factors
affecting its development,*® the structure and properties of clay
based cements,*® methods to evaluate and quantify the geo-
polymerization reactivity of waste-derived aluminosilicate
precursor in alkali-activated material: a state of the art review,*
phosphate-based geopolymers: a critical review®> and on the
advances in the synthesis and applications of geopolymers have
been published.*® However, no review has focused on the
synthesis kinetics and formation mechanism of geopolymers.

This paper critically reviews the synthesis kinetics and
formation mechanism of geopolymers. More than one hundred
and fifty studies on geopolymers have been included in this
review and around thirty studies conducted on geo-
polymerization kinetics and formation mechanism have been
critically analyzed. It includes the introduction of the raw
materials used, the critical review of the kinetics and mecha-
nism, and the factors affecting the kinetics and mechanism of
geopolymers. The future perspectives and challenges in the
geopolymerization kinetics and formation mechanisms are also
discussed.

2. Raw materials

The silica and alumina rich materials possessing pozzolanic
properties are used to produce geopolymers. Metakaolin, fly
ash, GGBFS, and RHA are commonly used for the synthesis of
geopolymers. The use of fly ash, GGBFS, and RHA for the
synthesis of geopolymer reduces the cost as they are by-product
materials. The synthesis of geopolymers is shown in Fig. 1.

Fly ash is a by-product of thermal power plants. It is
considered as a most complex anthropogenic source of

Aluminosilicate materials
(Metakaolin, Fly Ash,
GGBFS, etc.

Geopolymer
Synthesis

Alkaline Solution
(NaOH, KOH,
H3PO4,Na2Si03, K2Si03)
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pozzolans due to the presence of a variety of components.
Pozzolans are the silica or silica and alumina materials which
only show cementitious properties when activated in a finely
divided form with alkali hydroxide at room temperature and
moisture conditions.* The term mainly refers to the reaction of
pozzolanic materials in finely divided form with calcium
hydroxide (Ca(OHs,)) in the presence of water to produce mate-
rials possessing cementitious properties. The mineral compo-
sition of the inorganic part of coal determines the chemical
composition of fly ash. Fly ash contains oxidized compounds of
silicon (Si), aluminum (Al), iron (Fe), and calcium (Ca) around
90% while other elements such as sodium (Na), magnesium
(Mg), titanium (Ti), potassium (K), and sulphur (S) are in small
amounts.® Fly ash is composed of an organic part (char), an
inorganic part (amorphous and crystalline mineral matter), and
a fluid part (liquid, gas, and gas-liquid inclusions).** American
Society of Testing Materials (ASTM) classifies fly ash into two
classes such as F and C depending on the cumulative contents
of silica, alumina, and ferrous oxide. The sum of silica, alumina,
and ferrous oxide is above 70% for class F fly ash and in the
range of 50-70% for class C fly ash.*” Both classes of fly ash are
commonly used for geopolymer synthesis.

Metakaolin is a dehydroxylated pozzolanic material which is
produced by thermal activation of kaolin clay.* Kaolin consists
of 40-70% of kaolinite (hydrated aluminum disilicate-Al,-
SiOs(OH),) and other minerals include muscovite-like micas
and rutile and the quartz.*® It is one of the most widely used
mineral for various applications and its world output exceeds 25
million tones.** The heating of kaolin above 550 °C breaks its
structure in which silica and alumina layers crumple and they
lose their long-range order. The resulting material is highly
reactive transition amorphous phase with pozzolanic and
hydraulic reactivity which is suitable for cementing applica-
tions.*”** The calcination causes reorganization in the Al-O
network while the Si-O network remains the same. The
temperature from 650 °C to 900 °C is used in calcination of

Geopolymer curing Geopolymer

Geopolymerization kinetics and mechanism

Fig. 1 Synthesis of geopolymers using aluminosilicate and alkaline solution.
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Chemical composition

Source material Si0, (%) AL, O3 (%) Fe,03 (%) Others Ref.
Fly ash 60-65 25-30 6-15 Ca0, MgO, K,0, TiO,, SO; 35
Metakaolin 50-55 40-45 — Fe,03, TiO,, CaO, MgO 46
GGBFS 28-38 8-24 — CaO and MgO 49
RHA 90-95 — — Carbon, CaO and K,O 56
Mine tailings 64.81 7.08 4.33 CaO, MgO, SO3;, Na,0, K,0 60
Red mud (RM) 12.83 20.26 33.39 Na,0, P,0;, Ca0, SO;, TiO,, MgO 61
Coal gangue (CG) 45.69 22.21 5.44 Na,0, P,0s, Ca0, SO;, TiO,, MgO 61
Natural pozzolan feldspar 55.73 13.27 3.80 CaO, MgO, SO;, Na,0, K,0 62
Calcinated alunite (CA) 44.32 39.6 0.63 CaO, MgO, Na,0, K,0, TiO,, SO; 63
Volcanic ash (Zg) 41.36 15.41 12.88 MnO, TiO,, MgO, CaO, Na,O, P,0s, 64
Cr,0;, K,0
Iron ore tailings (IOT) 34.72 16.22 12.31 MgO, CaO, Na,O, K,0, MnO, TiO, 65

kaolin. Metakaolin can also be produced by heating of indige-
nous lateritic soils (600-750 °C) and heating of waste sludge
from paper recycling industry.*>** The nature and richness of
clay minerals in the raw material, calcination conditions, and
product fineness influence the pozzolanic properties of meta-
kaolin. Metakaolin contains SiO, in the range of 50-55% and
Al,O; in the range of 40-45% and small amounts of other
compounds such as Fe,03, TiO,, CaO, and MgO.** Metakaolin
requires higher amount of water due to its fine particle size.*®

Granulated blast furnace slag is produced during water
quenching of slag in the steel industry as a by-product. The
grinding of gypsum with slag makes it Ground Granulated Blast
Furnace Slag (GGBFS). It can be used as a substitute material to
improve the strength, permeability, and corrosion resistance of
materials.*”*® It contains SiO,, Al,03;, CaO, and MgO as the
major components.*” The reactivity of GGBFS depends on its
phase composition and glass structure. Calcium rich GGBFS
can be used for the increase of compressive strength and setting
time of fly ash geopolymers through the formation of aluminum
modified calcium silicate hydrate (C-A-S-H) along with geo-
polymer gel (N-A-S-H) and compaction of microstructure.**>>
GGBEFS is suitable for the synthesis of geopolymers and specif-
ically for high temperature applications.”® According to ASTM
C989, the reactivity of GGBFS is expressed in terms of slag
activity index (SAI) which has been defined for Portland
cement.’ The other forms of slag such as ferrochrome slag (FS),
ladle furnace slag (LFS), and furnace metallurgical slag (FMS)
are also used for synthesis of geopolymers.

