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Dissolution of pozzolanic materials: a
critical review

Mohammadreza Izadifar, *a Reza Khorshidi,b Neven Ukrainczyk, a

Reyhaneh Alborz c and Eduardus Koenders a

The construction industry is a major source of carbon emissions, driven largely by the production of

conventional Portland cement. Reducing this footprint calls for replacing energy- and emission-intensive

clinker with supplementary cementitious materials. Pozzolanic sources such as metakaolin (MK), ground

granulated blast furnace slag (GGBFS), and fly ash (FA) offer a viable pathway to low-carbon binders

when their activation mechanisms are fully optimized. This review synthesizes and integrates recent

advances in the activation and valorization of these materials into sustainable aluminosilicate binders. It

examines how precursor structure, calcination parameters, activator chemistry, and curing conditions

govern dissolution kinetics, gel formation, and resulting microstructure. Experimental findings are

complemented by multi-scale computational approaches, density functional theory (DFT), molecular

dynamics (MD), and coarse-grained Monte Carlo (CGMC) simulations, providing atomic- to meso-scale

insight into reaction pathways and long-term structural evolution. Key results showed that calcination

near 700 1C produces highly reactive metakaolin enriched in five-fold coordinated aluminum, NaOH

delivers the highest dissolution rates, and sodium silicate fosters denser gel networks, while GGBFS

reactivity benefits from Ca- and Mg-driven calcium–silicate–hydrates (C–S–H) formation. Increased

structural disorder lowers dissolution energy barriers, enhancing activation efficiency. The integrated

experimental–computational framework enables predictive optimization of precursor processing and

activator selection, accelerating the development of durable, low-carbon binders from industrial

byproducts and supporting the transition toward greener construction materials.

1. Introduction

Global warming and environmental constraints within the
construction industry have intensified the search for low-
carbon alternative binders1–5 calcined clays6,7 which often
contain substantial amounts of metakaolin (MK, AS2), along
with byproducts of slag (GGBFS, S) and fly ash (FA, F), are
increasingly utilized as supplementary cementitious materials
(SCMs)8–10 to partially replace cement clinker in mortars, con-
crete, and also used in geopolymer concrete.11–20 These sub-
stitutions contribute to a reduction in overall cement
production, thereby lowering carbon dioxide emissions.21–26

The production of these aluminosilicates requires only moder-
ate energy input, making them ideal for green concrete applica-
tions. Therefore, evaluating pozzolanic reactions is crucial to

determining the extent to which cement can be substituted
with SCMs11,23,27–32

It is important to clearly distinguish between pozzolanic
reactions and alkali-activation (geopolymerization) processes,
as these mechanisms differ fundamentally in their chemistry
and reaction products. Pozzolanic reactions occur in calcium-
rich environments, where aluminosilicate precursors such as
MK, FA, or GGBFS react with calcium hydroxide to form
calcium-bearing hydrates, primarily C–S–H and C–A–S–H. In
contrast, alkali-activation involves the dissolution of alumino-
silicate precursors in highly alkaline solutions (e.g., NaOH,
KOH, or alkali silicates), followed by polycondensation reac-
tions that lead to the formation of alkali aluminosilicate gels
such as C–(N–)A–S–H. In this review, both reaction routes are
discussed where relevant, with explicit differentiation between
their dissolution mechanisms, reaction pathways, and binding
phases.

Pozzolanic reactivity is important as it allows materials to
participate in chemical reactions that improve the overall
performance and durability of construction materials.
Various parameters are commonly used to assess pozzolanic
reactivity, including reactive silicon dioxide (SiO2, S) content,
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the consumption of calcium oxide (CaO, C) or calcium hydro-
xide (CH), the relative strength index, and the concentration of
soluble silicon (Si) and aluminum (Al) ions in an alkaline
solution.7,33,34 Additionally, factors such as the pozzolanic to
alkali ratio, curing time, curing temperature, pH, water/solid
ratio, and the structure of the pozzolan structure itself are
important considerations.29,35–37

MK, as a pozzolanic material, can react with CH generated
during cement hydration. The pozzolanic activity of MK in
Portland cement (PC) systems is commonly examined through
the simplified MK–CH system. Previous research on the MK–
CH system has identified calcium–silicate–hydrates (C–S–H)38–44

and calcium–alumino–silicate–hydrates (C–A–S–H),45,46 as the
primary pozzolanic reaction products.47 These reaction products
are essential for binding within the cementitious matrix, thereby
directly contributing to improved mechanical strength.48–52 The
reactivity of pozzolan determines both the rate and the extent of
C–S–H formation. Since C–S–H is the primary binding phase in
concrete, higher pozzolan reactivity results in a denser and
stronger matrix by filling micropores and decreasing overall
porosity, thereby enhancing both the compressive strength and
durability of the material.6,8,53–55 Factors, such as curing time,
temperature, alkali concentration, and pH significantly influence
both the reactivity and the mechanical properties of cementitious
materials.

Curing temperature is crucial in the concrete setting, parti-
cularly in accelerating pozzolanic reactions. At ambient tem-
peratures, these reactions proceed slowly, but initial curing at
elevated temperatures can significantly enhance the reaction
rates, especially when the system’s chemical composition is
optimized.56,57 Brooks reported58 that increasing the tempera-
ture from 6 to 80 1C, shortened the setting time by a factor of six
due to the accelerated pozzolanic reactivity in FA. Additionally,
curing temperatures in the range of 30 to 90 1C have also been
shown to improve concrete’s compressive strength.59 Palomo
et al.60 observed that curing FA at 85 1C for 5 hours resulted in a
mechanical strength of 60 MPa. They emphasized that the
temperature is particularly crucial during the first 2 to 5 hours
of the curing process. Kirschner et al.61 demonstrated that
ambient temperature curing was impractical for MK in geopo-
lymerization due to delayed setting; however, curing at 75 1C for
4 hours allowed a significant portion of the geopolymerization
process to complete. Thus, curing at elevated temperatures,
especially within the 30 to 90 1C range, is highly effective and
plays a crucial role in enhancing geopolymerization.29

Extended curing time enhances the polymerization process,
leading in higher compressive strength. However, strength
gains beyond 48 hours of curing are minimal.59,60,62 Conver-
sely, curing at elevated temperatures for prolonged periods
reduces compressive strength, as extended heat exposure dis-
rupts the granular structure of the geopolymer matrix. This
disruption leads to dehydration and excessive shrinkage due to
gel contraction, preventing the transformation into a more
stable semi-crystalline form.56,63

In terms of alkaline concentration and pH, aluminosilicate
solubility rises with increasing hydroxide ion concentration,

and higher alkalinity levels typically lead to greater compressive
strength.56,64 Wang et al.65 observed that high sodium hydro-
xide (NaOH, NH) addition to cement klin dust (CKD)-FA
binders accelerates the chemical dissolution process, while
inhibiting the formation of ettringite (Aft, C6As3H32), and CH
during binder hydration as confirmed by X-ray diffraction
(XRD) measurements. However, addition of OH� concentration
can reduce overall strength of the system.60 They further
reported that adding 5% NaOH boosts early-age binder
strength (under 7 days), but this binder strength declines at
later ages due to excessive NaOH, which leads to undesirable
morphologies and non-uniform hydration products within the
pastes. The setting time of cement decreases as the pH of the
activating solution increases. At higher pH levels, the mixture
forms a more fluid gel composition with reduced viscosity and
improved workability.66 Elevated pH favors the formation of
smaller chain oligomers and monomeric silicates (SiO4)4�,
which react more readily with soluble Al.66,67 Conversely, at
lower pH, the geopolymeric mix is more viscous, behaving
similarly to a paste from cement mixing. This results in a
reduced concentration of reactive monomers, leading to a
thicker, less fluid mixture.66

The term ‘‘geopolymer’’, coined by Davidovits in 1978,68

denotes materials formed by combining aluminosilicate pow-
der with a precursor solution of potassium silicate (KS, K–S) or
sodium silicate (NS, N–S).69,70

The geopolymerization reaction can be divided into three
stages: (I) dissolution: raw materials are dissolved in an alka-
line solution, releasing (SiO4)4� and aluminate Al(OH)4

� reac-
tive species. (II) Transportation and Orientation: The dissolved
monomers are transported and oriented to form polymeric Si–
O–Si (–Al)–O linkages through the sharing of oxygen atoms. (III)
Polycondensation: This stage involves the polycondensation
process, where these linkages build a reticular crosslinking
structure, resulting in the formation of the geopolymer.70–72

Any pozzolanic compound or source of SiO2 and Al2O3

that readily dissolves in an alkaline solution can serve as a
source of geopolymer precursor species, making it suitable for
geopolymerization.73,74

Si-rich materials, such as FA and rice husk ash (RHA, R),
along with calcium-rich materials like GGBFS and Al-rich
materials such as thermally-activated kaolin and bentonite
clays, are essential to the geopolymerization process.70,75,76

Additionally, other materials, such as ordinary PC and kiln
dust, can be used as reactive fillers or setting additives, which
contribute to the development of favorable mechanical
properties.77 Table 1 shows the chemical compositions of a
number of pozzolans.78

The alkali component used as an activator in geopolymer-
ization typically consists of compounds derived from elements
in group 1 of the periodic table. As a result, materials produced
through this process are commonly referred to as alkali-
activated aluminosilicate binders or alkali-activated cementi-
tious materials.11,79,80 Strong alkalis are essential for activation
of the S and Al in pozzolanic materials and setting additives,
facilitating the partial or complete transformation of the glassy
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structure into a highly compacted composite. Common activa-
tors used for this purpose include NaOH, sodium sulfate
(Na2SO4, NS), NS, sodium carbonate (Na2CO3, NC), potassium
carbonate (K2CO3, KC), potassium hydroxide (KOH, KH), and
potassium sulfate (K2SO4, KS). The more alkalis comes into
contact with the reactive solid material, the greater the release
of (SiO4)4� and Al(OH)4

� reactive species.60,64,81–84 On the other
hand, gel binder, produced from a mixture of pozzolanic
materials used as SCMs together with cement clinker, are
classified into two categories:11

(1) Calcium-rich binders: these are synthesized from
calcium-rich materials, such as GGBFS. When activated with
an alkaline solution CH, they produce C–(A–)S–H gel.

(2) Low-calcium, high-silica, and alumina binders: these
binders are made from materials that are low in calcium but
rich in SiO2 and alumina (Al2O3, A), such as MK. When
activated with an alkaline solution CH, they form C–A–S–H
network, which develops high mechanical strength at early
ages, especially when subjected to mild thermal curing.

