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To future-proof alkali-activation technology, there is a need to look beyond well-established precursors such as
fly ash and blast furnace slag, due to resource competition, geographical distribution and technical limitations.
Clay minerals are abundant and diverse aluminosilicate resources available around the world. However, due to
the mineralogical complexity amongst the most common 1:1 (kaolinite, halloysite) and 2:1 (montmorillonite,
illite) clay minerals, and practical issues such as workability, their use has been more limited. Recent advances

have improved understanding both of pre-activation treatments (thermal, mechanical, chemical), and of the
factors influencing clay reactivity, phase assemblages and properties of final products. This opens new oppor-
tunities for the exploitation of these resources to produce sustainable cements. A one-size-fits-all approach for
processing and activating clay minerals is not viable. Instead, activation routes need to be tailored according to
the clay mineralogy to achieve the binder properties required for key applications.

1. Introduction

Alkali-activated materials (AAMs) have been a subject of much re-
search over the past decades because of their potential to have a lower
environmental impact, and higher durability, than Portland cement-
based materials [1-3]. AAMs are one of the leading options in an
emerging ‘toolkit’ of cements, alongside limestone calcined clay (LC3)
and belite-ye'elimite-ferrite (BYF) cements, that can meet the demand
for sustainable development of infrastructure and the built environment
[4]. As well as these high volume uses, AAMs are highly versatile
ceramic materials that also have applications including nuclear waste
encapsulation [5,6], fire resistant coatings [7] and electronic materials
[8].

Significant progress has been made in recent years in understanding
the fundamental mechanisms of the activation process of AAMs [9-12],
as well as more applied aspects such as appropriate testing procedures
[10,13] and life cycle analysis [14]. A vast range of precursors has been
investigated, such as construction and demolition waste [15-18], non-
ferrous metallurgy slags [6,19-21], amongst others. However, the
depth of understanding required for commercial adoption is so far
limited to a very few precursors: fly ash from coal combustion, blast
furnace slag (GGBS) from the iron making process, and metakaolin

obtained from calcination of kaolinitic clays.

Although their viability as precursors has been proven, there is a
growing move to look beyond these three resources [4,22]. Fly ash and
GGBS will continue to be produced in large quantities into the 21st
century [23,24], but changes in industrial production and geographical
distribution mean they are not guaranteed to be universally available
for mass-scale AAMs production. Utilisation rates of coal combustion
by-products (including fly ash) are already as high as > 90% in Europe
and Japan, although this is lower (< 15%) in other regions such as
Middle East, Africa and Asia [25]. There is debate over whether these
are more efficiently used as high volume replacement supplementary
cementitious materials (SCMs) in blended Portland cement systems,
rather than as precursors in AAMs [26,27]. Although the construction
industry is still the biggest consumer of these resources, there are nu-
merous other potential applications for fly ash such as catalysts for the
recovery of metals [28,29], and emerging uses of GGBS such as carbon
sequestration and soil remediation in farmland [30]. Sustainability
credentials are eroded by the use of long distance transport when there
are not production sites in close proximity to cement plants, for ex-
ample, the importing of fly ash from China to the U.K. Questions also
remain over how to fairly assign their environmental impacts as by-
products of industrial processes, rather than simply as waste [31].
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Metakaolin, the calcined form of kaolinite, has also been a popular
precursor for AAMs — low-Ca AAMs made with metakaolin are often
referred to as geopolymers. Metakaolin's advantages are its purity and
consistent composition [32-34], as well as experience of its use as an
SCM in blended cements [35-37]. However, scale-up is problematic for
pure metakaolin, as high purity and commercially available kaolinite
deposits are limited, and there is competition from other industries (e.g.
paper, ceramics) for high purity kaolinite. Metakaolin based AAMs can
also suffer from technical issues of poor workability [38] and high
water demand [39,40] due to the plate-like morphology of this clay,
high specific surface area, and high electrostatic charge density of
particles [41], although these depend somewhat on the calcination
method used. These materials are also prone to drying shrinkage de-
formations in common environmental conditions, due to a large amount
of unbound water - this creates a risk of cracking [41,42]. Methods
suggested to address these issues include tailoring the viscosity of the
alkaline activating solution [38], modifying the metakaolin particle
morphology via the calcination process [43], modifying design factors
to tailor the pore structure in order to minimize capillary porosity, and/
or controlling water loss during curing [41,42] - but, these are far from
being fully resolved.

In addition, independently of the precursor used, greater rheological
control will be needed if AAMs are to be compatible with emerging
digital methods of construction, including additive manufacturing (e.g.
3D printing) [44]. These difficulties may be partly remedied by ongoing
efforts to develop appropriate plasticity-modifying admixtures for
AAMs [45], as those developed for Portland cement-based systems are
often incompatible [22]. Nonetheless, from the perspectives of both
scalability and technical performance, it is clear that a wider range of
precursors is needed [22] to future-proof alkali-activation technology
for a wide variety of applications.

Clay minerals, beyond just high purity kaolinite, are a diverse and
abundant aluminosilicate resource that has the potential to supply
scalable, widely available and adaptable precursors for cementitious
materials in general [4], including AAM production [1]. There has been
a recent focus on the use of lower purity clay resources for AAM pro-
duction, as well as LC3 cements [27], and how to test their reactivity
[46]. Many of the findings from research into clay minerals as SCMs in
Portland cement-based systems (as well as other engineering fields) are
transferrable to AAMs, particularly around reactivity and measurement
thereof. But as will be elaborated in this review, much of the research is
not ‘system-agnostic’, due to the different reaction pathways and pore
solutions found in AAMs. Hence, specific research is required to un-
derstand and validate the use of clay minerals in AAMs.