Rice husk (RH) is a protective cover of rice grains obtained
during milling of the rice. The ash produced after burning of
RH in the boiler is called Rice husk ash (RHA).>* It has been
noticed that after burning the rice husk, 20% of the rice husk
retains in the final stage as rice husk ash. RHA contains 90-
95 wt% silica (amorphous and partly crystalline), the amor-
phous to crystalline ratio depends on the temperature and
burning time.*® Carbon is the main impurity while it also
contains K and Ca. RHA contains very light weight and porous
particles which results in low unit weight and high external
surface area.”” The silica in amorphous form in RHA can be

© 2024 The Author(s). Published by the Royal Society of Chemistry

utilized as a pozzolanic material. RHA contains 20% ash
content which is higher than other biomass fuels and it is
affected by the type of rice, geographical location, and climate
condition.*®*® The presence of a high amount of amorphous
silica makes it suitable for several applications. The low particle
size (<50 pm), irregular shape, and porosity makes it suitable for
use as a filler in polymers. It can also be used as a filler in
cement and fertilizer, catalyst carrier and in the production of
pure silica, silica gels, geopolymers, and filled polymers.*®%”
RHA can be used in the synthesis of geopolymers for increasing
the silica content and it can also be used as a main raw material
with the addition of external alumina for the synthesis of geo-
polymers. RHA has been used in the fly ash based geopolymer
for enhancing the Si/Al ratio.®® Table 1 shows the chemical
composition aluminosilicate source materials, some other
alumina and silica rich materials such as palm oil fuel ash, red
mud, activated bentonite clay, clays, volcanic ash, bagasse
bottom ash, loess powder, and gold mining wastes etc. are also
used for the synthesis of geopolymers.

The silica and alumina are the main compounds required for
the synthesis of geopolymers which are present in aluminosil-
icate materials. All aluminosilicate materials containing
appreciable contents of silica and alumina can be used for the
synthesis of geopolymers but if the content of silica or alumina
is low then it can be increased by the addition of external silica
or alumina. Metakaolin, fly ash, GGBFS, and RHA are generally
used for the synthesis of geopolymers while various other
aluminosilicate source materials have been introduced for the
synthesis of geopolymers.

3. Geopolymerization kinetics

Kinetics is used to understand the reactions occurring and the
mechanisms involved in the conversion of reactants into
products. Monitoring of the changes taking place during geo-
polymerization and the mechanism involved in the trans-
formation of raw materials into hardened products are very
important for tailoring the properties of the final product. The
kinetics approaches can be divided into two types: mechanistic
and phenomenological. The kinetics studied using mechanistic

RSC Adv, 2024, 14, 446-462 | 449
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tools or equipment is known as mechanistic kinetics and the
kinetics determined using models is called phenomenological
kinetics. The phenomenological models are very helpful in the
case of complex systems involving different phases and multi-
step processes.

3.1 Mechanistic kinetics

Many mechanistic studies have been conducted to determine
the kinetics of geopolymers. The formation of amorphous gels
was observed during initial 4 hours of curing of geopolymers
using Environmental Scanning Electron Microscopy (ESEM)
and in situ Energy Dispersive X-Ray Diffractometry (EDXRD).**7°
The rate of reaction decreased with the increase of silica content
of a metakaolin based geopolymer.” In ESEM, after 30 minutes
of reaction, sponge-like amorphous gel begin to appear which
precipitated on metakaolin particles and small amount of gel
filled the spaces between metakaolin particles. After 1.5 hours
more gel produced in the voids available and extended outside.
The amorphous gel was produced and covered the free space
available after 4 hours of reaction, and the microstructure
became more compact. K/Al and Si/Al ratios of the final prod-
ucts in case of K-PS geopolymers were 0.99 and 1.49 which are
close to theoretical values for geopolymer. The XRD analysis
showed only sponge-like amorphous gel while some peaks in
XRD spectra were observed due to kaolin and quartz which were
already present in metakaolin in crystalline form. It was noticed
that Na based geopolymer reacted rapidly as compared to K
based geopolymer that was due to actual capability of cations;
Na' increases solubility and K enhances condensation. The
mixed sodium and potassium-activated geopolymer with
moderate SiO,/Al,0; ratio showed similar behavior to pure Na
or K geopolymer of higher SiO,/Al,O; ratio. The step in the Na-
geopolymer lasted longer than K-geopolymer and this step was
the change of mechanism from dissolution, orientation, and
precipitation to transformation of newly produced gel to a more
ordered and stable form. The activation energy of geo-
polymerization reaction was E, = 31.5 k] mol*. The combina-
tion of ESEM and EDXRD tools provided valuable in-depth
information about the geopolymerization kinetics but the main
drawback of both ESEM and EDXRD techniques is that they can
only detect changes occurring during early stages of geopolymer
formation.

Two peaks in geopolymer activated using lower temperature
(20-30 °C) while three peaks in geopolymer activated using
higher alkali concentration (10-12 M) and higher temperature
(35-40 °C) were detected using in situ Isothermal Conduction
Calorimetry (ICC) as shown in Fig. 2. Peak I was due to disso-
lution of metakaolin to produce Si and Al. Peak II was related to
polymerization of Si and Al to produce aluminosilicate oligo-
mers (O) which instantly polymerize to produce geopolymeric
fragments (P) and protozeolitic nuclei (N) which will further
produce polymer gels (G) and crystallized phases (Z). Peak III
was due to reorganization and crystallization of produced geo-
polymers.””® Only two peaks were detected in case of sodium
silicate activated metakaolin geopolymers and no any crystal-
line products were observed after 3 days of curing.”* Sodium

450 | RSC Adv, 2024, 14, 446-462
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showed more influence on geopolymerization as compared to
temperature and soluble silica for NaOH activated metakaolin
based geopolymers. The time needed to reach the maximum
rate of heat evolution for peak I is 5 minutes for all systems
studied irrespective of the temperature, while it varies for Peak
II with the reaction temperature. The increase of reaction
temperature shortened the time required to reach the
maximum rate of heat evolution for Peak II. This technique
provided good information about kinetics of metakaolin geo-
polymers, but it has some limitations for geopolymers prepared
using fly ash and slag. The main limitation is that the ther-
mochemical parameters of reactants and products required for
data quantification are not available for slag and fly ash geo-
polymers and the estimation is difficult because these materials
contain variety of components, and their nature is very complex,
so this technique is not viable for fly ash and slag based geo-
polymer systems.