Atomistic computational methods have recently emerged
as a powerful tool for understanding the microstructure of
cement and its relationship to reactivity.31,85–97 Techniques
such as MD,98–107 DFT,108–110 and CGMC111–113 computational
approaches are extensively employed in chemistry and

materials science to investigate properties reaction mechan-
isms, mechanical properties, as well as activation and bonding
energies. Computational modeling approaches like MD and
DFT provide valuable insights into the chemical reaction pro-
cesses underlying geopolymerization at the molecular level.
Through MDs simulation, the behavior of each element
involved in the reaction can be closely tracked, enabling
detailed observation of each stage in the geopolymerization
process.71,90 This review focuses on the dissolution behavior
and reactivity of pozzolanic materials, based on insights from
both experimental studies and computational methods, includ-
ing MD, DFT, and CGMC. It provides a comprehensive survey
of the literatures published up to August 2025, encompassing
peer-reviewed articles and review papers published in English-
language journals. The scope of the review includes studies that
address key mechanisms of dissolution, reaction kinetics, and
microstructural changes in pozzolanic materials when exposed
to alkaline environments. By synthesizing a broad range of
studies, this review aims to offer a foundational reference for
researchers in the field of pozzolanic material reactivity and
dissolution behavior, as well as a guide for advancing computa-
tional approaches in these domains. For clarity and consis-
tency, all component abbreviations, idealized chemical
formulas, and short notation used throughout this review are

Table 1 Chemical compositions of various pozzolans.78 Reproduced with permission from Elsevier Science & Technology Journals r 2001 (permission
conveyed through Copyright Clearance Center, Inc.)78

Pozzolan

Mass percentage

SiO2 Al2O3 Fe2O3 CaO MgO Na2O + K2O SO3 LOI

PC 21.0 4.63 2.26 65.6 1.18 0.94 — 0.99
GGBFS 34.0 16.0 0.32 36.92 8.83 0.87 2.67 0.0
FA 49.1 26.4 9.3 1.4 1.4 5.0 0.8 4.9
SF 92.0 0.7 1.2 0.2 0.2 2.0 — 3.0
MK 52.1 41.0 4.32 0.07 0.19 0.89 — 0.6
Ground clay brick 54.83 19.05 6.0 9.39 1.77 3.65 2.9 1.48

Table 2 Idealized chemical formulas and abbreviations of components used throughout this review article

Component Chemical formula Short notation Abbreviation

Kaolinite Al2Si2O5(OH)4 AS2H4 Kln
Metakaolin Al2O3�2SiO2 AS2 MK
Slag (CaO)–(SiO2)–(Al2O3)–(MgO) S GGBFS
Fly ash (SiO2)–(Al2O3)–(Fe2O3) F FA
Rice husk ash SiO2 R RHA
Calcium hydroxide Ca(OH)2 CH CH
Calcium carbonate CaCO3 Cc Cc
Sodium silicate Na2SiO3 N-S NS
Sodium hydroxide NaOH NH NaOH
Potassium silicate K2SiO3 K-S KS
Potassium hydroxide KOH KH KOH
Sodium sulfate Na2SO4 NS Na2SO4
Sodium carbonate Na2CO3 NC Na2CO3

Potassium carbonate K2CO3 KC K2CO3

Potassium sulfate K2SO4 KS K2SO4

Tetra-calcium aluminate hydrate 4CaO�Al2O3�13H2O C4AH13 CAH13

Ettringite Ca6Al2(SO4)3(OH)12�26H2O C6As3H32 AFt
Monosulfoaluminate Ca4Al2(SO4)(OH)12�6H2O C4AsH12 Ms (AFm)
Silicon dioxide SiO2 S SiO2
Calcium oxide CaO C CaO
Alumina Al2O3 A Al2O3

Magnesium oxide MgO M MgO
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summarized in Table 2. Each abbreviation is also defined at its
first occurrence in the text to ensure unambiguous interpreta-
tion. Key topics from this introduction alongside research gaps
and key questions that remain to be addressed in each area are
summarized in Table 3.

2. Focus and constrains

The aim of this review is to provide a state of the art on the
available fundamental knowledge on dissolution and reactivity
of key pozzolanic materials, namely MK, GGBFS, and FA in
various alkaline activation environments. By integrating both
theoretical perspectives and experimental findings, this review
precisely aims to clarify the fundamental reaction mechanisms
of these materials in simplified systems, with a particular focus
on the effects of primary activators such as NaOH, KOH, KS,
and CH. Although this study primarily focuses on the MK,
GGBFS, and FA systems, it deliberately excludes the complex-
ities of multi-binder systems (e.g., blended cements), thereby
facilitating a more focused analysis of each material’s intrinsic
reactivity.

The review is organized into four main sections. It begins by
examining the transformation of kaolinite (Kln, AS2H4) into MK
through calcination, emphasizing the critical intermediate
dehydroxylated phase, which disrupts the crystalline structure
and results in an amorphous form that significantly enhances
reactivity. Important structural factors such as the Si/Al ratio,
surface area, and calcination temperature are analyzed for their
influence on MK’s dissolution properties in alkaline environ-
ments. Additionally, the dissolution and reactivity of MK across
various activators are explored, comparing its behavior in
NaOH, KOH, KS, and CH. Although existing studies provide
insights into MK dissolution within individual activators, there
remains a notable gap in cross-activator comparisons under
consistent conditions. Addressing this gap could provide cru-
cial insights for optimizing MK reactivity and is essential for
future research.

In the second section, the dissolution mechanisms and
reactivity of two amorphous pozzolanic materials of FA and
GGBFS, distinguished by varying levels of CaO, SiO2 and Al2O3,
are examined. The discussion begins with their structural
compositions, highlighting the role of their aluminosilicate
networks in influencing dissolution mechanism and reactivity.
Key factors affecting the dissolution of FA and GGBFS are
addressed, including particle size, chemical composition,

amorphicity, and the concentration and type of alkaline acti-
vator. Although a variety of activators (such as NaOH, NS, and
NC) have been explored, there remains a need for more
standardized methodologies and cross-comparisons, which
could enhance understanding of reactivity differences across
pozzolanic materials.

In the third section, MD and DFT computational approaches
are discussed for studying the atomic structure and reactivity of
MK, GGBFS, and FA. These advanced simulation techniques
provide atomistic perspectives on dissolution, enabling a dee-
per look into reaction pathways, structural changes, and energy
dynamics during activation. By investigating reaction mechan-
isms at the molecular level, computational studies provide
valuable complementary insights that support experimental
research, especially in examining crystallographic defects, coor-
dination states, and ion interactions in pozzolanic reactions.
Nonetheless, it is important to note that computational studies
often face constraints in replicating the full complexity of real-
world systems, such as scaling challenges and simplified model
assumptions.85,114,115

In the final section, based on the findings from both
experimental and computational studies, a comparative assess-
ment of the dissolution and reactivity mechanisms of MK,
GGBFS, and FA across various alkaline conditions is provided.
This comparative analysis identifies key factors that influence
dissolution and reactivity in each material, pointing out opti-
mal conditions for activation. Furthermore, it highlights the
strengths and limitations of each material across various
applications, serving as a practical guide for future research
aimed at optimizing pozzolanic performance in cementitious
and alkali-activated systems. This comprehensive analysis
bridges existing gaps in the literature and enhances under-
standing of the parameters that control pozzolanic reactions,
thus paving the way for targeted advancements in both funda-
mental research and practical applications. Key topics, along
with research gaps and outstanding questions in this area, are
summarized in Table 3.

3. Kaolinite and metakaolin
3.1. Kaolinite and metakaolin structures

Kaolin, a raw material, contains Kln as one of its primary
mineral phases. Kln is a 1 : 1 clay mineral with a structure
consisting of one (SiO4)4� sheet linked to one octahedral
alumina (AlO6) sheet, giving it pseudo-hexagonal symmetry; it

Table 3 Priority research topic & key question

Topics Key research questions to be solved

Transformation of kaolinite to MK and structural influences How do calcination conditions, Si/Al ratio, and surface area affect MK’s
dissolution and reactivity in alkaline environments?

Composition, structure, and dissolution factors How do variations in chemical composition, amorphicity, particle size, and
activator type/concentration control dissolution mechanisms?

Quantum and nanoscale computational modeling of pozzolanic
materials

How can atomistic simulations be refined to more accurately capture dis-
solution pathways and better align with experimental findings?

Cross-material analysis and optimization What are the optimal activation conditions for MK, FA, and GGBFS, and
how can standardized methodologies enable reliable cross-comparisons?
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belongs to the triclinic crystal system with space group P1 and
unit cell parameters of approximately a = 5.15 Å, b = 8.95 Å,
c = 7.40 Å, a = 901, b = 104.51, and g = 89.81.116

MK is synthesized by thermal activation via calcination of
Kln, a process that involves dehydroxylation (DHX), and serves
as a key source for producing SCMs and geopolymer precursors.
DHX of Kln commonly occurs in the range of from 400 to
850 1C. In laboratory scale, calcination is typically conducted at
approximately 700 1C.117–120 Hanein et al.121 also reported that
the range of optimal industrial calcination temperature is
between 700 and 850 1C.

During calcination, three main processes occur:
(1) Dehydration: at around 300 1C, molecular water is lost.121

(2) Dehydroxylation: this process begins at 350 1C and is
completed by 700 1C, resulting in the removal of hydroxyl
groups (OH�) and partially disordered structure.6,117,121

(3) Recrystallization: occurring above 800 1C, this process
reduces the reactivity of MK with the loss of structural
disorder.6,117

Among the stages of calcination, the dehydroxylation stage
is particularly significant, as it can greatly influence the dis-
solution and reactivity of MK.

During dehydroxylation, the crystalline structure of MK is
disrupted, giving rise to an amorphous structure6,117,122 that
significantly enhances the material’s reactivity.114,122,123

DHX of the octahedral sheet during calcination enhances sur-
face reactivity, leading to better activation. However, excessive
heating can result in particle agglomeration and the formation
of non-reactive high-temperature phases, reducing their
reactivity.9,114 The temperature at which DHX occurs is influ-
enced by three major factors: the heating conditions,124–126 the
morphology and particle size of the Kln,120 and the stacking
order of its structural layers.21,114,120

Studies have demonstrated that MK exhibits a variety of
neighboring arrangements with Al in all three coordination

states (IV, V, and VI).76,114,127 In Kln, Al is primarily octahedrally
coordinated (AlVI), whereas in fully dehydroxylated MK, Al
transitions predominantly to tetrahedral coordination (AlIV).
This occurs through interactions with two Si and two Al atoms
via bridging oxygen. In partially dehydroxylated clay, Al is
primarily five-coordinated (AlV), reaching the maximum Al
activity.122,128 Fernandez et al.6 highlighted that the arrange-
ment of nearest neighbors in the MK structure is critical for its
dissolution and reactivity. They proposed that modifying the
short-range order of Si in MK could reduce crystallinity. This
can be achieved through partial calcination at temperatures
between 600 1C and 800 1C, which increases the presence
of 5-fold coordinatioin Al (AlV), a more reactive form than
the 4-fold coordination Al (AlIV) produced during complete
dihydroxylation.114,122

Izadifar et al.114 conducted an in-depth study of the
structure of Kln during dehydroxylation process through com-
prehensive experimental and quantum-atomistic DFT compu-
tational approach. An initial periodic 1 � 1 � 3 ideal and B-
vacant ordered Kln supercell (Fig. 1A) was simulated, extending
unit cell in z direction 3 times. Disordered Kln (Fig. 2A) was
simulated by b/3 translation of B-vacant layers. They reported
that the crystal structure and chemical bonding within each
layer remain identical. Conversely, it has been demonstrated
that the length of hydrogen bonds between the layers differs.
This difference in hydrogen bond length is attributed to the
different configurations of the layers in these minerals. Fig. 1
and 2 illustrate Kln, partially dehydroxylated Kln, MK, and
scanning electron microscopics (SEMs) images of Kln and MK
in ordered and disordered configurations, respectively. Fig. 3A
and B illustrate the transformation of Kln into MK, where the
thermodynamically stable Al12Si12O39(OH)6 phase is formed in
the third stage of DHX before transforming into MK at higher
temperatures. Similarly, Fig. 4A and B show the transformation
of disordered Kln into metadiskaolinite, characterized by the

Fig. 1 (A) Kln (Al12Si12O30(OH)24), (B) partially dehydroxylated Kln (Al12Si12O39(OH)6), (C) MK (Al12Si12O42), and (D) SEM images of ordered Kln KBEI_M2
(upper), and MK KBEI_M2 700 C (lower);114 reproduced from Izadifar et al., 2020,114 licensed under CC BY 4.0.
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formation of stable Al12Si12O33(OH)18 phase during the initial
stage of DHX.