For AAMs, as in the field of cements as a whole, significant research
efforts are focussed on identifying correlations between the chemistry
of mix formulations and formation of specific cementitious binding
phases. The primary driver for this is to be able to design and manu-
facture materials with appropriate properties for different applications,
at the lowest environmental impact. A major part of how to resolve this
depends on the roles played by, and sources of, the key metals (parti-
cularly calcium, silicon, and aluminium) in gel phases. A combination
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of thermodynamic modelling approaches and experimental observation
have clarified the existing interrelationships between the chemistry of a
system and the evolution of its phase assemblages - albeit mainly for
alkali-activated slag cements [47]. In contrast, there is less under-
standing of the interdependency between the structural ordering and
chemistry of sodium aluminosilicate hydrates (N-A-S-H) forming in low
calcium systems; and by extension, less understanding of their physico-
mechanical and durability properties as well. From studies on alumi-
nosilicate based AAMs blended with different calcium sources (e.g. slag,
limestone, high calcium fly ashes, Portland clinker) [48], there is a
general consensus that this approach offers great opportunities to de-
sign materials with targeted properties, as well as desirable cost and
environmental credentials. However, their phase assemblage evolution
and performance are strongly dependent on the kinetics of dissolution,
and hence availability of calcium, during the reaction. As a result, the
behaviour of such blended systems cannot be easily predicted based on
results obtained from activating each precursor individually. The ma-
jority of studies using calcined clays in hybrid cementitious systems are
limited to utilisation of metakaolin. This brings great opportunity to
explore production of other alkali-activated cementitious blends with
different types of clay minerals. Detailed information about the topic of
blended AAMs can be found elsewhere [49-52]. Whilst there remain
many outstanding questions for such blended systems, it is deemed
prudent (for the reasons of system complexity already described) to
focus firstly on developing a full understanding of using clays in low-Ca
AAM:s. For this reason, this review will focus on low-Ca AAMs. Speci-
fically: how clay chemistry influences mineral resources' reactivity, how
mineralogical and other factors influence reaction pathways and phase
assemblages, and the engineering opportunities and barriers that these
systems present. This synthesis of knowledge is most immediately re-
levant to the manufacture of low-Ca alkali-activated systems, which
already have existing applications [47]. But it is also hoped to be a
bridge towards an improved, future understanding of how to produce
more complex systems involving both clay minerals and calcium
sources as precursors.

The starting point of this review is a brief overview of clay miner-
alogy, with a focus on the characteristics which influence reactivity and
reaction pathways in AAMs. From the large range of clay minerals in
existence, this review focuses on kaolinite, halloysite, montmorillonite
and illite. These were selected to give insights from comparisons within,
and between, 1:1 clay minerals (kaolinite, halloysite) and 2:1 clay
minerals (montmorillonite, illite) (Fig. 1). Other clay minerals, a small
number of which have been investigated in alkali activation, are too
numerous to be reviewed here — descriptions of the variety of clay
minerals and their mineralogy can be found elsewhere [53]. Given that
kaolinite (and metakaolin) have been exhaustively studied [54,55],
these are considered here largely as a reference point for other clay
minerals. The most recent understanding on the alkali-activation pro-
cess is briefly presented, as is relevant to clay minerals. From then, the
activation of these clay minerals as individual precursors is evaluated,
considering the influences of processing, activator composition as well
as the clay minerals themselves. Given that clay resources are often low

Clay resources
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Fig. 1. Overview of clay resources reviewed in this article.
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purity mixtures of clay minerals, analysis is then extended to studies of
lower purity and/or mixed resources (common clay deposits, soils),
before concluding with insights on the remaining opportunities and
challenges for this field.

2. Clay minerals: Resources, compositions and mineralogy
2.1. Resources

Clay minerals are an abundant natural aluminosilicate resource: the
clay phyllosilicates group (kaolinite, illite and smectite), together with
the tectosilicates group (quartz, feldspar), make up approximately 90%
of the earth's crust [56]. As a result, global reserves for all common
industrial clays are extremely large [57], and so at least 6 GT/year
could be produced [4].

“Common clays” define a variety of clay-containing deposits, having
a wide range of mineralogical compositions [58]. As well as deposits,
clay minerals are also present in soils. Soils are abundant in many parts
of the world, as shown by their use in construction throughout human
history [59]. Besides their natural abundance, they are also a waste
stream - soils typically make up the single largest component of con-
struction waste [60]. The mineralogy of soils can vary widely de-
pending on location (Fig. 2). Clay minerals are also present in other
waste streams, including mining wastes [61,62] and dredging wastes
[63-65]. From these various sources, clay minerals are a diverse,
abundant and widely available resource, and therefore have high po-
tential as scalable precursors for cementitious materials production.

Of the clay minerals considered in this review, kaolinite, mon-
tmorillonite and illite have several large-scale industrial applications,
including: paper, paints, ceramics (kaolinite); drilling fluids, landfill
lining barriers (montmorillonite), and brickmaking (illite) [66]. As well
as being found in abundant quantities in clay-containing deposits as
previously described, these three are also the most common clay mi-
nerals found in soils. In contrast, halloysite does not currently have any
large-scale industrial uses, though its nanostructure is making it a
subject of much research interest in areas including nanocomposites,
controlled release and pollution remediation [67]. However, it is found
in a variety of deposits so can be abundant in some localised areas [68],
and is often a major component of soils of volcanic origin in wet tro-
pical and sub-tropical areas [69].

2.2. Compositions and structures

Clay minerals have a wide range of chemical compositions and
mineralogical structures, caused by the highly variable influence of
formation, weathering and transport conditions [71]. Clay minerals are
formed by diagenesis from, or weathering of, other aluminosilicates
(commonly feldspars) and are found in a variety of geological deposits -
hydrothermal, residual or sedimentary [72]. Several factors control the
chemical and physical properties of clays, including: the mineralogy of
the layers; exchangeable interlayer cations; the type and quantity of
associated minerals; presence of organic matter and soluble salts, and
particle size distribution [53,58].

The specific structure of each clay mineral considered in this review
will be given in Section 4 — a broad overview of generic structural
features is given here. Clay minerals are phyllosilicates (layered sili-
cates). Their crystallographic structure consists of regular repetition of
two-dimensional tetrahedral and octahedral sheets forming layers.
Tetrahedral sheets (Fig. 3) have the general formula T-Os: T is the
cation, usually Si**, with each cation surrounded by four oxygens in a
tetrahedral geometry. Each tetrahedron is linked to adjacent tetrahedra
by three shared corners (the basal oxygen atoms, Op) to form a hex-
agonal mesh pattern. The fourth corners (the tetrahedral apical oxygen
atoms, O,) form octahedra of formula MOg, which together form an
octahedral sheet (Fig. 4). M is either a divalent (Mg>*, Fe**) or tri-
valent (AI®*, Fe>*) cation. For a divalent cation, the side-sharing
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octahedra belong to a trioctahedral sheet, whereas for a trivalent ca-
tion, the sheet is called dioctahedral. The positioning of the octahedral
anions O, (most commonly OH ™, but can also be other anions such as
F~ or C17) in the octahedra can form either cis- or trans- types of oc-
tahedra. These features, and their effect on clay properties, will be
described in detail in Section 4. Atomic substitutions in octahedral and
tetrahedral sites determine the net layer charge on the unit cell, which
can then influence several properties, such as swelling. In terms of
which atoms can make these substitutions, cations such as Al** and
Fe®* can occur in either tetrahedral or octahedral sites, whereas larger
cations such as Mg?*, Ti**, Fe?* and Mn?* tend to occupy the octa-
hedral sites [73].