The X-ray pair distribution function analysis was conducted
to determine the nano-structural changes occurring during
geopolymerization. The data obtained was converted from 2D to
1D and then pair distribution function (PDF) was determined.
The obtained PDF data was converted to nearest neighbor T-O
(T stands for tetrahedral Si or Al), O-O, and T-T correlations.
The geopolymer obtained through silicate activation of meta-
kaolin remained amorphous during geopolymerization while
the structure of hydroxide activated slag sample began to crys-
tallize at some point during curing. The extent of reaction was
faster for silicate activated metakaolin as compared to
hydroxide activated metakaolin while for slag-based samples
hydroxide activated sample was faster than silicate activated
sample. The silica caused nucleation in the gel far from the
dissolving particles surface in case of slag based geopolymer
systems. It was observed that the presence of free silica in
activating solution resulted in the higher dissolution of meta-
kaolin during early reaction period but decreased the extent of
reaction because of the dense morphology of the geopolymer
paste.” The alkali and alkali silicate activated metakaolin and
slag based geopolymers showed different behaviors. The extent
of reaction was fast for silicate-activated metakaolin geo-
polymer as compared to hydroxide activated metakaolin geo-
polymer while it was fast for hydroxide activated slag
geopolymer as compared to silicate activated slag geopolymer.

Another study conducted using the same technique to
determine the effect of calcium on metakaolin/slag based geo-
polymer systems used atom-atom correlations occurring during
geopolymer synthesis up to 128 days.”® It was observed that in
silicate activated metakaolin, as the reaction preceded the
correlation due to Al-O decreased for 10.1 hours which indi-
cated rapid dissolution of metakaolin but for 2-3 days the rate
of structural changes slowed due to constrained nature of
aluminosilicate gel. This behavior was because when meta-
kaolin dissolved, the new phase of geopolymer material
produced on partially dissolved metakaolin caused a decrease
in the further dissolution of metakaolin. Initially gel 1 was
formed which then transformed to a more ordered gel 2, so in
case of silicate activated metakaolin, the aluminosilicate gel
precipitated on partially dissolved metakaolin, and it took more

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Effects of NaOH concentration on the heat evolution of metakaolin geopolymers at (a) 20 °C, (b) 25 °C, (c) 30 °C, (d) 35 °C, and (e) 40 °C.72

time to transform into a more ordered gel 2. It was observed that
more Ca-O correlations were occurring in the hydroxide acti-
vated systems as compared to silicate activated systems in
metakaolin and slag based geopolymers. Silica increased the
rate of reaction of metakaolin based geopolymers during an
initial 10.1 hours. No changes in the peaks were observed
during the initial 3 hours of reaction which was due to the
induction period. This induction behavior was also observed in
other studies.®”” This study provided a good understanding of
the geopolymerization kinetics on nanoscale level. The limita-
tion of this technique is that when crystals start to appear in
case of hydroxide activated slag geopolymers, further data
quantification becomes very difficult.

A kinetics study conducted using in situ Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR) showed the formation of Al-rich gel through the shifting
of main (Si-O-T, T-tetrahedral Al, or Si) band to lower wave-
number for 36-48 hours as shown in Fig. 3(A and B). The in situ
data obtained from the ATR-FTIR spectra was used in the
functional group analysis to monitor the changes occurring in
the main band during geopolymerization. After 72 hours of
reaction, the main peak shifted to 958 cm ™" and this peak was
also observed at the same position after 200 days which showed
that no changes were occurred after 3 days of geopolymerization
reaction.”® The induction or delay period was detected during

© 2024 The Author(s). Published by the Royal Society of Chemistry

geopolymerization of hydroxide activated geopolymer sample.
Two peaks can be seen in Fig. 3(B) at a time of 0 hours which
were due to silicate species. This method provided valuable
information regarding the kinetics of fly ash based geo-
polymers. It has one main limitation that is when alkaline
solution contains excess silica for fly ash activation, the silicate
species generate peaks at the same locations where the peaks
due to geopolymer appear, so both peaks mix with each other,
and it becomes very difficult to separate peaks due to silicate
and geopolymer. Therefore, when silica is used in excess in
alkaline solution, the functional group analysis cannot be used.

Four phases were detected in metakaolin based geopolymers
by grid nanoindentation of the Young's modulus and hardness.
These include a porous phase, a partially developed geopolymer
gel, geopolymer gel, and unreacted metakaolin. The fractions of
these phases in the final geopolymer depend on the chemical
composition of raw material. The Na/Al and Si/Al ratios affected
the reaction kinetics, geopolymer gels, and the mechanical
properties of geopolymers.” The Si/Al ratio of 1.7 and Na/Al
ratio of 0.9 were optimal for producing the best mechanical
strength geopolymer. It was observed that silica enhanced the
dissolution of metakaolin at Si/Al ratios below 2:1 and the
formation of N-A-S-H gel depends on the dissolution of Al in
case if silica is used as an alkaline activator.** This study
provided good information about geopolymer gel formation
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Fig. 3 Functional group analysis for geopolymer with (Na/Al= 0.5), (A)
hydroxide activated and, (B) silicate-activated (SiO,) = 2.5 M).¢

and mechanical strength. This understanding combined with
chemical composition of raw materials can be used to optimize
the synthesis of geopolymers for higher mechanical properties.

The early age geopolymerization kinetics (up to first 72
hours) of metakaolin based geopolymer was determined
mutually by using 'H low-field Nuclear Magnetic Resonance
(NMR) and Isothermal Conduction Calorimetry (ISC) at varying
silicate moduli (SiO,/Na,O- 1, 1.2, 1.5, 1.8, and 2.0). The "H low-
field NMR determined the state and relative amount of water in
geopolymer paste and ISC determined the heat evolution during
geopolymerization. The results showed that the geo-
polymerization increased at higher alkalinity of activator solu-
tion which was due to increase of degree of reaction with the
increase of alkalinity of activator solution. It was also observed
that the heat flow and cumulative heat release increased with
the decrease of silica modulus of geopolymer due to fast
dissolution of soluble species and higher quantity of formed
product. The JMAK model was also used to determine the geo-
polymerization kinetics which described the kinetics of geo-
polymer prepared using numerous activators as a one-
dimensional diffusion-controlled reaction and its rate of reac-
tion slightly decreased at higher alkalinity due to the presence
of various soluble species and more reaction products.®* This
method provided valuable information about geo-
polymerization kinetics, and it was proved that both techniques
can be used mutually to determine the geopolymerization
kinetics of metakaolin based geopolymers.