It is also worth mentioning that Kln with disordered struc-
ture, often referred to as ‘‘low crystallinity’’ or ‘‘disordered
Klns’’, tend to dehydroxylate at lower temperatures compared
to those with more ordered structures.114

Changes in unit cell volume has been observed during
the transformation of Kln to MK and disordered Kln to
metadiskaolin.114 By employing the Birch-Murnaghan
diagram to analyze complete DHX at the equilibrium
point,129 they observed a notable expansion in the unit cells
of both MK and metadiskaolinite, as depicted in Fig. 5.
Their results demonstrated that the supercell of MK
expanded by roughly 4%, whereas metadiskaolin expanded by

approximately 8%, compared to ordered and disordered Kln,
respectively.114

3.2. Metakaolin dissolution and reactivity

The dissolution rate of pozzolanic materials is a critical deter-
minant of their reactivity within cementitious systems. Gener-
ally, a higher dissolution rate enhances reactivity by promoting
the release of reactive species essential for the formation of
binding phases.33 Studies have shown that MK dissolves rapidly
in alkaline environments during the initial stages, releasing
(SiO4)4� and Al(OH)4

� reactive species. This early dissolution
phase is often congruent, with reactive species released in
proportions similar to their original concentrations in the
material. However, over time, the dissolution rate tends to

Fig. 2 (A) Disordered Kln (Al12Si12O30(OH)24), (B) partially dehydroxylated disordered Kln (Al12Si12O33(OH)18), (C) metadiskaolin (Al12Si12O42), and (D) SEM
images of disordered Kln KGa_2 (upper), and metadiskaolin KGa_2 615 C (lower);114 reproduced from Izadifar et al., 2020,114 licensed under CC BY 4.0.

Fig. 3 (A) Phase diagram of Kln (Al12Si12O30(OH)24) to MK (Al12Si12O42) transformation calculated, as a function of the water chemical potential (B)
density-temperature (r,T)-phase diagram;114 reproduced from Izadifar et al., 2020,114 licensed under CC BY 4.0.
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slow, and the process may become incongruent, resulting in
varied Si/Al ratios in the solution. This shift influences the
availability of reactive species, thereby influencing the materi-
al’s overall reactivity.33,130

The dissolution of MK is influenced by several factors, includ-
ing pH levels,22,33,130–132 alkali hydroxide concentration,33,133,134

calcination temperature,122,135–137 surface area,138 Si/Al
ratio,23,33,122,131,138,139 and the type of activator used. Concerning
pH, Beuntner et al.22 reported that the dissolution of MK
increases at higher pH levels, leading to enhanced reactivity
within the system. Chen et al.140 recently demonstrated that
elevated alkalinity induces the exfoliation of MK particles,
exposing interior surfaces to the alkaline solution and thereby
facilitating the dissolution of bulk-like components. At high
alkalinity, the exfoliation of MK particles exposes a greater

surface area to the solution, thereby increasing the apparent
dissolution rate. Similarly, Scherb et al.138 concluded that
material’s surface area influence ion adsorption, which subse-
quently affects the pore solution and, ultimately the dissolution
and reaction behavior of the material. Weng et al.132 observed
that the dissolution of MK in alkaline environments is driven
by the breakdown of covalent oxo-bridging between many
(SiO4)4�, leading to the release of (SiO4)4� and Al(OH)4

� ions
into the solution. As alkalinity increases, (SiO4)4� species
become more dominant in the solution, further enhancing
the material’s dissolution and reactivity.141 Extensive research
has been carried out to evaluate the influence of calcination
temperature on the solubility of MK. These studies consistently
identify 700 1C as the optimal calcination temperature for
achieving maximum solubility of MK.122,135–137

Fig. 4 (A) Phase diagram of disordered Kln (Al12Si12O30(OH)24) to metadiskaolin (Al12Si12O42) transformation calculated, as a function of the water
chemical potential (B) density-temperature (r,T)-phase diagram;114 reproduced from Izadifar et al., 2020,114 licensed under CC BY 4.0.

Fig. 5 Birch–Murnaghan diagram of (A) Kln to MK, (B) disordered Kln to metadiskaolin;114 reproduced from Izadifar et al., 2020,114 licensed under
CC BY 4.0.
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The Si/Al ratio plays a crucial role in determining the
dissolution of MK during geopolymerization. A higher Si/Al
ratio can hinder the dissolution and release of precursor
materials in an alkaline environment, resulting in unreacted
MK particles in the final product.139 While numerous studies
have investigated the dissolution of MK at Si/Al ratios
close to 1.0 in various alkaline solutions over extended
durations,33,131,138,142 Wang et al.139 reported that increasing
the Si/Al ratio to 1.95 can cause saturation during the dissolu-
tion process. This saturation ultimately has a negative impact
on the compressive and flexural strength of the geopolymer. In
this context, Garg et al.122 highlighted a strong correlation
between the rate of MK dissolution and the degree of under-
saturation. Their findings showed that MK dissolves rapidly in
the initial stage, but dissolution gradually slows down as the
system approaches equilibrium. Additionally, they found that
the Si/Al ratio in the solution is influenced by the calcination
temperature used during MK production.

Fig. 6 from Provis23 further demonstrated that the Si/Al
ratio, along with calcium (Ca) and magnesium (Mg) content,
plays a significant role in influencing phase formation and the
degree of crystallinity in alkali-activated binders. It has been
illustrated that the green and blue zones represent ordered and
disordered phases, respectively. Systems with low Ca and/or Mg
content typically form zeolites as the primary crystalline sec-
ondary products. In contrast, Mg-rich GGBFSs in blast furnace-
slag-based binders with adequate Al content primarily produce
hydrotalcite as the secondary crystalline phase. Alkaline activa-
tors play a crucial role in influencing the dissolution and
reactivity of pozzolanic materials. This pivotal aspect will be
explored in greater detail in the following section.

3.3. Effect of alkaline activator

Alkaline activators are key to enhancing the dissolution and
reactivity of pozzolanic materials. This section reviews the

dissolution and reactivity of MK in various alkaline solutions,
such as NaOH, KOH, CH, KS. Furthermore, the impact of other
critical parameters, such as activator concentration, tempera-
ture, and additional relevant factors, is thoroughly evaluated.

Alkali activators, typically solutions of NaOH or KOH, mark-
edly accelerate the dissolution rate of MK.11,23,143–145 The
elevated alkalinity breaks down the amorphous aluminosilicate
network in MK, promoting the release of reactive Si and Al ions.

The impact of NaOH on the dissolution and reactivity of MK
lies in its ability to break down the aluminosilicate structure of
MK, thereby facilitating the release of key reactive species,
primarily Si and Al. MK, an amorphous aluminosilicate mate-
rial, undergoes significant dissolution when exposed to an
alkaline NaOH solution. The hydroxide ions (OH�) provided
by NaOH attack the aluminosilicate network, breaking Si–O–Si
and Si–O–Al bonds within the MK structure.73,146 This disrup-
tion by hydroxide ions is critical for dissolution, enabling the
release of Si and Al ions into the solution.130,140

Zhang et al.30 explored the kinetics of MK geopolymerization
through reaction with NaOH solution at temperatures ranging
from 20 to 40 1C, employing isothermal conduction calorime-
try. They developed a diagram, illustrated in Fig. 6, that
correlates three distinct exothermic peaks with the reaction
stages of geopolymerization. This diagram builds upon reac-
tion kinetics models of geopolymerization proposed by Provis
et al.147,148 The first peak corresponds to MK dissolution,
marking the release of reactive components. The second peak
represents the polymerization of dissolved species and their
subsequent transformation into cross-linked or zeolitic struc-
tures. Finally, the third exothermic peak reflects further struc-
tural reorganization, stabilizing the material in a more durable,
though not necessarily crystalline, state.30

Zhang et al.30 further observed that increasing the NaOH
concentration up to a molar Na/Al ratio of 1.1 significantly
enhances the reaction extent over three days, achieving a

Fig. 6 Schematic representation of the kinetics of geopolymer synthesis via NaOH activation of MK, as analyzed through isothermal calorimetry. In this
context, key abbreviations are defined as follows: MK, (SiO4)4� monomers (S), Al(OH)4

� monomers (A), aluminosilicate oligomers (O), geopolymeric
fragments (P), proto-zeolitic nuclei (Z), and aluminosilicate inorganic polymer gels (G).30 Reproduced with permission from Elsevier Science &
Technology Journals r 2012 (permission conveyed through Copyright Clearance Center, Inc.).30
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maximum degree of approximately 40% in high liquid-to-solid
ratio systems. This increase also accelerates the crystallization
process. However, further additions of NaOH beyond this
concentration do not result in additional reaction progression
or further acceleration during the same period.

Boonjaeng et al.135 investigated the pozzolanic reaction of
MK and CH under alkaline activation, focusing on the influ-
ence of NaOH concentration. Their findings revealed distinct
reaction regimes depending on the NaOH concentration. At low
NaOH concentrations (o1 M), the pozzolanic reaction domi-
nated. As the concentration increased to a medium range
(1 M o NaOH o5 M), zeolitic reactions became the primary
process. At higher concentrations (4 5 M), geopolymerization
emerged as the dominant reaction mechanism.

Zhang et al.30 further noted that exposure of MK to highly
concentrated NaOH solutions led to the transformation of MK
particles into a porous, particulate gel. These gel particles
adhered to one another, either along their surfaces or edges,
while partially retaining the original plate-like morphology of
MK, as evidenced by SEM imaging (Fig. 7). Duxson et al.149 also
reported the formation of porous gel morphologies in MK-
based geopolymers with low Si/Al ratios.

Temperature also plays a critical role in the reaction
kinetics. Raising the reaction temperature from 25 to 40 1C
was found to accelerate the initial reaction rate. However,
this increase in temperature had minimal impact on the final
reaction extent, particularly when the Na/Al ratio exceeded
1.30 Garg et al.122 demonstrated that the solubility of MK in a
0.1 M NaOH solution was highest when the MK was calcined
at 700 1C, compared to calcination temperatures of 500 and
900 1C.

Scherb et al.33 examined the solubility of MK in various
solutions, including deionized water, KOH, and NaOH. In their
experiments, 5 grams of MK were mixed with 400 mL of each
solution and agitated for 24 hours using a vibrating unit. The
pH values of the solutions were measured as 5.8 for deionized
water, 13.2 for 10 wt% NaOH, and 14.1 for 10 wt% KOH. The
showed minimal weight loss of MK in deionized water (0.07
grams), while significantly higher losses were observed in
alkaline solutions: 2.96 grams in NaOH and 1.25 grams in
KOH. This indicates that NaOH caused the greatest dissolution
among the tested solutions. Additionally, the concentrations of
SiO2 and Al2O3 increased in the alkali solutions, with NaOH
showing a more pronounced effect, attributed to its enhanced
ability to dissolve Si and Al ions. Garg et al.122 measured the
initial dissolution rate of MK in a 0.10 mol L�1 NaOH solution,
and its long-term reaction behavior. During the first 24 hours
under far-from-equilibrium (highly diluted) conditions, the
initial dissolution rates for both Al and Si remained constant
at 38 mmol L�1 h�1. Beyond this period, as the system
approached equilibrium, the dissolution rate decreased, high-
lighting the importance of differentiating the fundamental
roles of forward and reverse dissolution reactions from other
precipitation processes. Werling et al.150 focused on the phases
formed during geopolymerization by the solubility of MK and
amorphous SiO2 in NaOH solutions at various concentrations.
Their findings revealed that the solubility of MK, calcined at
700 1C increased with rising NaOH concentrations. In lower
NaOH concentrations (0.01 and 0.1 mol L�1), Si solubility
remained below 5% even after 24 hours and 7 days. However,
in a 10.79 mol L�1 NaOH solution, Si solubility in MK increased
significantly, reaching 65% after 24 hours and 80% after 7 days.