The unit cells of clay minerals are formed by combinations of the
octahedral and tetrahedral sheets. In 1:1 clay minerals, each layer is
formed by one tetrahedral sheet and one octahedral sheet. In 2:1 clay
minerals, each layer consists of one octahedral sheet sandwiched be-
tween two tetrahedral sheets. The arrangement and composition of the
octahedral and tetrahedral sheets can vary, and this accounts for most
of the differences in the physical and chemical properties
[53,58,66,74].

Clay minerals do not have fixed stoichiometric compositions — in-
stead, they are defined by their crystallography and layer charge.
Depending on the clay mineral in question, they have loose ranges for
chemical composition, depending on the type and extent of substitu-
tions, as well as the identity of interlayer cations. A key point within the
context of AAMs, is that they contain very low amounts of calcium. As
previously stated, calcium is not known to be present in substitutions in
the layer structure, but in some clay minerals (e.g. montmorillonite)
can be present as exchangeable interlayer cations. Thus, the CaO con-
tent will typically never exceed a total of approximately 5 wt%, and can
therefore be universally assumed to be low-Ca precursors (Fig. 5).

3. Fundamental aspects of alkali-activation for clay minerals

A short overview of the alkali-activation reaction process will be
given specifically for clay minerals as low-calcium systems, along with
reactivity-enhancing processes and other factors affecting their activa-
tion (Fig. 6). The precise mechanisms of alkali-activation are still not
fully understood, although in recent decades there have been great
advances in understanding some of the underlying processes [9-12].

3.1. Reaction process

There are two conditions for solid precursors to react, in both
conventional Portland cement-based and AAM systems: there must be a
sufficient thermodynamic driving force for the desired reaction, and the
kinetics of dissolution must be fast enough [75]. In the case of alkali-
activated systems, broadly speaking, any material which has a certain
amount of silica and alumina in a reactive form — possessing either a
high degree of disorder, or a crystal structure which is sufficiently so-
luble in an alkaline medium - can be used as a precursor. Dissolution of
one or more aluminosilicate precursors in an alkaline solution of suf-
ficiently high concentration is required to break the precursors down
into aluminate and silicate oligomers [76]. The aluminate and silicate
species in solution then undergo a nucleation and growth process. The
reaction products formed are either crystalline zeolites [77] or an alkali
aluminosilicate hydrate gel framework — these will be described in
detail in the following section. In gel formation, a polycondensation
step is involved [11]. Acid activation has been demonstrated to form
poorly crystalline gel type products in several systems [78-80]. How-
ever, this review will only consider alkaline activation, as the majority
of studies continue to use this method.

From the reaction steps described above, dissolution processes merit
detailed attention, given the importance of dissolution as a critical re-
action step and the variability in rates and mechanisms between clay
minerals. These mechanisms will be described in detail in Section 4.
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Fig. 2. Global distribution of the different clay minerals in soil. Adapted from Nickovic et al. [70].

Dissolution of aluminosilicates in general can be categorised as either
congruent - if the dissolution ratio of Si:Al in the alkaline solution is
similar to the Si:Al ratio in the solid raw material, or incongruent - if the
dissolution ratio of Si:Al is not similar to the Si:Al ratio of the solid raw
material. As discussed later, this has important implications for the
nature of the phase assemblage formed. The dissolution behaviour of
clay minerals is a well-studied area [81], but much of this knowledge
cannot be readily transferred to the highly alkaline dissolution systems
in alkali-activation. Much of previous research is limited to the range of
pH 2-12, from studies on natural rock-forming and pedogenic processes
[82] or barrier linings in deep geological storage of radioactive waste
[83]. In contrast, alkali-activation of clay minerals typically requires
alkaline solutions of [OH] = 5 M at the minimum [84], corresponding
to pH = 14. An optimal range has been empirically established as
8-12 M [85-89] albeit with less detailed description than in geological
studies.

The reaction steps described above correspond to conventional ‘two-
part’ synthesis, in which a solid aluminosilicate precursor is mixed with
an alkaline activator in an aqueous solution. The majority of studies in
AAMs have used this method. Recently, there has been a movement
towards ‘one-part’ synthesis methods, in which a precursor is prepared
such that only water needs to be added in the mixing procedure
[90,91]. This is in response to the practical issues of mixing using large
volumes of highly alkaline solutions - this is a promising route to make
AAMs more usable for on-site fabrication but these procedures remain
in their infancy.

3.2. Reaction products

The primary reaction products of alkali-activation of low-Ca pre-
cursors, such as clay minerals, are alkali aluminosilicates — these are
classified as either crystalline zeolitic phases, or sodium aluminosilicate
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Fig. 3. Overhead diagram of the tetrahedral sheet. Ox, = apical oxygen atoms;
Ox, = basal oxygen atoms; T = tetrahedral cations; a and b refer to unit cell
parameters. Reprinted from Brigatti et al. [53].

Fig. 4. Overhead diagram of the octahedral sheet. Ox, = apical oxygen atoms;
Ox, = octahedral anions (typically OH). O-trans = trans-oriented octahedra;
O-cis = cis-oriented octahedra; a and b refer to unit cell parameters. Reprinted
from Brigatti et al. [53].

hydrates (N-A-S-H) gel frameworks. From here on, cement chemistry
notation will be used to abbreviate chemical formulae: N = Na,O;
C = Ca0; A = Al,03; S = SiOy; H = Hy0 [92]. These gel frameworks
are often abbreviated as N-A-S-H, although it is borne in mind that Na*
and K™ are the most common alkali metal cations present in the acti-
vating solution used for alkali-activated materials production. The N-A-
S-H gel exhibits characteristics common to both amorphous and
pseudo-zeolitic or proto-zeolitic structures [93]. Current models explain
this as either a uniform intermediate amorphous-crystalline structure,
or nanoscale alternating zones of crystalline and amorphous material
(Fig. 7) [94,95]. Coined by Davidovits [96], the term geopolymer has
been commonly used to describe low-Ca alkali-activated aluminosili-
cate binders [1,96], mainly those produced from metakaolin. Therefore,
throughout the rest of this article, it is assumed that when the term
geopolymer is used, it refers to a system whose main reaction product is
a N-A-S-H type gel.