The structural evolution of metakaolin based geopolymer
determined using Proton Nuclear Magnetic Resonance (‘H
NMR) showed two relaxation peaks in the spin-lattice relaxation
time (T1) during early 15 minutes of reaction. The first peak was
due to filling of the water in the space between metakaolin
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particles and the second relaxation peak was due to the pres-
ence of water in flocculation structures. The increase of reaction
time decreased the average mean value of T1. According to this
study, the geopolymerization consists of four stages such as
induction period, acceleration period, deceleration period, and
stabilization period.** This method provided valuable infor-
mation about the stages involved in the structural evolution of
geopolymer. A new method of determination of reaction
kinetics at early stages of geopolymerization based on evolution
of internal Relative Humidity (RH) was developed. This method
is like cumulative heat evolution in the Isothermal Conduction
Calorimetry method, but it shows a higher signal to noise ratio
specifically for geopolymers prepared using reactants of low
reactivity. According to this method when the geopolymer is
prepared using activator solution which contains waterglass,
the reaction is mainly diffusion-controlled at higher tempera-
ture, and it changes from loose layer to a dense layer during the
reaction time and if the activator solution is only NaOH solution
then the reaction rate is mainly controlled by a diffusion layer
through a dense layer at different temperatures. It was also
noticed that the developed method is good for fly ash geo-
polymers when the degree of reaction of fly ash is below 0.35.
This method can also be used for other raw materials with the
consideration of possible self-desiccation.®

3.2 Phenomenological kinetics

It was observed that three processes control the geopolymer
formation using modified Jandar model. The reactions include
first order surface reaction between alkali hydroxide and glassy
phase of fly ash particles, classical Fick diffusion through
a surface layer, and a diffusive transport through a more
complex gel structure (interstitial gel). The rate of reaction
increased with the increase of KOH concentration (5-10 M),
temperature (22-75 °C), and W/S ratio (0.35-40).** It was
observed using exponential and Knudson linear dispersion
models on the activation of blends of metakaolin, fly ash, and
slag systems that the slag-based pastes exhibited features like
Ordinary Portland Cement (OPC) which depended on the
molarity of alkaline solution. The effect of temperature was
higher on fly ash activation as compared to slag. Time param-
eter of both models showed similar effects with the increase of
temperature but when compared to slag and ordinary Portland
cement (OPC) pastes, the fly ash rich pastes showed reverse
trend.* This study shared valuable information about the
activation process of metakaolin, fly ash, and slag systems and
the effects of temperature on model parameters but did not
explain the overall geopolymerization reaction. A study deter-
mined the kinetics of fly ash geopolymer using John-Mehl-
Avrami-Kolmogorov (JMAK) model and found that geo-
polymerization was a one dimensional diffusion controlled
reaction which occurred through thickening of large product
layers.®®

The phenomenological models are helpful in describing the
overall geopolymerization reaction, but it can be noticed that
only a few studies have been conducted on the geo-
polymerization kinetics using phenomenological models while
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more studies have been conducted using mechanistic tools. All
studies provided new information about the geopolymerization
kinetics of geopolymers with some techniques having few
limitations in analyzing the kinetics such as Environmental
Scanning Electron Microscopy (ESEM) and Energy Dispersive X-
Ray Diffractometry (EDXRD) are only effective during the early
setting period. The ATR-FTIR technique used to determine the
geopolymer gel formation in a fly ash based geopolymer fails if
the alkali solution contains excess silica. A modified Jandar
model used to determine the geopolymerization kinetics best
suits the systems containing particles of uniform size but fly ash
contains particles of varying sizes. A method used to monitor
the geopolymerization and reaction products formed in meta-
kaolin based geopolymer using Isothermal Conduction Calo-
rimetry (ICC) cannot be used for fly ash geopolymer system due
to the unavailability of thermochemical parameters for fly ash
geopolymers and without them the extent of geopolymerization
cannot be quantified. These limitations need to be removed and

Table 2 List of studies conducted on kinetics of geopolymerization
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new methods or techniques must be developed to overcome the
limitations and get more detailed information about kinetics of
all types of geopolymers. It has been observed that the mecha-
nistic models provide more detailed information about geo-
polymerization kinetics and formation mechanism while
phenomenological models only thoroughly describe the geo-
polymerization kinetics and formation mechanism. However,
phenomenological models can also determine geo-
polymerization kinetics and formation mechanisms of such
complex systems where mechanistic models cannot be used.
Table 2 summarizes the studies conducted on the kinetics of
geopolymerization along with their main findings.

4. Mechanisms of geopolymerization

The mechanism of geopolymer formation is crucial in under-
standing the reactions taking place and their sequence or order.

S.no.  Type of geopolymer  Curing regime (hours) Technique

Findings Ref.

Mechanistic kinetics

1 Metakaolin 4 ESEM
2 Metakaolin 3
3 Metakaolin 72

EDXRD
I1CC
3072

4 Metakaolin and slag X-ray PDF

5 Fly ash 72 ATR-FTIR

6 Aluminosilicate 100 ICP-OES

source materials

'H low-field
NMR and ISC

7 Metakaolin 72

Relative
humidity
(RH)

8 Fly ash 168

Phenomenological kinetics

9 Fly ash 168 JMAK

Modified
Jandar model

10 Fly ash 672

© 2024 The Author(s). Published by the Royal Society of Chemistry

e Gel formation 69
o The rate of reaction decreased with increase of silica

o Na-geopolymer reacted rapidly compared to K-geopolymer 71
e Four peaks detected due to dissolution, polymerization, and 72
reorganization and crystallization of geopolymers

o Extent of reaction was fast for silicate-activated geopolymers 76
as compared to hydroxide activated metakaolin geopolymers.

o Extent of reaction was fast for hydroxide activated as

compared to silicate activated slag

e Induction period 6
o Si-O-T peak unaffected after 72 hours

o Silicate sources dissolve rapidly as compared to 91
aluminosilicate sources

e Dissolution rate of fly ash was higher

e Increase of molarity increased dissolution rate up to some

point

o Milling resulted in the increase of release of Si in fly ash and

Al in GBFS

o Geopolymerization is a one-dimensional diffusion- 81
controlled reaction

o The high alkalinity enhanced the geopolymerization, gel
formation, and growth rate due to the presence of various

soluble species and more reaction products

e For water glass activated geopolymers, the reaction rate is 83
diffusion controlled which changes from a loose layer to

a dense layer.

e For NaOH activated geopolymers, the rate of reaction is
diffusion controlled through a dense layer at different
temperatures

e Geopolymerization is a one-dimensional diffusion- 86
controlled reaction, and it grows in the form of thickening of

large product layers

e A first order surface reaction, classical Fick diffusion, and 84
a diffusive transport through a more complex gel structure

o The reaction rate increased with the increase of KOH
concentration, temperature, and W/S ratio
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The mechanism of geopolymerization depends on aluminosil-
icate source materials and alkaline activator.