Fig. 7 SEM micrographs of the fracture surfaces of geopolymerization products of MK activated with NaOH solution at different concentrations:
(a) 6 mol L�1, (b) 8 mol L�1, (c) 10 mol L�1, and (d) 12 mol L�1.30 Reproduced with permission from Elsevier Science & Technology Journals r 2012
(permission conveyed through Copyright Clearance Center, Inc.).30
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Scherb et al.33 also utilized SEM to analyze the solubility of MK
in deionized water, KOH, and NaOH, as shown in Fig. 8. The
SEM images revealed significant microstructural changes in the
MK-NaOH solution, including alterations in particle morphol-
ogy and size reduction. These changes are attributed to the
dissolution of Si and Al monomers, which reshape the particles.
Palomo et al.151 further emphasized that the dissolution of
aluminosilicates in high-pH environments facilitates the
release of Si- and Al-monomers.

Hajimohammadi et al.133 analyzed MK dissolution in NaOH
solutions and observed only a slight increase in the maximum
concentrations of Al and Si ions in solution when NaOH
concentration was raised from 0.05 M to 0.3 M. Wang et al.152

investigated geopolymers with varying MK contents activated
by a mixed alkaline solution of NaOH. They found that increas-
ing the MK proportion resulted in a more porous structure,
which negatively impacted the overall quality and performance
of the geopolymers. Granizo et al.130 examined the effect of CH
addition on the alkali activation of MK in NaOH solutions at
different concentrations. Their results showed that a 12 M
NaOH solution was required for complete MK activation and
network structure formation. However, the addition of CH
promoted C–S–H gel formation even at lower NaOH concentra-
tions. Despite this advantage, CH hindered alkali-network
structure development by reducing ion mobility at higher pH
level. Comparing NaOH with KOH, Panagiotopoulou et al.131

studied the leaching behavior of aluminosilicate minerals,
including kaolin, MK, FA, and GGBFS, in these alkaline solu-
tions. They found that NaOH was more effective than KOH in
dissolving aluminosilicates, particularly for highly reactive
materials. Notably, the leaching of Si and Al was synchronized
in both solutions, with this behavior being more pronounced in

kaolin and MK, which consist predominantly of a single
aluminosilicate phase. Gharzouni et al.153 examined the effects
of MK reactivity and alkaline solution composition on geopo-
lymer formation. Using four different MKs and two KS solu-
tions with varying pre-reacted components, they demonstrated
that MK reactivity predominantly controls network formation
and strength when using less reactive alkaline solution. Con-
versely, in highly reactive alkaline solutions, the pre-reacted
components dictate geopolymerization and performance,
regardless of the MK used. These findings suggest that tailoring
the reactivity of both MK and KS solutions enables precise
customization of geopolymer properties through thoughtful
component selection.

In another study, Gharzouni et al.154 examined how varying
potassium-activating solutions affected MK reactivity. They
found that the initial Si/K molar ratio of the (SiO4)4� solution
significantly influenced the type and concentration of siliceous
species. Lower Si/K ratios led to greater depolymerization,
producing smaller and more reactive entities. These reactive
species facilitated Si bridging, promoting rapid oligomer for-
mation and enhancing the mechanical properties of the result-
ing geopolymersexamined how varying potassium-activating
solutions affected MK reactivity. They found that the initial
Si/K molar ratio of the (SiO4)4� solution significantly influenced
the type and concentration of siliceous species. Lower Si/K
ratios led to greater depolymerization, producing smaller and
more reactive entities. These reactive species facilitated Si
bridging, promoting rapid oligomer formation and enhancing
the mechanical properties of the resulting geopolymers.

Tippayasam et al.155 explored the use of potassium-based
alkali solutions (KOH and KS) in geopolymer production. They
identified optimal conditions for MK based geopolymers: 10 M

Fig. 8 SEM images of gold-coated samples: (A) MK; (B) MK mixed with water; (C) MK treated with KOH; (D) MK treated with NaOH;33 reproduced from
Scherb et al., 2020,33 licensed under CC BY 4.0.
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KOH, curing at 40 1C for 24 hours, followed by heat treatment at
550 1C. Heat treatment enhanced compressive strength but
increased porosity due to water loss. The resulting microstruc-
ture displayed a more mature, ceramic-like quality, contribut-
ing to improved strength.

Beuntner et al.156 investigated the dissolution kinetics of MK
in alkaline solutions with varying alkalinity levels, including
CH (pH 12.75), MOH1 (pH 13.57), MOH2 (pH 13.72), and KOH
(pH 14.00). They found that the rate of MK solubility varied
depending on the alkalinity of the solution. Solutions with
higher alkalinity, such as KOH, exhibited faster dissolution
rates. After 6 hours, a significant amount of dissolved Si and Al
ions were observed due to the reactive Al(OH)4

� content of MK,
with approximately 40% of the total solubility being leached
within this time. Alventosa et al.157 examined the influence of
CH on alkali-activated MK pastes using a range of analytical
techniques. Their findings revealed that CH has minimal effect
on NaOH-activated systems but exerts a significant influence on
Na2SiO3-activated systems, particularly at a concentration of
5 M. In NaOH-activated pastes, the common ion effect inhibits
MK dissolution and delays the formation of N–A–S–(H) gel.
Conversely, in 5 M Na2SiO3-activated pastes, the addition of CH
accelerates N–A–S–(H) gel formation through the initial produc-
tion of C–A–S–H gel, which enhances MK dissolution and raises
the overall pH. These results suggest that incorporating CH into
Na2SiO3-activated MK systems could reduce the required acti-
vator concentration.

Weise et al.158 investigated the effects of CH availability and
alkali activator type on the pozzolanic reactions of MK. They
observed that higher MK/CH ratios, combined with the addi-
tion of alkali hydroxides (KOH and NaOH), accelerated MK
dissolution and increased the Si/Ca and Al/Ca ratios in the
resulting C–A–S–H gels. Significantly, KOH produced higher pH
levels and faster reactions kinetics than NaOH. However, the
overall acceleration of pozzolanic reactions was more pro-
nounced with NaOH than with KOH, highlighting the differing
influences of alkali hydroxides on the reactivity of MK. Key
topics, along with research gaps and outstanding questions in
this area, are summarized in Table 4.

4. Slag and fly ash
4.1. Slag and fly ash structures

GGBFS and FA are two widely used pozzolanic materials in
cementitious systems, valued for enhancing concrete durability

and reducing the environmental footprint of traditional
cement. Both possess aluminosilicate-based compositions that
enable reactions with CH during hydration, leading to the
formation of additional cementitious phases. Despite differ-
ences in composition and reactivity rates, GGBFS and FA
exhibit comparable dissolution mechanisms, making them
complementary in blended cement formulations.

GGBFS is a byproduct of the ironmaking process, produced
by rapidly quenching molten slag with water and then grinding
it into a fine powder. It is a significant solid waste in the ferrous
metallurgical industry and has a unique (SiO4)4� structure. Its
composition dominated by CaO, SiO2, Al2O3, and magnesium
oxide (MgO, M).159,160 In its ground granulated form, (GGBFS)
is widely used as a pozzolanic material in cementitious systems
due to its ability to enhance concrete durability, reduce the heat
of hydration, and contribute to lower CO2 emissions.161–163 The
C–A–S–H composition of GGBFS enables it to react with CH
generated during cement hydration, forming additional C–S–H
phases that improve the density and strength of concrete.
Studies have shown that partial replacement of PC with GGBFS
(up to 50%) enhances resistance to chloride ion penetration,
thereby reducing corrosion risks in reinforced concrete, espe-
cially in marine environments.161 The crystal structure of
GGBFS plays a critical role in its pozzolanic reactivity and
suitability for cementitious applications. GGBFS primarily con-
sists of C–A–S–H phases that can form various crystalline
structures depending on cooling conditions and chemical
composition. Rapid cooling yields an amorphous, glassy phase
with a depolymerized network of SiO4 and AlO4 tetrahedra, stabi-
lized by interstitial cations such as Ca2+ and Mg2+.164 In contrast,
slower cooling leads to the formation of crystalline phases such as
gehlenite, akermanite, and merwinite, with distinct columnar or
plate-like morphologies at various temperature ranges.165 The
phase composition and structure are strongly influenced by the
CaO/SiO2 ratio, as well as the contents of MgO, and Al2O3. For
instance, higher CaO/SiO2 ratios reduce the degree of polymeriza-
tion in the GGBFS, leading the formation of crystalline phases such
as merwinite and gehlenite during cooling process.166 Variations in
Al2O3 and MgO content also influence the crystal structure;
increased Al2O3 promotes greater polymerization and alters the
onset temperature of crystallization.167 Analytical techniques such
as differential scanning calorimetry (DSC) and Raman spectroscopy
have revealed that, as Al2O3 content increases, the dominant
crystalline phases shift from silicate-based (SiO4)4� networks to
aluminate-based structures.168

Table 4 Kaolinite and metakaolin-Priority research topic & key question

Topics Key research questions to be solved

Structural transformation of kaolinite to order- disorder MK How do heating conditions, morphology, and stacking order affect dehy-
droxylation and MK reactivity?

Aluminum coordination and short-range order How does Al coordination (IV, V, VI) influence dissolution, and can calci-
nation optimize it?

Dissolution behavior and controlling factors How do pH, activator type/concentration, calcination temperature, surface
area, and Si/Al ratio affect MK dissolution?

Influence of alkaline activators How do NaOH, KOH, KS, and CH differ in dissolution mechanisms, gel
formation, and optimal activation?
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FA169,170 is also a key source material for geopolymer pro-
duction, composed of finely divided ashes produced from the
combustion of pulverized coal in thermal power plants. Its
chemical composition varies based on the mineralogy of the
parent coal, with typical SiO2 content ranging from 40% to 60%
and Al2O3 content between 20% and 30%. The iron content in
FA can vary significantly, and notable quantities of alkalis are
present, with potassium typically more abundant than
sodium.171 Its structural and chemical composition, primarily
aluminosilicates and SiO2, makes FA an effective pozzolanic
material in the cement industry. During hydration, FA reacts
with CH through a pozzolanic reaction, forming C–S–H and
other phases such as calcium aluminate hydrate (C–A–H), C–A–
S–H, which contribute to improved concrete strength and
durability.172 FA has been shown to effectively replace up to
30% of PC, leading to improved workability, reduced heat of
hydration, and enhanced long-term strength in a wide range of
concrete applications.173 Additionally, FA is highly effective in
high-performance concrete formulations for 3D-printed struc-
tures and eco-friendly applications, significantly reducing the
environmental footprint associated with traditional cement
production.174 Further studies have confirm that incorporating
low-Ca FA into cement systems enhances mechanical strength
and durability, particularly under high-pH or alkali-activated
conditions that optimize its reactivity.175–177 FA’s performance
can be further enhanced by reducing particle size, which
increases surface area and accelerates early-stage reactions in
blended cements.178 Its use as a SCM supports sustainable

construction by lowering CO2 emissions and conserving natural
resources.179 Fernandez-Jimenez et al.146 reported that the
fineness of FA significantly influences the development of
mechanical strength in materials produced after activation.
Additionally, the surface charge on FA particles affects the
initial setting properties of geopolymeric mixtures, as the early
transport of hydroxyl ions to the particle surface plays a crucial
role in initiating the setting process.29

As shown in Fig. 9, when raw materials rich in Si and Al,
such as GGBFS and FA, are activated by an alkaline solution,
the dissolved AlO4 and SiO4 tetrahedra bond through shared
oxygen atoms, resulting in the formation of monomers. These
monomers then interact to generate oligomers, which subse-
quently undergo polymerization, resulting in the formation of a
3D network of aluminosilicate structures.180,181 The resulting
alkali-activated aluminosilicates exhibit remarkable properties,
including high strength, enhanced durability, and strong resis-
tance to chemical degradation.76,180,182

Lu et al.183 compared the amorphous characteristics and
morphologies of FA and GGBFS using scanning electron micro-
scopy analysis. They found that FA primarily consists of sphe-
rical particles, including solid spheres and hollow cenospheres,
formed by the rapid cooling of molten mineral matter during
coal combustion. These particles exhibited smooth surfaces
and variable sizes, with their amorphous glassy phases con-
tributing significantly to their pozzolanic reactivity. In contrast,
GGBFS particles are angular and irregular, with rough surfaces
formed by the rapid quenching of molten iron slag during its

Fig. 9 Schematic of geopolymerization of GGBFS and FA.182 Reproduced with permission from Elsevier Science & Technology Journals r 2020
(permission conveyed through Copyright Clearance Center, Inc.)182
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production. This process prevented the formation of crystalline
structures, making GGBFS predominantly amorphous and
enhancing its latent hydraulic properties. The distinct
morphologies and amorphous contents of FA and GGBFS
significantly influence their respective reactivities and roles in
cementitious systems.