A key difference between zeolites and geopolymers is that zeolites
have fixed stoichiometric compositions [97]. In contrast, geopolymers
can have a continuous range of compositions due to the coexistence of a
range of Q4(mAl) tetrahedra in the disordered binder [33,98] - this is a
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Fig. 5. Compositional diagram showing the approximate composition range of
clay minerals, considering only CaO, SiO, and Al;O3.

consequence of different rates of reaction taking place upon activation.
For zeolites, the stoichiometry of M, Al and Si depends on the exact
zeolite phase. The composition of the aluminosilicate zeolites frame-
work is AlsSi2.x)O4 (within the range of 0 < x < 2), and includes
sufficient framework cations M ™" required to balance the anionic charge
in the framework arising from the inclusion of aluminium [99]. Simi-
larly, for geopolymers, the charge balancing required for the presence
of AI** atoms in the inorganic polymeric framework requires one alkali
metal (M™") cation for each Al atom [100,101]. Other cations such as
Co**, cu*, Fe**, Pt?*, Cd>*, Pb?", and Mg?* can also act as charge-
balancing cations - these can be inserted by exploiting the ion-exchange
behaviour of the geopolymer, and can be used in the application of
catalytic processes [102,103]. As the silicon proportion of a geopolymer
framework increases, the proportion of Al linkages in the chains de-
creases - this induces strengthening of the framework [5]. It is claimed
that geopolymers have been formed at Si:Al molar ratios of up to 600 —
however, the industrial relevance of these high Si geopolymers is
questionable as deformation behaviour was reported to become elastic
at Si:Al > 48 [104]. In addition, a system containing too much silica
may not fully react, resulting in lower strength beyond an optimal Si:Al
ratio [98].

For construction and infrastructure materials development, a geo-
polymer is a desirable reaction product. Exact properties are de-
termined by the microstructural features and service environment, but
generally speaking geopolymers can achieve desirable properties of
strength [98], thermal stability when exposed to high temperatures
[105,106] and good durability against many aggressive environments
[107,108]. Understanding the multi-scale structure of materials is key
to explaining and predicting their performance in service conditions. In
the case of geopolymers, this requires considering aspects of both
amorphous gels and crystalline zeolites. In addition to their pseudo-
zeolitic structure as discussed previously, beyond the molecular scale
zeolites are often present alongside N-A-S-H gels in phase assemblages
and can influence properties in ways that are not necessarily straight-
forward. For example, transformations from geopolymers to zeolites
under hydrothermal conditions have the potential to either improve or
worsen mechanical properties, depending on the volume of the zeolite
fraction [109]. Hence, although it could be argued as slightly artificial
to make a distinction between the two, both geopolymers and zeolites
are relevant to understanding the behaviour of alkali-activated alumi-
nosilicate binder systems including clays at different length scales, and
so both will be considered in this review.
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Fig. 8. Micrographs of alkali-activated clay sediments showing that activation with NaOH (a) resulted in a more porous, less dense microstructure than activation

with (b) Na-silicate solution. Adapted from Ferone et al. [132].

3.3. Composition variables: Alkaline activator and aluminosilicate
precursor

A wide range of aluminosilicate precursors and alkaline activators
can be used to produce AAMs, making them highly versatile. In turn,
many of the properties of the product phase assemblages are de-
termined by aspects of chemical composition in both starting materials.

For the activating solution, the element, quantity and concentration
of alkali metal cations is critical in determining both the type and the
amount of product phases formed. A sufficiently high concentration of
hydroxide anions is required to dissolve sufficient quantities of the
precursor, whereas the metal cations are required for charge balancing
in the product phase. In general, the dissolution rate of clay minerals
increases with higher concentrations of the alkaline activators [54].
NaOH and KOH are commonly used as alkaline activators for clays, as
well as for other precursors [38]. Although they perform the same
function, there are some differences. The extent of dissolution is typi-
cally higher in NaOH solutions [89], but activation with KOH solution
gives a faster rate of geopolymerisation [110] and typically yields
higher compressive strength [89,111-113]. Higher strength was at-
tributed to the larger K* ions' tendency to form larger silicate oligomers
[89], which agree with rheological measurements [114]. The activating
cation can also influence the degree of ordering of the framework gel
and pore size distribution, which together affect resistance to acid at-
tack [115]. There is a general tendency of NaOH to be more conducive
to zeolite - rather than geopolymer - formation [116], but practical
factors such as cost and viscosity also influence the choice of compound
[38].

Activation with alternative alkali metal salts has been less widely
explored for clays than for other precursors. GGBS can undergo dis-
solution at a much milder pH, and so near-neutral salts such as sodium
carbonate and sodium sulphate can be used in activating solutions
[117]. This approach is not transferrable to clay minerals, because of
the higher pH required for dissolution. Nonetheless, other methods
have been investigated to use alkali carbonates to replace alkali hy-
droxides. This has focussed on alkali fusion, whereby a clay mineral is
calcined together with an alkali carbonate, and then water added.
Whilst there is evidence to suggest that geopolymer phases could be
formed by this process [118], the few existing studies in this area
suggest that this route is more conducive to zeolite formation
[118-120]. This partly arises from the fact that when fused in the range
of 700-1000 °C, nepheline is the most common product, and so reactive
aluminium and silicon is ‘locked away’ in a relatively inert phase.
However, there is also evidence to suggest that an amorphous calcined
product is formed from the process [119], which bears some similarity

to soda glass (at the high-Si end of the Na,O-SiO, binary system). This
differs from the ubiquitous soda-lime glass by its lack of calcium, and its
resultant solubility gives it little commercial use [121]. Although little
explored so far, this route might bear further success if approached
from the perspective of producing a synthetic, soluble glass of tailored
composition, rather than as an alternative route to standard calcination.

Another interesting alternative to the alkali hydroxide activating
solution is to mix an alkali carbonate with an alkali earth hydroxide
solution — the subsequent reactions produce an alkali hydroxide in-situ,
as well as a carbonate salt of both metals [122,123]. So far this ap-
proach has only produced crystalline reaction products rather than gel
phases, but if reactions can be controlled effectively, could provide a
low-cost, safer alternative to aqueous alkali hydroxide activators.