Many mechanisms have been proposed for geopolymer
formation. Glukhovsky (1980) described the mechanism of
geopolymerization consisting of two steps; breaking of raw
materials and condensation of the produced product.*” The
destruction or breaking of raw materials is carried out by
breaking of covalent bonds between Al-O-Si and Si-O-Si using
alkaline solution which produces a colloidal phase. Then
coagulation occurs which joins destroyed products and finally
produces a condensed structure. Some other studies also
proposed similar mechanisms consisting of silica dissolution,
transportation, and polycondensation reactions.**** All these
steps occur simultaneously and it is very difficult to separate
these steps.’® Davidovits (1988) described geopolymerization as
an exothermic reaction that is conducted through oligomers
(dimer, trimer) which produce structural units for three
dimensional arrangement.”* It consists of the reaction of
aluminosilicate oxides with alkalis and alkali-polysilicates
which produces polymeric Si-O-Al bonds having (SiO,,
Al,0;),, formula. Another study described mechanism consist-
ing of dissolution of solid aluminosilicate oxides by alkali
solution, movement of the dissolved silica and alumina from
particle surface to interparticle space, development of gel
phase, and hardening of the gel phase.”® The reaction sequence
is given below,

Al-Si material (s) + MOH (aq) + Na,SiO; (s or aq) (1)

— AI-Si material (s)
+ [M(AlO,)(Si0,),-n"MOH -mH,0] gel ~ (2)

— Al-Si material (s) [M,((AlO,),(SiO,),)-nMOH -mH,0] gel (3)

The quantity of Al-Si material used in reaction (1) and (2)
depends on the particle size, dissolution of Al-Si, and alkaline
solution concentration. The amount of gel produced in reaction
(2) depends on the dissolution of Al and Si while the amorphous
geopolymer is formed in reaction (3). The time required to
produce a geopolymer gel depends on the processing condi-
tions.”* A study developed two mechanism models, one for
alkali activation of blast furnace slag (Si + Ca) using mild
alkaline solution with CSH as the final product and another for
activation of aluminosilicate (Si + Al) generally metakaolin
using alkaline solution from mild to high.*® The former model
is like a zeolite formation which shows that the alkali activation
of metakaolin produces amorphous polymers like zeolites. In
another mechanism study, a delay or induction was noticed
after dissolution of raw materials in sodium hydroxide activated
metakaolin geopolymer while no induction period was detected
in sodium silicate activated metakaolin and dissolution was
followed by fast polycondensation reaction.”

Three calorimetric peaks due to dissolution of metakaolin,
induction period, and final structure formation were detected
in sodium hydroxide activated metakaolin based geopolymer
using ISC as shown in Fig. 4.°° It shows three peaks of meta-
kaolin based geopolymers activated using different

454 | RSC Adv, 2024, 14, 446-462

View Article Online

Review

concentrations of sodium hydroxide (5-18 M). The peaks were
different for geopolymers activated using NaOH concentration
of 5 M and those with NaOH concentration of =10 M. In the
case of geopolymers activated using NaOH concentration of
=10 M, the intense signal showed the precipitation of reaction
products, and these occur at similar activation times. The
samples activated using 5 M NaOH solution showed weak
calorimetric signal with lower intensity. The hydration process
of blast furnace slag based geopolymer depends on the content
of sodium and silica modulus (M;). The heat of hydration
increased with the increase of sodium content and silica
modulus. Geopolymerization started with the destruction of
bonds between slag atoms such as Si-O-Si, Al-O-Al, Al-O-Si,
Ca-0, and Mg-O, which was described by the initial heat release
peak and the formation of Si-Al layer on the surface of slag
grains was described by the appearance of a new peak. Then
finally, the hydration product started to form.”” Some other
studies also described geopolymer formation mechanism as
consisting of three steps.®®*® It has been observed that the water
is used during dissolution of source materials while it is
released during polymerization. A mechanism study found that
the activation of fly ash by alkali follows the same steps involved
in the formation of different types of zeolites and forms alkaline
aluminosilicate as the product.'® The alkali activation of
aluminosilicate produces a nucleation phase. When nuclei
reach a critical size, it starts crystallization that is a slow process
and a long-time crystalline product form. The increase of SiO,/
Al,O; ratio decreased the initial reaction rate.”>'** It was
observed that the initial phase produced later transformed to
a more ordered phase during geopolymerization.

A new reaction sequence which is an extension of the Fai-
mon (1996)"> model was proposed as shown in Fig. 5.4
According to this model, aluminosilicate source material
dissolves to produce aluminate (A) and silicate (S) monomers,
which then form aluminosilicate oligomer (O). Oligomers
polymerize to produce aluminosilicate polymer (P) and alumi-
nosilicate nuclei (N-quasi or nano-crystalline). The aluminosil-
icate polymer transforms to aluminosilicate gel (G-amorphous)
while aluminosilicate nuclei transform to zeolitic phases (Z-
crystalline). The formation of a primary Al rich gel in

25 -

20 +

0 2 4 6 8 10 12 14 16 18 20 22 24
TIME (Hours)

Fig. 4 Calorimetric curves of geopolymers activated using different
concentrations of NaOH, MK/Ca(OH); ratio of 1: 1 and temperature of
45 °C>o®
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hydroxide activated fly ash geopolymer was observed. The Al
released passivated the surface of fly ash and further fly ash
dissolution stopped causing a delay or induction in the process.
Induction period was not detected in the systems when seeding
and sodium silicate were used. During the delay period, Al-rich
gel established pseudo equilibrium through depolymerization/
repolymerization reactions with the surrounding solution. Gel
nuclei began to form in Si-rich gel and then the growth of a new
phase started. The strength development and durability of
geopolymers depend on this new phase.'**

The nucleation of the gels, reorganization, and polymeriza-
tion was observed at 60 °C in high calcium fly ash based geo-
polymers by analyzing geopolymerization reaction using
Quasielastic neutron scattering (QENS). The geopolymers
synthesized using 14 M NaOH solution contained higher
quantity of chemically bound water as compared to geo-
polymers synthesized using 10 M NaOH. The concentration of
NaOH and temperature played main roles in the initial gel
formation and polymerization at later stages.'® The mechanism
of geopolymerization of phosphoric acid based geopolymer
consisted of three steps such as removal of aluminum from
metakaolinite, the reaction between tetrahedral PO, and -Si-O-
layer to form amorphous (-Si-O-P-) structure and the reaction
of aluminum with PO, tetrahedra to form crystalline AIPO,, and
the condensation of the amorphous phase to form a geo-
polymer.'® The addition of graphene (rGO) in metakaolin geo-
polymer decreased the voids with the increase of
geopolymerization time. The degree of amorphicity of meta-
kaolin based geopolymer also decreased with the increase of