4.2. Dissolution and reactivity of slag and fly ash

Alkali-activated GGBFS binders are synthesized through the
chemical reaction of SiO2 with an alkaline activator.184

The properties of these binders are influenced by several key
factors, including the chemical composition and mineralogy of
the GGBFS,185,186 particle size,187,188 degree of amorphicity, and
the type and concentration of the alkaline activator.52,189,190

Curing conditions, such as relative humidity, temperature, and
curing duration, also play a crucial role in determining the
binder performance.191 Among these factors, the chemistry of
GGBFSs as well as the nature of activator are particularly
significant, as they strongly influence both the mechanical
properties of the resulting cement and its environmental
impact.11,189,192,193

The chemistry of the GGBFS source plays a critical role in
governing the reaction kinetics and the structural evolution of
solid phases in alkali (SiO4)4� activated binders. The composi-
tion of GGBFS directly influences the rate of reaction and
determines the nature of the solid phases formed during
hydration.194 Ben Haha et al.185 investigated the effect of
MgO content using two alkaline activators, NaOH and sodium
silicate solution (Na2SiO3�5H2O, commonly known as water
glass, NS). They observed that higher MgO content in GGBFS
accelerated the reaction process and enhanced early-age com-
pressive strength. Specifically, increasing the MgO content
from 8% to 13% promoted hydrotalcite formation and reduced
Al uptake by C–S–H, resulting in a 9% increase hydrate volume
and a 50–80% improvement in compressive strength after 28
days or more in water glass-activated GGBFS pastes. Over longer
curing periods, MgO content primarily influenced the quantity
of hydrotalcite-like phases.

Bernal et al.194 further demonstrated that MgO in GGBFS-
based alkali-activated binders affects the formation of second-
ary phases like zeolites and hydrotalcite. High MgO content
favors hydrotalcite formation, whereas low MgO promotes the
formation of zeolites. While low MgO levels (o7.5 wt%) can
accelerate early-stage reactions, they may limit the extent of
overall reaction and increase Al uptake in C–A–S–H products.
Additionally, high MgO (45 wt%) can reduce the Al/Si ratio in
the final strucure due to greater Al incorporation into hydro-
talcite formation.

In several studies, GGBFSs with relatively high Al2O3 con-
tents (11–28 wt%) were activated using a combination of clinker
and gypsum, anhydrite, lime, or plaster of Paris, with or with-
out additional alkaline activators. These investigations
explored how the Al2O3 content influences the reactivity of
GGBFS and the mechanical properties of the resulting binder
systems.195–200

Ben Haha et al.186 investigated the effect of Al2O3 content in
alkaline activators and found that, although Al2O3 altered the
composition of the hydrate assemblage, it had little impact on
the total hydrate volume or the compressive strength of alkali-
activated GGBFS binders. Gruskovnjak et al.201 studied super-
sulphated GGBFS activated with 15 wt% CaSO4 and 0.5 wt%
KOH, demonstrating that GGBFSs with higher Al2O3 content
exhibited increased reactivity during the first week, resulting in
higher early compressive strength. Kucharczyk et al.202 exam-
ined the influence of Al2O3 on GGBFS reaction kinetics and
observed that increasing Al2O3 content from 8% to 12% signifi-
cantly accelerated the reaction, while a further increase to 16%
produced only a minor additional effect on the kinetics.

Jamil et al.203 evaluated geopolymer composites made with
potassium and GGBFS, observing that different heating condi-
tions altered the composite structures. They also assessed the
impact of GGBFS composition on phase transitions, finding
that the presence of Si, Al, Ca, and Mg oxides accelerated the
phase transition process.

Liu et al.204 investigated the incorporation of high-alkali red
mud with NaOH as an activator for GGBFS hydration, and
found that increased alkalinity enhanced mineral activation,
leading in shorter induction periods and accelerated hydration
rates. They also observed that a higher NaOH concentration
further accelerated hydration and reduced induction time;
however, excessive alkali levels caused microstructural defects,
which ultimately decreased the specimen’s strength.

The performance of FA as a SCM in concrete is strongly
influenced by its reactivity and dissolution rate. Extensive research
has focused on identifying the key parameters controlling these
characteristics, including chemical composition, particle size
distribution,178,205,206 environmental conditions,207,208 glassy
phase content,209 methods of alkaline activation,23,210 and the
water-to-binder ratio.211 Together, these factors govern the release
of reactive species such as SiO2 and Al2O3, which are essential to
the pozzolanic and cementitious behavior of FA in concrete
applications.

Key reactive components in FA are aluminosilicate glasses,
which are characterized by their degree of polymerization. This
degree of polymerization is determined by the ratio of network-
modifying ions (like Ca2+, Na+, and K+) to network-forming ions
(Si4+ and Al3+). Lower degrees of polymerization, indicated by
higher ratios of network-modifying ions, generally lead to
higher reactivity.212,213 Studies employing synthetic C–A–S–H
affirm the impact of composition, showing that different
glass phases such as silicate-rich and Ca-rich aluminosilicates,
exhibit varying reactivities. SEM-energy dispersive X-ray
spectroscopy (EDS) and dissolution experiments demonstrated
that these differences closely correlate with trends in
depolymerization.209,214,215 Advanced techniques such as
nuclear magnetic resonance (NMR) have revealed that cal-
cium’s key role in depolymerization and reactivity enhance-
ment, while Al primarily serves as a network former. Studies on
CaO–Al2O3–SiO2 glasses showed that increased Ca content
significantly boosts reactivity, whereas Al’s effect is less pro-
nounced, likely due to its limited contribution to
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depolymerization. These findings highlight the importance of
precise phase characterization in optimizing FA as a SCM.216

Aughenbaugh et al.217 investigated the impact of glassy phases
on FA reactivity, finding that high-Ca aluminosilicate glass
exhibited the highest reactivity, followed by low- and
medium-Ca glasses. Alkali-modified aluminosilicate glasses
were more reactive than Ca-based ones, indicating that glass
composition strongly influences reactivity, and Ca content
alone is not a reliable predictor.

FA reactivity is influenced by particle size, with finer frac-
tions generally exhibiting higher reactivity, as evidenced by
increased heat release in both direct reactivity tests and cemen-
titious pastes. Wang et al.205 explored the particle size by
fractionating five Class C and Class F FAs into three size ranges:
below 20 mm, below 45 mm, and above 45 mm. Finer fractions
exhibited higher reactivity, reflected in increased heat release
during reactivity tests and cement hydration. Compositionally,
finer Class C particles contained higher Ca contribution,
further enhancing reactivity, whereas coarser particles
resembled Class F ash. These findings highlight that size
reduction enhances performance, though the effect is
composition-dependent. Snellings et al.178 examined the effect
of size classification and milling on the siliceous FA reactivity,
finding that fine classified and milled FAs exhibited 40–57%
higher reactivity in the R3 heat release test compared to the
original ash. Particle size had the greatest impact with finer
ashes improving hydration kinetics, increasing portlandite
consumption and promoting greater C–S–H formation.

As the impact of temperature, Wang et al.207 demonstrated
that temperature significantly enhanced FA dissolution and
reactivity by accelerating chemical reactions and reducing sur-
face gel barriers that hinder Si and Al leaching. This effect was
amplified in the presence of alkali and sulfate (S) solutions,
where S ions modify surface gel properties to promote more
efficient dissolution. The process is governed by internal diffu-
sion, underscoring its importance for optimizing FA perfor-
mance in alkali-S cementitious systems. Kuenzel and
Ranjbar208 demonstrated that temperature significantly
enhances the FA dissolution by increasing kinetic energy,
facilitating more efficient bond breaking of solute molecules.
At elevated temperatures like 145 1C, nearly all amorphous,
highly reactive FA components dissolved within 2 hours,
whereas lower temperatures like 65 1C required much longer
to achieve similar dissolution. Time was also critical, with
dissolution of reactive amorphous materials typically occurring
between 2 and 24 hours, depending on the curing conditions.

4.3. The impact of alkaline activators

Several studies have investigated the influence of activators on
GGBFS dissolution kinetics.185,186,190,218–225 Among alkaline
activators, NaOH, NS, and Na2CO3 are the most commonly
used in alkali-activated material production.11,226

It has been observed that NaOH activation leads to a faster
initial reaction than NS (water glass) activation in GGBFS-based
systems. Ben Haha et al.185 reported that higher MgO content
in NaOH-activated GGBFS slightly increased degree of reaction,

boosting early hydration performance. Briki et al.227 observed
that the GGBFS reaction slowed during both early and late
stages; within the first 30 minutes of the GGBFS-NaOH solution
reaction, a nonsteady dissolution phase for Al, Si, and sulfur
ions occurred, followed by a steady dissolution. Later, Al and Si
release rates declined due to precipitation, initially matching
but diverging after two days. The reactivity of GGBFS in NaOH
solution was found to be six times higher than in cement paste
after one day, with the slower reaction in cement paste attrib-
uted to the presence of Ca ions from clinker phases. Yan
et al.228 investigated the reactivity of GGBFS in NaOH solutions
and found that the dissolution rates of Si and Al ions were
significantly influenced by the combined effects of NaOH
concentration and temperature. These ions facilitated the
formation of N–(C)–A–S–H gels, which are critical in alkali-
activated cement systems. Their study demonstrated that the
leaching process was governed by surface chemical reactions
on unreacted particles, with maximum dissolution occurring
under higher NaOH concentrations and elevated temperatures.
Ravikumar et al.229 studied the effect of activator type (powder
NS vs. water glass) on the early-age reaction kinetics of alkali-
activated GGBFS pastes. They found that powder NS-activated
GGBFS pastes behave similarly to NaOH-activated GGBFS, with
a single early-age reaction peak. Water glass-activated GGBFS
pastes, however, exhibited a response similar to ordinary Port-
land cement (OPC) pastes, with a distinct induction period.
Na2CO3-activated GGBFS pastes typically take significantly
longer to set compared to those activated with NS or
NaOH.218,219,230,231 The prolonged hardening in alkali-
activated slag (AAS) is due to the slow rise in alkalinity needed
to initiate GGBFS dissolution. In other words, Ca ions from
dissolved GGBFS reacts with carbonate from the activator to
form salts like calcite, which releases hydroxide ions and raises
pH. However, (SiO4)4� dissolution is not rapid, as Na2CO3

activators have a pH is below 12.219,230 Bernal et al.230 examined
the hydration process of GGBFS activated with Na2CO3 and
observed an extended induction period of 3–5 days in some
systems. They suggested that the CO3