For the overall system, the Si:Al molar ratio is a highly influential
parameter in determining the phases formed, as well as influencing
mechanical properties. When processing conditions conducive to geo-
polymer formation are used, geopolymers are typically formed for
systems with Si:Al > 1.5 [124], whilst zeolites are typically formed for
systems with Si:Al < 1.5. At intermediate ranges of Si:Al = 1-1.5,
zeolites and geopolymers can form simultaneously [125-127]. Details
on routes to intentionally co-form geopolymers and zeolites can be
found elsewhere [128]. However, when processing conditions con-
ducive to zeolite formation are used, zeolite species can form for a wide
range of Si:Al molar ratio. The exact species of zeolites formed is in-
fluenced by the Si:Al ratio, with some species tending to form when
Si:Al > 5, and others tending to form when Si:Al < 5 [97,129].
Higher Si:Al ratios also result in longer setting times [130].

The Si:Al molar ratio of the overall system refers to mobile Si and Al
ions that are in the solution liquor and hence available to participate in
phase formation. The Si:Al molar ratio of the aluminosilicate precursor
may differ from the Si:Al molar ratio of the system as a whole - this
depends both on the rates and congruency of dissolution for the pre-
cursor phases, as well as whether the activator contains soluble silicate.
The differences in intrinsic Si:Al molar ratio between different clay
minerals has important implications, and are discussed in Section 4.
Activators containing additional soluble silica are commonly used in
order to increase the soluble Si:Al ratio to be conducive to geopolymer
formation - for example with metakaolin, which has a natural Si:Al ratio
of 1. When Na,SiO3xH,O solution is used, dissolution kinetics and
water consumption are changed relative to NaOH, with a net result of
reduced porosity and better mechanical strength (Fig. 8) [131,132].
Unsurprisingly, rheology is strongly affected too [133]. The speciation
of the silicate oligomers themselves can influence final properties
[38,134], as well as setting time [135]. The composition of the acti-
vator and precursor also has important practical implications in mix



A.Z. Khalifa, et al.

design, given that the key molar ratios of Si:Al, M:Al and M:Si are re-
lated, and together affect workability and setting time. Together, these
chemical ratios define the activator concentration and the liquid:solid
ratio of the system. On a molecular level, higher liquid:solid ratios
accelerate the dissolution and hydrolysis processes, but hinder poly-
condensation of N-A-S-H gel phases [136]. Zeolite formation is gen-
erally favoured by a saturated environment [77,137], and within this
constraint, the liquid:solid ratio can determine the zeolite species
formed [138]. On a micro-to-macro level, as for other cements, li-
quid:solid ratio influences the workability of the fresh mixture [139], as
well as the drying shrinkage [41,42], porosity, and hence strength, of
the hardened microstructure [140,141]. Another consideration in se-
lecting an activator concentration is that efflorescence can occur if
there is an excess of free alkali cations [142,143]. Mix design aspects
have been investigated [52], but standardised methods for formulation
of AAMs do not yet exist. This is a consequence of the large number of
factors influencing properties at all scales, and lack of fundamental
understanding about the existing connections between materials de-
sign, microstructural features and the final products' physical and me-
chanical properties.

3.4. Thermal treatment

Amongst the range of reactivity-enhancing treatments used for
AAMs, thermal treatment is the most common route to increase the
reactivity of clay minerals. Much has already been learnt in this area
from the use of calcined clays as SCMs [144-147]. Thermal treatment
involves heating the clay mineral to a specific temperature so that the
octahedral layer undergoes dehydroxylation — this heating process is
also known as calcination. The dehydroxylation process results in a
reduction in the bonding coordination number of the Al atoms in the
octahedral sheet, making them more reactive [148-150]. The exact
nature of the structural transformation depends on many factors, in-
cluding: heating rate, holding temperature and time, atmosphere (oxi-
dizing or reducing) and cooling rate [151-153] - this is discussed spe-
cifically for each clay mineral in later sections. The temperature range
for successful calcination of a given clay mineral must be high enough
to achieve dehydroxylation, but not so high that recrystallisation occurs
[145,154].

The most common calcination method used in research is the la-
boratory oven method, whereas rotary kiln, and to a lesser extent flash
calcination, are used more widely in industry. The main effects of the
calcination method are on the particle size and the specific surface area
of the clays. The rotary kiln and furnace oven (also known as “soak”)
methods tend to increase the particle size and decrease the specific
surface area, whereas these effects are not observed for flash calcination
[43,155,156]. These phenomena are enhanced with increasing calci-
nation temperature (Fig. 9) [151,157,158], with particle size increasing
due to agglomeration, and specific area subsequently decreasing if
sintering takes place at higher temperatures [159]. Since this coar-
sening effect decreases the available surface area for dissolution, the
calcination temperature should be kept as low as possible. Two phe-
nomena observed in flash calcination are the formation of metakaolin
particles with spherical morphology, attributed to the rapid melting
and subsequent cooling in a hot gas stream (Fig. 10), and lower den-
sities than soak calcined metakaolins [63,160]. The choice of calcina-
tion method can result in different microstructures in the alkali-acti-
vated material, even when the calcined clays have similar composition
and specific surface area [161]. An encouraging recent development is
the use of modelling to optimise the flash calcination process [162].
The transformation also depends on precursor factors, including par-
ticle size [154,163,164], clay mineralogy [154,165,166], the degree of
ordering [166], as well as the amount and type of associated minerals
present [167]. Whilst the heating rate does affect calcination when
comparing between different methods (i.e. soak and flash calcination),
within soak calcination there is little evidence to suggest that the
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heating rate itself has any substantial effect [168]. Rather, it is ad-
visable to consider how the heating of the material will be affected by
its mass and distribution inside the furnace - in the case of large batches
of material which are not spread thinly and subjected to short calci-
nation times, it is plausible to suspect that the material may not be
sufficiently heated throughout. Lastly, it seems to be an unstated as-
sumption that once a clay mineral has been dehydroxylated, it stays
dehydroxylated. In fact, rehydroxylation is possible under certain
conditions (discussed in Section 4 for each clay mineral).