[ M= Metakaolin or fly ash
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reaction time. The five and six coordinates of Al-O sites were
converted into four coordinates with the addition of graphene.
The structure of metakaolin geopolymer consisted of Si in the
form of Q, (3Al). The graphene (rGO) bonded with the geo-
polymer reaction products and increased the density of the
geopolymer matrix.'*’

Another reaction model for the mechanism of geo-
polymerization is shown in Fig. 6. The geopolymerization starts
by dissolving aluminosilicate with the help of alkali solution
which releases aluminate and silicate species into the solution.
Aluminate and silicate species and the silicate in alkaline
solution forms a complex mixture consisting of aluminate,
silicate, and aluminosilicate species and the speciation equi-
librium develops in the solution. The dissolution of amorphous
aluminosilicate source material at high pH is quick and forms
a supersaturated aluminosilicate solution. In the case of
concentrated solution, it results in the formation of gel by the
condensation of oligomers which release water. The time
required for the formation of a gel depends on raw materials,
solution composition, processing conditions, and synthesis
conditions.'® It has been observed that some systems never
form gel due to dilute nature and the concentration of alumina
and silica varies because of the slow response of the system
which is far away from equilibrium.* The system continues to
rearrange and reorganize after gel formation resulting in the
formation of a three-dimensional aluminosilicate network.
Nucleation develops in the second gel and growth is the
condition in which nuclei reaches a critical size and crystals
start to form.
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Fig. 5 Proposed reaction sequence of geopolymerization 10103
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Fig. 6 Model for mechanism of geopolymerization.*

The early stage geopolymerization mechanism of metakaolin
based geopolymer determined using Magnetic Resonance
Spectroscopy (NMR) based on vacuum dehydration technique
by fuzzy analysis of deconvolution data found that the mecha-
nism consists of four stages, (i) dissolution of raw materials to
produce monomers, (ii) nucleation free polymerization, (iii)
structural rearrangement-collapse and rearrangement through
loss of free water, and (iv) unordered condensation or repoly-
merization in flaw sites.'® It is a good technique as it provides
quantitative and qualitative data. This finding supports the
geopolymerization mechanism described by Duxson et al.''® A
study determined the synthesis mechanism of phosphate based
metakaolin geopolymer using various tools such as in situ quasi-
isothermal Differential Scanning Calorimetry (DSC), Atomic
Absorption, pH meter, Magic Angle Spinning Nuclear Magnetic
Resonance (MAS-NMR), Scanning Electron Microscopy (SEM)
with Energy Dispersive X-ray (EDX) analysis, and Fourier
Transform Infrared Spectroscopy (FTIR). It was observed that
the amorphous structure of geopolymer consists of -Si-O-Al-
O-P- units with some -Si-O-P terminal units. The formation
mechanism consisted of three steps. The first step is deal-
umination which occurs during the first 30 minutes of reaction.
It consists of two elementary steps such as dealumination of

456 | RSC Adv, 2024, 14, 446-462

total -Al-O-Al bonds and the second one is partial which
concerns the dealumination of -Si-O-Al bonds. The second
step is condensation which consists of four stages according to
the chemical composition of reactant and obtained product.
The four stages of condensation include the formation of sili-
cate aluminum phosphate phases, aluminum phosphate pha-
ses, silicate phosphate phases, and amorphous silica phases. It
occurs during the initial reaction time of 12 hours with varying
speed which decreases with the reaction time and becomes
constant after 12 hours. The polycondensation which is the
third step starts during first hour of reaction and continues
slowly up to many days and results in the 3D polymerized
network.”* This study provided valuable information on the
synthesis mechanism of phosphate based metakaolin geo-
polymer which can be extended by using other activator
solutions.

A study determined the effect of milling time of fly ash of 0,
30, and 90 minutes on the geopolymerization kinetics and
mechanism using Isothermal Conduction Calorimeter (ISC).
The apparent activation energy decreased with the increase of
milling time due to the increase of reactivity of fine particles.
The effect of fly ash particle size was more at low reaction
temperature while only small effect in peak amplitude and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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required time to reach was observed at higher temperature.
There was no effect of particle size of fly ash on the early age
geopolymerization mechanism which occurred by nucleation
and growth. The reaction rate and activation energy were
affected by fineness of fly ash particles. The rate of geo-
polymerization increased with the increase of fineness of fly ash
particles. The activation energy determined by rate method
showed three stages of geopolymerization consisting of disso-
lution, gelation, and restructuring. The geopolymerizatiom
mechanism was unaffected by the change of reaction temper-
ature in the range of 39-55 °C."** This study provided very good
information about the effect of milling of fly ash and milling
time on the geopolymerization kinetics and mechanism using
ISC technique.

A summary of the geopolymerization mechanism is given in
Table 3. The studies conducted to determine the geo-
polymerization mechanism provided new information and
some studies verified the existing information about geo-
polymerization mechanism. According to the literature anal-
ysis, the geopolymerization mechanism consists of three to four
stages depending on the type of aluminosilicate and type of
alkali.

5. Effect of parameters on
geopolymerization

The parameters such as silica to alumina (Si/Al) ratio, sodium to
alumina (Na/Al) ratio, water to solid (W/S) ratio, and tempera-
ture affect the geopolymerization kinetics.

5.1 Silica to alumina (Si/Al) ratio

The synthesis of geopolymer gel with strong inter-particle
bonding and higher mechanical strength requires the use of
silica. At Si/Al ratio of 1, the condensation between aluminate and
silicate species produced poly(sialate) polymer structure, and at
Si/Al >1, the silicate species produced by hydrolysis of SiO,
condensed among themselves and produced oligomeric silicates
and the oligomeric silicates condensed with Al(OH),*~ and
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produced 3D network of polymer structures consisting of poly
(sialate-siloxo) and poly (sialate-disiloxo)."** It has been noticed
that the higher Si/Al ratio (~1.7) increases the number of Si-O-Si
bonds and the amount of geopolymer gel.” It has been observed
that the low Si/Al ratio increases the number of tetrahedral Al
incorporating into the silicate backbone whereas increase in Si/Al
ratio increases the compressive strength, but the increase of Si/Al
ratio above a certain point (>1.7) increases the pore size and
produces fast setting and low compressive strength geopolymers.
Another study observed that the increase of SiO,/Al,O; ratio from
2.0 to 4.0 increased the initial rate of reaction but higher SiO,/
Al,O; ratio caused solidification of the paste prior to completion
of reaction.” The use of highly reactive silica increased the gel
formation and compressive strength of geopolymer.** The Si/Al
ratio of the specimen can be used to predict the resonance
position and shape of geopolymers using >°Si MAS NMR.!¢*7
The Si/Al ratio depends on the raw materials composition, and it
should be kept above the Si/Al ratio of the raw material to produce
a higher compressive strength geopolymer.