2� functional group in the
activator promoted the formation of calcium carbonate (Cc)
before the precipitation of C–A–S–H. Additionally, the lower pH
of the carbonate compared to NS was found to delay the initial
reaction rate of the GGBFS. Ke et al.192 investigated the effects
of calcined layered double hydroxide (CLDH) on Na2CO3-
activated GGBFS cements and found that CLDH significantly
accelerates the reaction and hardening process. The MgO
content in the GGBFS also influences the reaction kinetics.
CLDH’s effectiveness is attributed to its ability to remove
dissolved CO3

2� and increase pH. They highlighted that the
activator’s functional group is the primary factor controlling
reaction kinetics. Gebregziabher et al.232 compared the effects
of activator on the hydration of AAS at different temperatures.
They found that NaOH-activated GGBFS hydrates much faster
than NS-activated GGBFS. SiO2 in the activator retards hydra-
tion in NS-activated GGBFS but can lead to denser products and
higher later-age strength. They also found that elevated tem-
perature curing can accelerate product formation and strength
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gain in NS-activated GGBFS, although it may also lead to
microcracking.Fernandez-Jimenez et al.233 conducted a study
on the early stages of alkaline activation in GGBFS. They used
calorimetry to measure the reaction process and analysed the
effects of different alkaline activators, including NaOH, water
glass (NS) with NaOH, and Na2CO3. The results showed that the
reaction mechanism shifts at certain points during the process,
with diffusion playing a key role in the advanced stages. They
concluded that the nature of the alkaline activator influences
the degree of hydration and the kinetics of the reaction,
indicating variability based on the activator used.

As for FA, Wang et al.207 demonstrated that the dissolution
process of FA is governed by internal diffusion in alkali and
alkali-S solutions. The study revealed that the synergistic effect
of alkali and S significantly enhanced the dissolution concen-
trations of Si and Al, particularly when the solution contained
5 mol L�1 NaOH and 0.01 mol L�1 Na2SO4. Furthermore, S ions
(SO4

2�) promoted additional dissolution of FA particles by
altering the gel properties on their surface in the alkaline
environment, facilitating greater reactivity.

Kuenzel and Ranjbar208 found that the concentration of the
alkaline solution, specifically NaOH within the range of 8–16 M,
had a relatively limited impact on the dissolution of FA under
the experimental conditions. The high liquid-to-solid ratio
ensured that sufficient hydroxide ions were available for reac-
tion, with NaOH primarily maintaining the alkaline environ-
ment necessary for the dissolution process. While the
solution’s molarity had minimal effect on the dissolution rate,
it ensured the stability of dissolved species and facilitated the
breakdown of reactive amorphous aluminosilicates. The find-
ings emphasized that beyond providing the necessary pH,
increasing NaOH concentration did not significantly enhance
reactivity under high liquid-to-solid ratio systems. According
to,234 the dissolution of FA in alkaline CH solutions was
analyzed over 48 hours. FA exhibited pozzolanic activity in both
1 mol L�1 and 0.1 mol L�1 solutions. The concentration of
active ions (Al3+, Fe3+, and Si4+) fluctuated with time, with Al3+

and Si4+ ions peaking at 6 and 24 hours, while Fe3+ ions
decreased. The conductivity of the solutions declined over time,
with a stronger pozzolanic reaction observed in the 1 mol.L�1

solution compared to the 0.1 mol L�1 solution. Microscopic
analysis showed an increase in long, slender products as
dissolution progressed. A study by Chen et al.235 investigated
the dissolution and reactivity of FA in KOH solutions, revealing
three distinct stages. In the first stage (a o 0.1, where a
represents the relative mass of FA reacted), dissolution was
controlled by glass network dissolution, with minimal gel
formation. In the second stage (0.1 o a o 0.45), a thicker gel
formed from Fe, Ca, Mg, and Ti oxides, and dissolution became
diffusion-limited. In the third stage (a 4 0.45), zeolite crystal-
lized over the gel, and aluminosilicate gel formed. The study
showed that the rate constant in the first stage increased with
the concentration of network formers, highlighting the role of
chemical durability, while in the second stage, the rate constant
increased with OH� concentration, indicating OH� ions as the
rate-limiting factor. Wilinska and Pacewska236 investigated the

influence of KOH concentration on the hydration processes of
different FAs. They found that in 0.1 M KOH solutions, flui-
dized FA reacted to form AFt, while conventional FA exhibited
minimal reaction. At higher concentrations (4 M KOH), hydra-
tion occurred in both types of FA, with conventional FA forming
an amorphous aluminosilicate gel and fluidized FA producing
zeolitic products, particularly at elevated temperatures during
early hydration.

Glosser et al.237 developed a standardized method to assess
FA reactivity, combining CH and FA with exposure to KOH
solution. Reactivity, ranging from 33% to 75%, was measured
through isothermal titration calorimetry (ITC), thermogravi-
metric analysis (TGA), and thermodynamic modeling. The
results showed that FA reactivity significantly impacts
durability-related properties such as CH content, C–S–H for-
mation. Fernandez-Jimenez’s study220 demonstrated the differ-
ent dissolution rates and reactivity of NaOH, Na2CO3, and NS
(water glass) in alkali-activated FA binders. It was observed that
NaOH accelerated early strength gain, NS improved long-term
strength, and Na2CO3 modified the microstructure for better
durability. NaOH exhibited the highest reactivity due to its high
OH� concentration, leading to rapid dissolution of FA and early
formation of an aluminosilicate gel with a low Si/Al ratio (1.6–
1.8) contributing to fast strength development. NS, though
slower to dissolve, produced a gel with higher SiO2 content,
enhancing compressive strength over time. Na2CO3 had the
slowest dissolution rate and promoted the formation of sec-
ondary crystalline phases like zeolites, which influenced long-
term durability.

The impacts of activator characteristics and temperature on
the dissolution behavior and reactivity of FA in alkali-activated
systems were assessed by Palacios et al.238 They compared
NaOH and NS (waterglass) as activators. At room temperature,
pastes activated with NS exhibited lower yield stress than those
activated with NaOH. This reduction in yield stress was attrib-
uted to the adsorption of silicates from the NS solution, which
increased the negative surface charge on FA particles, enhan-
cing interparticle repulsion and leading to particle defloccula-
tion. Elevated temperatures and higher concentrations of the
alkaline solution led to increased yield stress, linked to heigh-
tened FA reactivity and greater formation of early hydration
products.

A study by Deir et al.239 investigated the influence of starting
material (S, class C FA with higher Ca content, and class F FA
with lower Ca content) on the hydration kinetics and gel
composition in alkali-activated binder systems. The results
showed that class C FA pastes had the highest initial reaction
peak in calorimetry tests, followed by GGBFS and class F FA
pastes (Fig. 10). Cumulative heat evolved correlated with com-
pressive strength, with GGBFS mixtures releasing more heat
than C-FA mixtures.

Deng et al.240 compared the reactivity of FA and GGBFS in
various alkaline environments, focusing on Al dissolution and
product formation. They observed that while FA contains
significantly more Al2O3 than GGBFS, its reactivity is much
lower, resulting in fewer Al-containing products. In FA-CH
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systems, Al primarily formed tetra-clcium aluminate hydrate
(CAH13, C4AH13), C–A–S–H, and minor monosulfoaluminate
(Ms, C4AsH12), with sulfates promoting Aft formation and
reducing Al incorporation into C–S–H. Conversely, in GGBFS-
CH systems, Al was predominantly incorporated into hydro-
talcite (HT), TAH, and C–A–S–H, with sulfates facilitating the
migration of Al from TAH and C–A–S–H to AFt and Ms. GGBFS
pastes consistently exhibited higher ratios of Al(VI) to Al(IV) than
FA pastes, further emphasizing its superior reactivity. These
findings also confirmed that GGBFS is more reactive than FA in
alkaline environments, producing a greater quantity of stable
Al-containing phases.

Although the dissolution behavior of MK, GGBFS, and FA is
discussed individually throughout this section, a simplified
cross-material comparison is provided in Table 5 to summarize
qualitative trends reported in the literature for different classes
of alkaline activators.

As summarized in Table 5, hydroxide-based activators gen-
erally promote higher dissolution tendencies for all three
precursors, while silicate-based systems exhibit more moderate
dissolution accompanied by the formation of more polymer-
ized binding phases. Clear differences among precursors are

evident, with MK showing high aluminosilicate reactivity,
GGBFS favoring Ca-rich C–(A)–S–H formation, and FA exhibit-
ing comparatively slower dissolution that limits early-age reac-
tivity under mild activation conditions. These trends are
consistent with the mechanistic discussions presented in Sec-
tions 3 and 4. Key topics, along with research gaps and out-
standing questions in this area, are summarized in Table 6.

5. Modeling approaches

This section explores computational modeling techniques at
the nanoscale level to investigate pozzolanic materials and their
impact on dissolution and reactivity. Specifically, it highlights
studies employing simulation approaches such as MD, and
DFT to examine the underlying mechanisms of dissolution,
reaction kinetics, and microstructural evolution in pozzolanic
systems.

White et al.241 combined DFT and pair distribution function
(PDF) analysis to uncover the atomic structure of MK. Through
an iterative process that refined real-space data from neutron
PDF analysis alongside DFT-based geometry optimization, they

Fig. 10 Normalized heat flow for alkali-activated pastes made from different starting materials and activated with (a) and (b) 5 wt% Na2O and (c) and
(d) 7 wt% Na2O solutions, measured using isothermal conduction calorimetry at 50 1C.239 Reproduced with permission from Elsevier Science &
Technology Journals r 2014 (permission conveyed through Copyright Clearance Center, Inc.).239

Table 5 Qualitative trends in dissolution behavior and dominant reaction products of MK, GGBFS, and FA under representative alkaline activators, as
discussed in this review

Material Activator type Relative dissolution tendency Dominant reaction products

MK Hydroxide-based (e.g., NaOH) Relatively high N–A–S–H, aluminosilicate gels
MK Silicate-based Moderate Si-rich N–A–S–H
MK Ca-based (CH) Low C–A–S–H (limited extent)
GGBFS Hydroxide-based Relatively high C–(A)–S–H
GGBFS Silicate-based Moderate C–(A)–S–H
FA Hydroxide-based Moderate to low N–A–S–H
FA Ca-based (CH) Low Limited C–S–H
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developed a structurally accurate and energetically stable
model consistent with experimental observations. By eliminat-
ing the need for chemical constraints in modeling, this
approach enables precise control over MK’s structural charac-
teristics, allowing for optimized reactivity and mechanical
properties in practical applications. In the model (Fig. 4) pre-
sented in,241 MK is depicted as a layered structure with a Si–O
layer and an Al–O(H) layer in a 1 : 1 ratio. All –OH groups are
bonded to the Al2O3 layer. The model includes Al atoms with 3,
4, and 5 coordination states. The lattice parameters for MK are
a = 30.0354 Å, b = 34.6246 Å, c = 43.1892 Å, with the angles a =
91.9261, b = 105.0461, and g = 89.7971. Further, White et al.242

used a multiscale simulation methodology combining DFT and
CGMC modeling to investigate the molecular mechanisms
governing the dissolution and reactivity of MK in alkaline
solutions during geopolymerization. They simulated three sys-
tems with varying SiO2 concentrations in the activating solu-
tions: hydroxide-activated, hydroxide/silicate-activated, and
silicate-activated systems. This model described the dissolution
of MK, where Al was preferentially released from strained Al2O3

layers, leaving behind a silica-enriched residue. The results revealed
that the SiO2 concentration in the activating solution significantly
influenced the reactivity and dissolution mechanisms. In
hydroxide-activated systems, MK fully dissolved, while in silicate-
activated systems, aluminosilicate gels nucleated and precipitated
on the surface of partially dissolved MK, inhibiting complete
dissolution. Additionally, the presence of (SiO4)4� facilitated the
formation of denser gel networks through larger precipitates, an
effect linked to Ostwald ripening, which was observed for the first
time in geopolymer systems. These findings provided critical
insights into the dissolution dynamics and structural evolution of
MK-based systems under alkaline conditions.