3.5. Mechanical treatment

Aside from thermal treatment, other treatments are also used to
increase the reactivity of clay minerals [152], by increasing the ther-
modynamic driving force for dissolution through alteration of structure
and bonding. Mechanical treatment is proposed as a viable alternative
to thermal treatment for clays. The physics of milling processes are
well-established [169], although there are still many challenges in
understanding and predicting how these processes occur for a given
material and set of milling conditions [170,171]. The exact changes
undergone have a complex dependence on several factors, including
material of the milling media, ball-to-powder ratio, milling atmosphere,
milling speed and time [152,170]. Mechanical treatment has been
shown to be able to achieve partial dehydroxylation [172-174], re-
duction of Al coordination [175,176] and amorphisation [177,178] in
clay minerals, with similar but distinct effects to thermal treatment. The
mechanism of dehydroxylation — formation of a water molecule via
proton transfer between two hydroxyl groups - is suggested to be the
same as in thermal dehydroxylation, caused in this context by localised
heating generated during milling [177,179]. Remaining hydroxyl
groups have a slightly lower dehydroxylation temperature after milling,
attributed to a combination of increased structural disorder and pos-
sibly also decreased particle size [178]. The end result of mechanical
treatment can be pozzolanic activity comparable to thermally treated
clay [178]. Although milling is often used in the mineral industries to
reduce particle size, it can cause agglomeration of clay particles and a
reduction in specific surface area depending on the conditions used
[180]. Detailed reviews on mechanical treatment of clay minerals can
be found elsewhere [152,181].

3.6. Chemical treatment

Chemical treatments are used to amorphise the layer structure
through partial dissolution [182], and can include both acid and alkali
treatment [183]. A growing trend is the combination of different pro-
cesses in sequence — such as acid treatment followed by calcination
[184], or calcination followed by mechanical treatment [185]. With
this proliferation of different techniques, there is a need to be wise in
tailoring treatments to achieve desired changes for a given clay re-
source. For example, acid treatment of smectites results in preferential
dissolution of the octahedral sheet through leaching of Al, increasing
the Si:Al molar ratio of the clay mineral [182]. This compositional
change could be undesirable in some instances, and so another treat-
ment might be more appropriate. There is also a question of how
scalable and cost-effective the range of treatment is, and how they
might integrate into existing mineral processing infrastructure.

3.7. Curing variables

The optimal temperature and time of curing depends on the clay
mineral, as well as the activation conditions. Highly reactive clay mi-
nerals such as metakaolin can form a geopolymer at room temperature
[34,41,186], but in contrast, uncalcined kaolinite reacts most success-
fully in the range of 60-100 °C [187,188]. Curing temperature influ-
ences the rate of reaction [189], and also affects mechanical properties
by influencing pore volume and size distribution [190]. For some
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Fig. 9. Particle size distribution of clay minerals (series 0) and their products calcined at 600 °C (series 600) and 800 °C (series 800), for a) Kaolinite, b)

Montmorillonite, and c) Illite. Adapted from Fernandez et al. [157].

compositions, extended curing times can result in a secondary trans-
formation from a geopolymer into a zeolite [124]. Beside Si:Al and
Na:Al molar ratios, the curing method plays a crucial role in the di-
mensional stability, mediated by the amount of ambient water present
[136] - in air, drying shrinkage cracking can occur in dry or normal
ambient environments [41,42]. For this reason, it is advised to avoid
rapid drying during curing. For the ambient temperature curing of
metakaolin AAMs, the extent of drying shrinkage was attributed to
several factors including the ionic charge density of alkali cations
(whether Na* or K*), the total quantity of cations, and the relative
number of AlO, sites in the gel structure [41]. Steam curing has been

found to accelerate geopolymer formation from kaolinite, by reducing
the residual alkali content [191]. Pressure plays a role too by altering
the solvent's dielectric constant and density, but the effects are specific
to each system and also linked to temperature [192]. Higher pressures
can result in the formation of finer zeolite particles [193].

4. Alkali-activation of individual clay minerals

To enable comparison of chemical and mineralogical influences on
behaviours, the individual clay minerals have been grouped into the 1:1
clay minerals (kaolinite, halloysite) and 2:1 clay minerals

Fig. 10. Secondary electron images of metakaolins calcined by a) flash calcination, b) rotary kiln calcination. Adapted from San Nicolas et al. [43].
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Fig. 11. Atomic diagram of kaolinite, showing two layers. Image generated in
VESTA [194], using structural parameters from Bish [195]. Secondary electron
image reproduced from the ‘Images of Clay Archive’ of the Mineralogical So-
ciety of Great Britain & Ireland and The Clay Minerals Society.

(montmorillonite, illite). A brief overview will be given for each clay
mineral's structure, dissolution mechanisms, and the specific changes
enacted by reactivity-enhancing treatments. This will be used to eval-
uate the reaction pathways and phase assemblages formed in alkali-
activation.

4.1. 1:1 clay minerals

Kaolinite is the most common 1:1 clay mineral. It has the unit for-
mula Al4Si4019(OH)g, in which four sites of the octahedral sheet are
occupied by AI** cations and two are vacant (Fig. 11). It can be formed
by the dissolution of Al and Si by weathering of primary and secondary
minerals [53,58,66,74]. Kaolinite tends to have very little atomic sub-
stitution and hence does not have a permanent layer charge. This means
it has no interlayer cations, and exhibits non-swelling behaviour.

Halloysite has a 1:1 layer structure similar to kaolinite and can be
found in two forms: one hydrated (halloysite-10 A),
Al,(OH)4Si>052H50, in which there is a layer of water molecules be-
tween the alumino-silicate layers, and one dehydrated (halloysite-7 A),
Al>(OH)4Si>Os (Fig. 12). In contrast to the plate-like structure of kao-
linite (Fig. 11), halloysite can have a range of morphologies (depending
on its formation conditions). The dominant morphology of halloysite is
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Fig. 12. Atomic diagram of dehydrated halloysite (halloysite-7A), showing two
layers. Image generated in VESTA [194], using structural parameters from
Zhang et al. [196]. Secondary electron mage of tubular halloysite reproduced
from the ‘Images of Clay Archive’ of the Mineralogical Society of Great Britain &
Ireland and The Clay Minerals Society.

tubular (Fig. 12), whereby a dimensional mismatch between the tet-
rahedral and octahedral sheets causes the sheets to roll up, enclosing
additional water [53,58,69,73,74].

4.1.1. Dissolution mechanisms

Dissolution is approximately congruent for several phyllosilicate
minerals [89], including kaolinite [197]. There are competing theories
to describe the kinetics involved [81], but it is widely agreed that the
dissolution rate of kaolinite as a whole is controlled by the dissolution
of the layer edges [54,198,199]. Dissolution rate of kaolinite is highly
dependent on pH above pH 10 [199].

Halloysite dissolution has received much less attention than kaoli-
nite. It has been suggested that the tubular structure of halloysite allows
attack from both the inside and outside of the tubes — thus giving it a
higher dissolution rate than kaolinite, which has a stacked structure
[200]. However, this remains a hypothesis as there has yet to be a direct
comparative study between the two minerals in their pure form.