5.2 Molarity of alkali solution

The concentration of alkali solution is a very important
parameter for geopolymerization."*® Potassium hydroxide
(KOH) releases higher amount of alumina and silica as
compared to NaOH.">** The solubility of aluminosilicate
material increases with the increase of concentration of
hydroxide ions." The higher Na/Al ratio speeds up the disso-
lution and polymerization reactions and it also increases the
amount of geopolymer gel but the Na/Al ratio of 1.2 decreases
the compressive strength at later ages (28 days). It has been
observed that the increase of Na/Al ratio from 0.74 to 1.10
increased the reaction rate.”” The excessive concentration of
OH' results in the decrease of the strength of geopolymer.®® The
higher alkalinity of hydration water results in a decrease in rate
of hydration. By increasing the activator concentration, a delay
in the polymer formation was observed and the concentration
of ionic species also increased which decreased the mobility of
ions and delayed the formation of coagulated structures.'?” The

Table 3 A summary of geopolymerization mechanisms described in literature

Raw material Description Ref.
Metakaolin Dissolution, induction, and polycondensation 95
(hydroxide activated)
Dissolution and polycondensation (sodium
silicate activated)
Blast furnace slag Destruction of raw materials, formation of Si-Al 97
layer, and formation of geopolymer
Fly ash and kaolinite Dissolution, orientation of dissolved species, 98
and condensation and hardening of structure
Kaolin and sodium and potassium feldspar Dissolution, polymerization, and condensation 113
Metakaolin and fly ash Dissolution, polymerization, and gelation 101 and 103
Fly ash Dissolution, nucleation phase, crystallization 100
Metakaolinite Dissolution of aluminum, reaction between 106

tetrahedral PO, and -Si-O- to form -Si-O-P-
structure and reaction of aluminium with PO,
tetrahedra to form crystalline AIPO,, and
condensation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase of alkali concentration from 5 to 10 M in a fly ash based
geopolymer produced an amorphous geopolymer with a small
amount of CSH gel. The increase of Na/Al ratio up to 0.63
increased the rate of reaction while further increase in this ratio
decreased the rate of reaction.® The aluminosilicate gel as the
main product and the CSH gel as the secondary product were
obtained in case of metakaolin activated with highly concen-
trated alkali solution in the presence of calcium.'** The use of
higher content of calcium in the geopolymer system results in
the formation of some form of CSH gel. The higher content of
Na also increases the formation of CSH gel. At a higher content
of Na, less calcium will be available to react with aluminate and
silicate species and will precipitate out as the CSH gel. It is still
not clear that calcium participates like sodium or potassium in
the geopolymer formation or not."* It has been observed that
CSH gel fills the gaps and voids available in the geopolymer and
increases the mechanical strength of the produced
geopolymer.'*

5.3 Silica modulus (Si0,/M,0)

The ratio of silicate to hydroxide plays an important role in the
rate of reaction and the development of compressive strength of
geopolymers. The increase of concentration of alkali M,0 (M-
Na/K) or decrease in the concentration of added SiO, increases
the compressive strength of geopolymers.” This is because
excess sodium silicate hinders the evaporation of water as well
as the formation of the structure of geopolymer. The system
activated with sodium silicate and sodium hydroxide possessed
higher compressive strength while the system activated with
potassium silicate and potassium hydroxide and potassium
silicate and sodium hydroxide were weak.'?>'*” K" is more basic
which causes higher dissolution and polycondensation reac-
tions and higher network formation resulting in higher
compressive strength geopolymers.®® The large size of K" also
favors polycondensation reactions.”*'* It has been noticed that
silica modulus in case of sodium silicate equal to or higher than
0.8 produces amorphous geopolymer and silica modulus below
0.8 produces semi-crystalline geopolymers.”* A study on the
effect of silica modulus (0.424-1.716) on the geopolymerization
of natural pozzolan based geopolymer through Isothermal
Conduction Calorimetry (ICC) found that the early-stage
dissolution of aluminate and silicate species depends on the
molar contents of SiO, and Na,O. The increase of silica
modulus decreases the degree of reaction but decrease of silica
modulus below certain point decreases the compressive
strength of geopolymer. Very low and very high silica modulus
are not good for compressive strength and results in the
decrease of compressive strength. It was also observed that the
participation of the various crystalline and amorphous phases
of raw materials in the geopolymerization reaction also depends
on the content of silica modulus. It was also noticed that the low
silica modulus results in the efflorescence which cause decrease
of compressive strength of geopolymer while higher silica
modulus again reduces compressive strength due to lower
degree of reaction.™*
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5.4 Water/solid (W/S) ratio

Water is an important parameter which affects the rate of
reaction and compressive strength of geopolymers. Water
content of the activator is also significant along with the
speciation and silicate concentration of the activator.'*® Water is
involved in the dissolution, polycondensation, and hardening
stages of geopolymerization. The amount of water should be
selected in a way that geopolymerization completes all its stages
as well as the workability of the paste is sustained. The amount
of water required for the synthesis of geopolymers depends on
the type of aluminosilicate and the shaping method used such
as molding, pressing, and extrusion.”® The effect of water
content on the synthesis of geopolymer is determined through
water to solid (W/S) ratio or solid to liquid (S/L) ratio. The
increase of W/S ratio by mass decreases the strength of geo-
polymers and the same trend has also been observed in the
formation of Ordinary Portland Cement (OPC). The W/S ratio of
0.4 is the minimum ratio in the case of Portland cement and the
same ratio is also possible in geopolymers. L/S ratio from 0.30 to
0.45 has been recommended for the synthesis of geo-
polymers.*** The water content of geopolymers is approximately
10% less as compared to water content of zeolites.*®