Luo et al.71 employed a MD model in their study, where they
added NaOH and water molecules to the MK structure. Using
reactive force field (ReaxFF), they simulated the dissolution and
reaction of NaOH-activated MK, ultimately establishing the
formation of sodium-alumino-silicate-hydrate (N–A–S–H) gel.
The results showed that in NaOH solution, the layered structure
of MK was disrupted, leading to the formation of SiO4 and AlO4

monomers. These monomers then gradually underwent con-
densation. During the dissolution process, Al dissolved earlier
than Si, with Al preferentially participating in the geopolymer-
ization reaction before Si.

The transition of Kln to MK through dehydroxylation
involves significant structural changes that influence its

reactivity, as revealed by Sperinck et al.117 Through MD simula-
tions, it was observed that the removal of structural water
causes Al atoms to migrate into nearby vacancies, leading to
a buckling effect in the aluminosilicate layers. This migration
alters Al’s coordination from octahedral to a mix of tetrahedral
and five-fold configurations, resulting in localized areas with
varied Al densities. These regions exhibit distinct zones of
reactivity, with some demonstrating enhanced dissolution
potential. The structural disorder introduced during dehydrox-
ylation is identified as a critical factor in defining the reactivity
of MK, particularly in its role as a pozzolanic material.

The (SiO4)4� dissolution of MK in water was investigated
using a DFT computational approach, revealing critical differ-
ences in activation energy requirements, as shown by Izadifar
et al.31 The activation energy to break the oxo-bridging covalent
bond between two silicates was found to be 97% higher than
that required to break the ionic bond between (SiO4)4� and
Al(OH)4

� units. However, for the complete dissociation of
(SiO4)4� tetrahedra, the energy needed to break the ionic bond
with the last Al2O3 neighbour was 13% higher than that for
breaking the covalent bond with the last (SiO4)4� neighbour. In
another research, they employed DFT to explore the dissolution
behavior of (SiO4)4� tetrahedra in MK under alkaline condi-
tions, focusing on bond dissociation and reactivity.110 The
findings indicate that KOH typically exhibits lower activation
energy compared to NaOH, especially when van der Waals
(vdW) forces are considered. They also reveal that initiating
the dissolution of silicate structures demands less energy and
underscore the important role played by the cations’ surround-
ing hydration shells. Most recently, Izadifar et al.243 computed
the atomistic activation energy (DEa) at the transition state for
dissolution of aluminate species, leading to the formation of
aluminum hydroxide hydrate Al(OH)3(H2O)3 in an alkaline
medium in MK using a machine-learning force field
(MLFF)244–247 derived from DFT, utilizing improved dimer
method (IDM) to assess the variation in reaction enthalpy
under conditions far-from-equilibrium. The findings revealed
that smaller hydration shells around KOH and NaOH resulted
in lower DEa for the dissolution of aluminate species by
enhancing cation–surface interactions and promoting bond
breaking within the aluminosilicate structure. Under the same
hydration shell conditions, NaOH exhibited a higher activation
energy than KOH, regardless of the presence of vdW interac-
tions. Without vdW interactions, the system faces a greater
energy barrier, making the activation process less efficient.

Table 6 Slag and fly ash-Priority research topic & key question

Topics Key research questions to be solved

Slag and fly ash structures (GGBFS and FA) How do differences in composition and structure affect the reactivity and
performance of GGBFS and FA in cement and geopolymer systems?

Dissolution and reactivity of GGBFS and FA How do variations in composition, particle size, activators, and curing
conditions affect the reactivity and strength of alkali-activated GGBFS and
FA binders?

Impact of alkaline activators on GGBFS and FA reactivity How do changes in activator type, concentration, and temperature affect
dissolution rates, reaction mechanisms, and properties of alkali-activated
GGBFS and FA?
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Izadifar et al.111 applied a 3D off-lattice CGMC method to
model the polymerization of alkaline aluminosilicate gels at a
system of pH 11, focusing on their nanoparticle sizes and pore
size distributions. To inform the simulation, they utilized a
reference table of Gibbs free energy values for dimerization
reactions involving four distinct monomer types, sourced from
DFT-based calculations reported by White et al.248 In this
approach, the polymerization of silicate monomers, modeled
as particles within the silicate-activated system, was simulated
to reach equilibrium at an energy level of 934 kJ mol�1 over the
course of 1 000 000 iterations. The results indicated that 91.80%
of the silicate particles participated in cluster formation. In
another study, Valencia et al.112 used CGMC simulations sup-
ported by DFT-derived parameters to study the dissolution and
reactivity of MK in silicate-activated solutions at pH 11, 12, and
13. They found that MK dissolved faster and more completely at
pH 11 and 12, releasing (SiO4)4� and Al(OH)4

� monomers that
actively participated in polycondensation and gel formation. At
pH 13, dissolution was slower, leading to a higher proportion of
unreacted (SiO4)4� monomers and a less dense geopolymer
structure with larger pores. The results highlighted that very
high pH levels reduce MK reactivity and gel formation effi-
ciency. Moreover, Izadifar et al.113 employed graphene
nanosheets to investigate the nucleation process leading to
the formation of geopolymer nanocomposites. Their main
results showed that the system with the graphene nanosheet
had 4.34% fewer particles involved in cluster formation com-
pared to the system without it. However, the graphene-
containing system displayed 1.65% more favorable energy. This
difference arises because the adsorption energy on the gra-
phene nanosheet (heterogeneous nucleation) is weaker than
that in homogeneous particle nucleation.

The dissolution of MK, identified as a key step in forming a
cross-linked geopolymer network, was investigated using
ReaxFF simulations by Sekkal and Zaoui.249 The study modeled
the polymerization of aluminosilicate oligomers under alkaline
conditions, revealing its critical role in geopolymer formation.
The addition of carbon nanotubes (CNTs) influenced this
process by interacting with the geopolymer matrix and altering
its structural properties. At an optimum concentration of
1.08 wt%, pristine CNTs enhanced reactivity and polymeriza-
tion, improving mechanical properties by facilitating better
aluminosilicate gel formation, while higher concentrations
led to agglomeration and reduced reactivity. Functionalized

CNT-oxide, with covalent bonds formed through C–OH inter-
actions, further increased the density and structural cohesion
of the geopolymer, improving diffusion and reactivity.

Chen et al.250’s MD study on N–A–S–H gels showed that
lower Si/Al ratios created a more compact and crosslinked
structure, enhancing stability, while higher ratios yielded a
looser network with increased reactivity. The presence of five-
fold coordinated Al (AlV), along with tetrahedral and occasional
six-fold coordinated (AlVI), contributed to structural diversity
and reactivity. Higher Si/Al ratios increased interlayer spacing,
further impacting the gel’s reactivity by creating more accessi-
ble reactive sites. This work underscored how adjusting the Si/
Al ratio could tailor N–A–S–H gel properties for optimized
geopolymer performance.

A comparison of the reactivity and dissolution behaviour of
MK and GGBFS in NaOH solutions revealed significant differ-
ences in their structural responses to alkali activation. MD
ReaxFF simulations by Hong et al.251 showed that MK experi-
enced substantial structural disruption, with sodium ions
penetrating its layers and depolymerizing Si chains into mono-
mers. This destabilization extended to Al chains, releasing Al
tetrahedral units that acted as precursors for N–A–S–H gel
formation, demonstrating MK’s high reactivity and solubility
under alkaline conditions. In contrast, the GGBFS system
exhibited greater structural stability in the same environment.
Ca ions were released from the GGBFS interlayers, but the Si
and Al frameworks largely retained their layered structure. Ca
ions played a crucial role in stabilizing the GGBFS, maintaining
its integrity and delaying significant depolymerization. These
findings emphasized the higher dissolution and reactivity of
MK compared to the more structurally stable GGBFS system,
offering valuable insights into the chemical mechanisms driv-
ing alkali-activated materials. Guo et al.252 compared the early
stages of geopolymer formation between MK and GGBFS, using
MD simulations. They proposed a two-step process involving
mineral deconstruction followed by oligomer polymerization.
Fig. 11 illustrates that monomers and dimer of (SiO4)4� tetra-
hedra, along with other oligomers, form in regions exposed to
NaOH and serve as key precursors for the development of
calcium–(sodium–)alumina–silicate–hydrate C–(N–)A–S–H gels.
The study found that the role of NaOH differs between low-Ca
(MK) and high-Ca GGBFS systems. In the low-Ca system, Na+

ions substitute for Ca2+, contributing to the network frame-
work. Conversely, in the high-Ca system, NaOH primarily acts

Fig. 11 Comparison of oligomer dissolution in alkali-activated MK and GGBFS: (a) and (b) oligomers dissolved in the MK system following alkali activation
(c) and (d) oligomers dissolved in the GGBFS system after alkali activation;252 reproduced from Guo et al., 2024,252 licensed under CC BY 4.0.
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as an activator, facilitating faster gel formation. The findings
also highlighted the stability of Si atoms and the reactivity of Al
ions, which undergo structural changes to become part of the
geopolymer gel.

The dissolution of NaOH-activated GGBFS was analysed by
Gong and White253 used in situ X-ray total scattering, PDF
analysis, and MD simulations. Structural models of the amor-
phous GGBFS were constructed and validated through experi-
mental data, revealing that dissolution disrupted Ca–O and Si–
O correlations in the short- and medium-range order. The
kinetics of dissolution followed a logarithmic time-
dependence, and (C–(N–)A–S–H) gel was identified as the
primary reaction product. In another study, Gong and
White254 investigated how variations in Mg/Ca ratios influ-
enced the dissolution rates of amorphous aluminosilicate
glasses in alkaline environments. Using force field-based MD
simulations, they analyzed structural changes in quaternary
CaO–(MgO)–Al2O3–SiO2 (CMAS) and ternary CaO–Al2O3–SiO2

(CAS) glasses. The study revealed that higher Mg/Ca ratios
promoted the formation of highly reactive free oxygen sites,
enhancing dissolution rates and providing valuable insights for
optimizing GGBFS-like materials in sustainable cement
applications.

Huang and Wang255 examined the effects of varying Mg/Si
molar ratios on the structural evolution and reaction mechan-
isms of AAS gels. Reactive MD simulations using the ReaxFF
force field and first-principles DFT calculations were employed
to investigate polycondensation reactions among Si-Al mono-
mers. It was determined that Mg/Si ratios significantly influ-
enced GGBFS reactivity, with optimal polycondensation
observed at Mg/Si ratios of 0.20 and 0.25. The dissolution and
subsequent reactions were driven by the coordination of Mg2+

and Ca2+ ions with non-bridging oxygens, enhancing polymer-
ization and providing nanoscale insights into Mg’s role in
optimizing gel structures for sustainable materials.