4.1.2. Thermal treatment

Kaolinite is the most commonly used clay mineral for alkali-acti-
vation, and also as an SCM in blended cements. Complete dehydrox-
ylation of kaolinite occurs in the temperatures range of 650-700 °C
[36,166,201]. As a result of dehydroxylation, several changes occur:
the coordination of Al atoms in the octahedral sheet is reduced from 6-
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fold to a distribution of 5-, 4- and sometimes 3-fold coordination
[148-150]; delamination and buckling of the layers occur, caused by Al
migration into vacant sites resulting from the loss of the hydroxyl
groups [149,150]; and the available surface area decreases [158]. The
Al sites in 5-fold coordination are the most reactive [202], although the
proportion of Al sites in 5-fold coordination does not necessarily cor-
relate with strength in an activated product [203]. The resulting
structure is likely to be highly variable, rather than a repeating unit,
with highly local variations in the distribution of Al atoms [150]. This
dehydroxylated form is known as metakaolin - it is more reactive than
kaolinite due to its strained, disordered structure, and reduced co-
ordination of Al atoms.

The reactivity of metakaolin is inversely related to the degree of
structural order (loosely referred to as 'crystallinity’) of the starting
kaolinite [166,204]. The underlying mechanisms for this are not yet
clear, but differences in crystallinity have been shown to result in some
differences in coordination changes in the dehydroxylation process
[205]. Chemical activity increases with the amorphous content of a
metakaolin [206].

It is rarely mentioned in the literature that dehydroxylation of
kaolinite to form metakaolin is in fact reversible under certain condi-
tions. Rocha and Klinowski [207] showed that after 6 days of hydro-
thermal treatment in an autoclave at 250 °C, metakaolin was effectively
fully rehydrated. Aluminium sites were fully returned to AlOg co-
ordination (Fig. 13), and crystalline order was restored as well
(Fig. 13b).

Halloysite shares many structural similarities with kaolinite - it
seems likely that similar coordination changes take place during the
dehydroxylation of halloysite with a reduction in Al coordination
number to 5 and 4 [67,208,209], but this has yet to be categorically
shown. Dehydroxylation typically occurs in the range of 600-850 °C, a
lower onset temperature than in kaolinite [67,209]. During dehydrox-
yation, there is a loss of long-range order and onset of disconnection
between the octahedral and tetrahedral sheet [209]. However, the
tubular morphology is maintained up until after dehydroxylation is
fully complete, at ~1000 °C, brought on by formation of extremely fine
scale gamma-Al,O3 [209].
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4.1.3. Phase formation behaviour

Given the range of different routes that have been used in alkali-
activation, studies will be evaluated in groups of similar reaction con-
ditions, with kaolinite considered first. Activation of kaolinite, without
additional silica supplied by a silicate-based activator (e.g. sodium si-
licate), tends to form hydrosodalite using hydrothermal synthesis
[210-212] as well as in lower liquid:solid conditions than those typi-
cally used in hydrothermal syntheses [213]. Metakaolin can form a
broader range of zeolitic phases including hydrosodalite, Zeolites A and
X [212,214], or a geopolymer phase [186], depending on the proces-
sing conditions.

With the addition of soluble silica, both kaolinite [139,187] and
metakaolin [34,212,215] tend towards forming geopolymers. However,
if the additional silicate makes the system Si:Al = ~1.5, geopolymers
and zeolites can co-form [127].

Si:Al molar ratio is an important factor in determining phase for-
mation, but curing temperature and duration are highly influential too -
these can cause different behaviours in systems with the same Si:Al
molar ratio. In recent reviews of hydrothermal synthesis of zeolites
from metakaolin, it was concluded that: for systems with Si:Al < 5, the
range of reaction products can include X zeolites, hydrosodalite or other
Linde type A of zeolites (LTA); for systems with Si:Al = 5, products can
include zeolite [3, zeolite Y, ZSM-5, ZDM-11 [97,129]. In several of
these systems, the overall Si:Al molar ratio was conducive to geopo-
lymer formation but a range of zeolites were formed instead, due to the
curing conditions. The optimum conditions for zeolite synthesis are
given as 70-200 °C for 16-120 h [97,129]. These involve higher tem-
peratures and longer periods than those typically used for the synthesis
of geopolymers. The metastable nature of geopolymers means that they
can continue transforming into more stable zeolitic phases when cured
at higher temperatures and/or longer periods than their optimal range
[129]. This was observed for the silica-doped metakaolin systems of
Lapides and Heller-Kallai [216], where curing for 72 h transformed the
geopolymers into zeolites. Zhang et al. [186] agreed with this, showing
that crystalline phases form preferentially over geopolymers in systems
that have been subjected to high curing temperatures.

The concentration of the activating solution also has an influence.
Both Johnson and Arshad, and Wang et al. [129,217], recommended a
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Fig. 13. Kaolinite, metakaolin (after heating for 1 h at 650 °C), and rehydrated metakaolin (after 6 days at 250 °C in an autoclave). a) X-ray diffraction patterns, b)

27A1 MAS-NMR spectrum. Adapted from Rocha and Klinowski [205].
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NaOH concentration of < 3 M for tailored zeolite synthesis, as higher
concentrations decrease the relative crystallinity. This zeolite perspec-
tive agrees with studies optimising the production of geopolymers -
these typically use NaOH concentration of > 5 M [84], with an em-
pirically determined optimal range for clays of 8-12 M [85-89]. In
summary, even for relatively simple and well-understood minerals such
as kaolinite and metakaolin, there can be a significant variety in pro-
duct phases formed depending on the processing variables - specifically
additional soluble silica and curing regime.

For halloysite, activation of uncalcined halloysite with NaOH solu-
tion resulted in some structural changes but no product phase [218],
although this was likely due to the short synthesis time used of 1 h at
only 50 °C. The use of treatments has been more successful - calcination
between 550 and 800 °C, followed by activation with either sodium
silicate, or a combined NaOH and sodium silicate solution formed a
geopolymer in several studies [68,102,183,219,220]. In a more unusual
formulation, lithium hydroxide and lithium silicate were used as acti-
vators for a similar calcined halloysite [221]. In this case, no geopo-
lymer phases were formed, with zeolites formed instead, as anticipated
from the lower reactivity and higher degree of silicate polymerization
in lithium silicate solutions compared to sodium or potassium coun-
terparts [221-223]. Another calcined halloysite was activated using
sodium hydroxide only [224], but unfortunately, no characterisation
was given.