The effect of S/L ratio on the geopolymerization kinetics of
class C fly ash geopolymer was determined using John-Mehl-
Avrami-Kolmogorov (JMAK) model through heat evolution
measured by Differential Scanning Calorimeter (DSC). The
variation of S/L ratio affected the heat evolution and growth of
geopolymers. The Avrami exponent (n) was in the range of
0.942-1.2045, which showed that the geopolymer growth during
setting was governed by one-dimensional heterogeneous
nucleation with rod-like growth. The nucleation was heteroge-
neous because it involved the transformation of liquid and solid
phases and it was an instantaneous growth which occurred in
available nucleation sites of monomers and it has been noticed
in literature that the nuclei form on the surface of foreign
particles in heterogenous nucleation.™* The increase of S/L ratio
to 2.5 increased the value of n due to the increase of the
nucleation sites. The value of n was below 1 at S/L ratios of 1 and
3 due to the slow nuclei growth and it is against JMAK model
assumptions. The geopolymer growth was slow at S/L ratio of 1
due to a smaller number of nucleation sites because of the
presence of higher concentration of OH™ ions and it resulted in
the improper geopolymer growth and at S/L ratio of 3, the
geopolymer growth hindered due to presence of higher number
of unreacted fly ash particles. The increase of S/L ratio up to 2.5
increased the growth rate (k) while further increase up to 3
slightly decreased the growth rate (k). The decrease in growth
rate was due to compactness of fly ash particles at the minimum
alkali which resulted in the decrease of growth rate.**

5.5 Curing conditions

Curing time and curing temperature affect the kinetics of geo-
polymerization and mechanical strength of geopolymers. The
reaction temperature and curing time are very important for
determining the structure of the final product.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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e Curing time

The curing time from 2 to 5 hours is very important and the
temperature curing of geopolymers up to 24 hours increases the
compressive strength of geopolymers while further curing
increases the compressive strength very slowly due to alkaline
saturation and product densification.” A study found that
geopolymer achieved compressive strength of 65 MPa in 24
hours while further strength development was insignificant.**®
Another study found that the geopolymers cured at 65 °C
produced higher compressive strength in early 24 hours while
the geopolymers cured at 25 °C produced higher compressive
strength at later ages.'® The compressive strength of geo-
polymers is directly proportional to the amount of geopolymer,
higher the geopolymer formation, the higher is the compressive
strength and vice versa. For kinetics studies, the curing time
depends on the interest of the phase of study.

e Curing temperature

There are three methods of curing geopolymers such as
vapor-proof membrane curing, temperature curing (TC), and
wet curing (WC). Temperature is involved in the setting of the
paste and concrete and it accelerates the geopolymerization
reaction. The reaction of fly ash is very slow at room tempera-
ture which makes it unfeasible due to delayed setting while it
can be avoided by processing at elevated temperature.™”"* It
has been observed that the low temperature curing of geo-
polymer is not suitable for development of mechanically strong
geopolymers.” It has been noticed that heat curing is good for
strength gain in geopolymer as compared to curing at room
temperature (strength obtained after 24 hours of elevated
temperature curing is equal to the 1 month of curing at ambient
temperature).’® Elevated temperature curing at the start of
reaction catalyzes the formation chemistry in an appropriate
way.'** The temperature curing of geopolymer for 24 hours is
best especially for practical applications.**

There are two types of temperature curing, open curing, and
closed curing. It has been observed that open curing results in
the evaporation of water which results in the decrease of
amount of alkaline solution available for the reaction and
causes precipitation of the alkali salt. This condition results in
a decrease of strength and increases the porosity of the mate-
rial. The geopolymer cured in closed conditions possess lower
porosity and higher binding matrices and it is suitable for
immobilization of the heavy metals and other hazardous
wastes." The higher reaction temperature and higher surface
area of aluminosilicate material increases the extent of reaction.
Temperature also increases the crystallinity of geopolymers.
The effect of increase of temperature is more on the reaction
kinetics as compared to the effect of increase of activator
concentration.”* It has been observed that the temperature in
the range of 65-80 °C improved the mechanical properties of
sodium hydroxide activated fly ash geopolymers.****>'¢ The
curing of Na-based geopolymer at high temperature caused
faster dissolution and faster gel growth due to coagulating
ability of Na* with monomeric silicate species which causes
faster setting."*”**®* While in case of K-based geopolymer, the
higher temperature will not allow gelation step to proceed
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unless there is a sufficient amount of nutrients (larger alumi-
nosilicate anions) for gel growth.**®

The optimum Si/Al ratio depends on the raw materials used
for the synthesis of geopolymers. The Si/Al ratio a little bit above
the Si/Al ratio of reactants enhances the degree of reaction and
compressive strength of geopolymers. The Na/Al ratio of 1 is
normally used for the synthesis of geopolymers. The water to
solid (W/S) ratio of 0.30-0.45 is recommended for the synthesis
of geopolymers. A curing time of 24 hours is the best for geo-
polymers. The normal range of temperature used for curing of
geopolymer is from 30 °C to 85 °C.°*'**'** There is an upper
limit above which further increase in temperature decreases the
production of geopolymers and most of the raw material
remains unreacted and compressive strength decreases due to
fast setting and decrease of workability of paste.*>

6. Conclusions and future
perspectives for kinetics and
mechanism of geopolymers

The research on kinetics and mechanisms of geopolymerization
is developing the understanding of the reactions involved and
the formation mechanism of geopolymers. The brief conclu-
sions and future perspectives are given below,

1. Fly ash, metakaolin, and GGBFS are commonly used for
synthesis of geopolymers while a variety of new materials such
as red mud, palm oil fuel ash, bottom ash, clays, volcanic ash,
bagasse bottom ash, loess powder, iron ore tailings, and gold
mine wastes etc. are being introduced as raw materials for the
synthesis of geopolymers.

2. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR), Isothermal Conduction Calorimetry
(ICC), Environmental Scanning Electron Microscopy (ESEM),
Energy Dispersive X-Ray Diffraction (EDXRD), X-Ray Pair
Distribution Function (PDF) analysis, 'H low-field Nuclear
Magnetic Resonance (NMR), John-Mehl-Avrami-Kolmogorov
(JMAK) model, and modified Jandar model used for geo-
polymerization kinetics provided valuable information and
developed the understanding of geopolymers but each of these
techniques possess some limitations.

3. Many models have been proposed for the mechanism of
geopolymerization describing geopolymerization mechanism
consisting of 3 to 4 stages which involves dissolution, poly-
merization, condensation, and reorganization.

4. The parameters such as Si/Al ratio, Na/Al ratio, W/S ratio,
Si0,/M,0 ratio, curing time, and curing temperature affect the
geopolymerization of aluminosilicate source materials and
their effect depends on the raw materials.

5. New mechanistic and phenomenological approaches
should be developed for further understanding of the kinetics
and mechanism of geopolymers prepared using new types of
aluminosilicate source materials.

6. New mechanistic and phenomenological techniques
applicable for all types of geopolymers must be developed.

7. New advanced techniques need to be developed for
determining the chemical formula of geopolymers.
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8. Advanced numerical modeling tools should be used for
studying the geopolymerization kinetics and formation mech-
anism of geopolymers.
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