Oey et al.212 investigated the dissolution kinetics of glassy
aluminosilicates, similar to FA, by examining how the atomic
structure influences reactivity. MD simulations and topological
constraint theory revealed that dissolution rates are governed
by the atomic network’s rigidity, which depends on bond-
stretching and bond-bending constraints. Strong Si–O bonds
enhance structural stability, while alkali and alkaline-earth
elements disrupt the network by creating non-bridging oxygens
(NBOs), accelerating dissolution. They suggested that Al plays a
counterbalancing role, stabilizing the network by reducing
NBOs and forming stable oxygen clusters. Interestingly, while
Ca generally boosts dissolution rates, they found exceptions

that challenge traditional classifications of FA and emphasize
the importance of a network-based analysis for accurately
predicting reactivity. Key topics, along with research gaps and
outstanding questions in this area, are summarized in Table 7.

6. Summary of findings

Kln begins its life as a tightly structured 1 : 1 clay mineral, with
one sheet of silicate tetrahedra linked to one sheet of Al
octahedra. In its natural form, it is stable and ordered, but
when heated between 400 and 850 1C, a transformation begins.
Around 300 1C, water molecules are driven off. Between 350 and
700 1C, a more profound change DHX, breaks hydroxyl bonds,
distorting the crystal lattice and creating the highly reactive,
amorphous form known as metakaolin (MK). Above 800 1C, the
structure recrystallizes, losing much of its reactivity. The tem-
perature, heating rate, particle size, morphology, and even the
stacking of layers determine exactly when and how this trans-
formation occurs. Disordered kaolinite dehydroxylates at lower
temperatures than ordered kaolinite. In kaolinite, Al sits neatly
in six-fold coordination (AlVI). As DHX progresses, much of it
shifts to five-fold coordination (AlV), a form especially prone to
dissolve in alkaline solutions. If heating goes too far, Al settles
into a more stable tetrahedral coordination (AlIV), which reacts
more slowly. MK with high AlV content, often produced by
partial DHX at 600–800 1C, shows the greatest reactivity.

Once transformed, MK meets its most important partner:
the alkaline activator. In strong bases like NaOH or KOH,
hydroxide ions attack the aluminosilicate network, breaking
Si–O–Si and Si-O-Al bonds and releasing silicate (SiO4

4�) and
aluminate Al(OH4)� ions into solution. NaOH proves more
aggressive than KOH, stripping away the network more com-
pletely. Dissolution is influenced by pH, alkali concentration,
calcination temperature, particle size, and Si/Al ratio. High
alkalinity can exfoliate MK layers, increasing surface exposure.
The dissolved species quickly polymerize into gels, sometimes
zeolitic, sometimes dense aluminosilicate networks, depending
on activator type and concentration. An optimal Na/Al molar
ratio of B1.1 maximizes reaction extent; further increase offers
no benefit. CH can steer reactions toward C–S–H gel formation,
though at high pH it can hinder network growth. Even potas-
sium silicate solutions can create strong, ceramic-like binders if
curing and heat-treatment conditions are well controlled.

Parallel to MK’s story runs that of ground granulated blast
furnace slag (GGBFS) and fly ash (FA). GGBFS, born from
molten iron slag quenched to a glassy state, carries Ca, Si, Al,

Table 7 Modeling approach- priority research topic & key question

Topics Key research questions to be solved

Computational models (DFT, MD, CGMC) How do nanoscale dissolution and reaction mechanisms govern the reac-
tivity and structural evolution of pozzolanic materials?

Structural reactivity differences (MK vs GGBFS) Why does MK exhibit higher dissolution and reactivity than GGBFS under
alkaline activation, and how do their structural roles differ?

Role of chemical factors (pH, ions, additives) How do pH levels, ion concentrations, and additives like CNTs or graphene
influence geopolymerization kinetics and gel formation?
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and Mg in a loosely polymerized network. Rapid cooling max-
imizes its amorphous content and reactivity. Its reactivity is
influenced by MgO and Al2O3 contents, particle size, cooling
rate, and the activator used. High MgO promotes hydrotalcite
formation; Al2O3 boosts early hydration and strength. FA, in
contrast, comes from coal combustion, its tiny spheres of glassy
aluminosilicate varying widely in Ca content. Class C ashes,
richer in Ca, react faster; Class F ashes, leaner in Ca, require
stronger activation. FA reactivity depends on glass phase com-
position, fineness, Ca content, and curing temperature. In
alkaline solutions, S ions can synergistically enhance dissolu-
tion, modifying the surface gel to promote further leaching of
Al and Si. When an activator is added, GGBFS often reacts more
readily than FA, especially in NaOH or sodium silicate solu-
tions. NaOH gives rapid early reactions; sodium silicate builds
denser long-term structures; sodium carbonate delays setting
due to low initial pH. FA responds more slowly, but fineness,
higher Ca content, sulfates, and elevated curing temperatures
all boost its dissolution and reactivity.

Behind the laboratory work, computational modeling paints
a deeper picture. DFT, MD, CGMC simulations reveal atomic-
scale mechanisms. MK’s layered structure collapses quickly in
NaOH, releasing Al before Si. GGBFS holds together longer; Ca
leaches first, stabilizing the structure before breakdown. High
pH and optimal ion chemistry promote denser gel networks;
excess silica in the activator can slow dissolution by forming
early surface gels. Hydration shell effects differ between Na+

and K+, influencing dissolution energetics. Mg can optimize
polycondensation in GGBFS gels, improving strength. Additives
like carbon nanotubes or graphene alter nucleation and gel
properties, sometimes densifying the network, sometimes slow-
ing particle aggregation.

From this, several findings emerge:
- MK reactivity peaks when calcined near 700 1C with

abundant AlV.
- An optimal Na/Al molar ratio of B1.1 maximizes dissolu-

tion; higher ratios offer no extra benefit.
- NaOH is the most effective activator for MK and FA

dissolution; NS builds long-term strength; Na2CO3 slows early
setting.

- GGBFS benefits from high Ca and Mg contents, forming
C–S–H and hydrotalcite; FA benefits most from fineness, Ca,
sulfates, and heat.

- Disorder and amorphicity in raw materials lower dissolu-
tion energy barriers.

- Modeling confirms different roles of Al and Si in dissolu-
tion, the stabilizing effect of Ca in slag, hydration shell effects
of Na+/K+, and Mg’s role in strengthening GGBFS gels.

The combined experimental and modeling evidence offers a
clear direction: control the precursor’s structure before activa-
tion, choose activators carefully, and tailor chemistry for the
desired gel. In this way, kaolinite, slag, and fly ash can be
transformed from industrial byproducts into the building
blocks of durable, sustainable binders.

Although this review emphasizes fundamental dissolution
mechanisms, these transformations directly control concrete

performance. Rapid dissolution of MK in NaOH-rich systems
promotes early gel formation and high early strength, but
excessive alkalinity may increase porosity and shrinkage. In
contrast, GGBFS dissolution coupled with Ca availability favors
continuous C–(A)–S–H formation, improving long-term
strength and durability. FA exhibits slower dissolution, requir-
ing elevated temperature or alkali concentration to contribute
effectively at early ages. From a practical perspective, MK-rich
systems benefit from moderate alkali concentrations and con-
trolled curing to avoid rapid setting, while GGBFS-based bin-
ders are well suited for ambient curing with silicate activators.
FA-based systems require either thermal curing or blended
activation strategies to achieve sufficient early performance.

7. Conclusion

The main findings, detailed in section 6, highlight the structure
evolution and dissolution mechanisms of MK, GGBFS, and FA
affected by various activators and curing conditions. The effec-
tive valorization of kaolinite, GGBFS, and FA into high-
performance, sustainable binders critically depends on under-
standing their structural transformations and activation
mechanisms. This review demonstrates that optimizing pre-
cursor modification, calcination parameters, and activator
selection is crucial for enhancing reaction kinetics, tailoring
gel microstructures, and improving durability. Integrating
advanced experimental characterization with atomic-scale com-
putational methods, including DFT, MD, and CGMC simula-
tions enables a multi-scale perspective on reaction pathways
and long-term structural evolution.

Key conclusions

Metakaolin formation: calcination near 700 1C yields highly
reactive metakaolin enriched in five-fold coordinated alumi-
num (AlV), significantly accelerating dissolution and subse-
quent gel polymerization. Slight variations in calcination
temperature can shift the balance between reactivity and crys-
tallinity. Changes in unit cell volume has been observed during
the transformation of Kln to MK and disordered Kln to
metadiskaolin.

Activator performance: sodium hydroxide (NaOH) maxi-
mizes dissolution efficiency for MK and FA, enabling rapid
early-stage reaction rates. Sodium silicate, while slightly slower
in initial dissolution, fosters denser and more cross-linked gel
networks. Sodium carbonate offers a milder activation route
but delays setting, which may benefit applications requiring
extended workability.

Structural disorder: increased amorphicity and lattice dis-
order in precursors reduce dissolution energy barriers, thereby
enhancing activation kinetics and broadening processing
windows.

Slag (GGBFS) and fly ash (FA) reactivity: GGBFS benefits
from its intrinsic Ca and Mg content, promoting the formation
of calcium silicate hydrate (C–S–H) and hydrotalcite phases.
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FA reactivity is strongly influenced by particle fineness, Ca and
sulfate content, and elevated curing temperatures, which accel-
erate both dissolution and gel growth.

Computational insights: DFT analyses clarify the bond-
breaking mechanisms and coordination changes during dis-
solution; MD simulations reveal dynamic hydration shell
behavior and ion–ion interactions; CGMC simulations predict
long-term gel polymerization pathways and microstructural
evolution.

Collectively, these findings reinforce the necessity of precise
precursor engineering, tailored activator chemistry, and inte-
grated experimental–computational workflows for the rational
design of durable, sustainable aluminosilicate binders from
industrial byproducts. The synergy between empirical data and
simulation-driven insights paves the way for predictive material
design, reducing trial-and-error approaches and accelerating
the transition toward greener construction materials.

It should be emphasized that this review deliberately focuses
on single-component pozzolanic systems (MK, GGBFS, and FA)
to isolate intrinsic dissolution and reactivity mechanisms. The
complexities of multi-binder and blended cement systems were
intentionally excluded to avoid convolution of chemical inter-
actions. The mechanistic insights presented here are intended
as a foundational framework upon which future studies of
multi-component systems can be systematically built.
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Abbreviations

SCM Supplementary cementitious material
PC Portland cement
OPC Ordinary Portland cement
DHX Dehydroxylation
Si Silicon
Al Aluminum
Ca Calcium
S Sulfate
Mg Magnesium
C–S–H Calcium–silicate–hydrates
C–A–S–H Calcium–alumino–silicate–hydrates
C–A–H Calcium-aluminate-hydrate
XRD X-ray diffraction
DSC Differential scanning calorimetry
(SiO4)4� Silicate
Al(OH)4

� Aluminate
MD Molecular dynamics
DFT Density functional theory
IDM Improved dimer method
ReaxFF Reactive force field
DEa Activation energy
vdW van der Waals
MLFF Machine-learning force field

PDF Pair distribution function
SEM Scanning electron microscopics (SEMs)
ITC Isothermal titration calorimetry
TGA Thermogravimetric analysis
EDS Energy dispersive X-ray spectroscopy
NMR Nuclear magnetic resonance
AAS Alkali-activated slag
HT Hydrotalcite
NBO Non-bridging oxygen
N–A–S–H Sodium–alumino–silicate–hydrate
(C–(N–)A–S–H) Calcium–(sodium–)alumino–silicate–hydrate
CGMC Coarse-grained Monte Carlo
CNT Carbon nanotube
CMAS CaO–(MgO)–Al2O3–SiO2
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