There is a clear trend amongst the synthesis methods used for the
1:1 clay minerals - syntheses optimising zeolite production mostly use
hydrothermal processes, which are rarely used in geopolymer produc-
tion. There are two reasons for this. Firstly, considering reaction con-
ditions, the effects of processing variables in hydrothermal synthesis are
still not fully understood and it is not generally considered as an ap-
propriate method for making amorphous phases such as geopolymers.
Secondly, considering scalable processing, hydrothermal synthesis is
appropriate for high purity reactions in small quantities [192] but is
less appropriate for the manufacture of construction materials in bulk.
Although the production of autoclaved aerated concrete is an estab-
lished hydrothermal process, extending this to alkali-activation would
bring major technical and safety challenges due to the high alkalinities
involved. This principle also applies to the other clay minerals and clay-
containing resources.

4.2. 2:1 clay minerals

2:1 clay minerals offer greater variety than their 1:1 relatives, and
are classified using several factors: their permanent layer charge, which
is caused by cationic substitution in the octahedral and/or the tetra-
hedral sheet; their interlayer cations, and their hydration ability [53].
This review will consider two of the most common 2:1 clay minerals —
montmorillonite and illite.

4.2.1. Montmorillonite

Montmorillonite is the most commonly occurring mineral in the
smectite group, with an approximate formula range of (M; H,0)(AL3*
yMg7 *)Si4 " 010(OH),. It is defined as a dioctahedral smectite with little
or no tetrahedral charge. The layer charge is generated mostly by the
cationic substitution of Mg?™", Fe?* for AI>* in the octahedral sheet or
by the substitution in the tetrahedral sheets of AI>* for Si**" This re-
sultant negative layer charge is balanced by exchangeable interlayer
cations (Fig. 14). A range of interlayer cations are possible, including
Ca%*,Na*, Mg?*, K* and Sr?™, although Ca®>* and Na™ are the most
common. If the interlayer cation is predominately Na*, it is termed a
Na-montmorillonite and likewise if it is predominately Ca®", it is
termed a Ca-montmorillonite [72]. The interlayer cations have the ca-
pacity to be become hydrated — the formation of diffuse double layers
via osmosis results in swelling behaviour. The term bentonite has been
avoided here, as it is a commercial name than can refer to a variety of
smectite minerals, and has different meanings around the world [66].
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Fig. 14. Atomic diagram of montmorillonite, showing two layers. M = metallic
interlayer cation. Image generated in VESTA [194], using structural parameters
from Viani et al. [225]. Secondary electron image reproduced from the ‘Images
of Clay Archive’ of the Mineralogical Society of Great Britain & Ireland and The
Clay Minerals Society.

4.2.2. Illite

Illite is a commonly occurring dioctahedral clay mineral in the true
mica group, with an approximate formula of (Kges5)Alx(Siz35A10.65)
010(0OH),. A layer charge arises from substitution of AT for Si** in
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Fig. 15. Atomic diagram of illite, showing two layers. Image generated in
VESTA [194], using structural parameters from Gualtieri [228]. Secondary
electron image reproduced from the ‘Images of Clay Archive’ of the Miner-
alogical Society of Great Britain & Ireland and The Clay Minerals Society.

the tetrahedral sheet, as well as possible Mg?™* or Fe** substitution for
AI®" in the octahedral sheet (Fig. 15) [53,226]. The resultant negative
layer charge is balanced by interlayer potassium ions — these are non-
hydrated, due to how they are ‘fixed’ in the ditrigonal cavities on the
surfaces of the tetrahedral sheet [53,227]. As a result of the non-hy-
drated nature of its interlayer cations, it is a non-swelling clay mineral,
in contrast to some montmorillonites [58].

4.2.3. Dissolution mechanisms

Similar to the 1:1 clay minerals, dissolution of 2:1 clay minerals as a
whole is limited by the dissolution rate of the layer edges
[198,229,230]. For this reason, dissolution rate is dependent on the
edge surface area available rather than the total surface area [230], in
addition to the concentration of the alkali activator(s) [197].

The congruency of dissolution of 2:1 clay minerals is complex.
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Montmorillonite in the natural state undergoes incongruent dissolution
[231]. In the calcined state however, Garg and Skibsted [232] found
that dissolution of montmorillonite was incongruent when calcined at
800 °C, but congruent when calcined at 900 °C. The authors suggested
that at 800 °C, the montmorillonite contained a higher amount of
amorphous aluminosilicate phase than at 900 °C, resulting in weaker Si-
0-Si/Al bonds, and hence Si dissolved faster than Al. It is therefore wise
not to make a general statement for dissolution of 2:1 clay minerals,
given that congruency would seem to depend on the exact nature of
bonding in a given clay mineral.

4.2.4. Thermal treatment

The thermal and chemical stability of 2:1 clay minerals is more
variable than the 1:1 clay minerals, due to their greater variety in
composition and structure. Additional influencing factors include the
distribution of the octahedral cations over cis- and trans- sites, and the
type of interlayer cations [233,234].

For montmorillonite, the overall principles of dehydroxylation are
the same as for the 1:1 clay minerals - dehydroxylation brings a re-
duction in Al coordination from 6-fold to 5- and 4-fold [235,236]. It has
been suggested that pozzolanic activity is linked to the extent of 5-co-
ordinated Al [157] — however, in another case the highest activity was
achieved when the extent of 4-coordinated Al was highest [235]. A
possible obfuscating factor in attributing the precise causes for optimal
reactivity is that depending upon the strength of magnetic field used,
the signal for 5-fold Al can be difficult to observe [236,237].

Coordination and ordering generally plays a greater role in de-
termining structure and properties in the 2:1 clay minerals than in the
1:1 clay minerals. Cis- and trans- sites describe different types of atomic
position in the octahedral sheet (Fig. 16). In the cis-sites, OH™ groups
are located on a shared edge of a triangular face on either the right or
left side of the octahedron. In the trans-sites, OH™ groups are located on
the top and bottom vertices of the octahedron. In the half-unit cell of a
dioctahedral clay mineral, there are two cis-sites and one trans-site, of
which only two are occupied. This gives the possibility of different
structures depending on which sites are occupied (Fig. 17). If a sheet is
cis-vacant (cv), one trans-site and one cis-site are occupied. If a sheet is
trans-vacant (tv), both cis-sites are occupied [53]. Most montmor-
illonites consist of cv 2:1 layers and most illites consist of tv 2:1 layers,
although the reverse can also be true [238,239].

During dehydroxylation, the mechanisms and resulting structural
changes are different between the two sheet structures. The end result is
that regardless of the initial sheet structure, the dehydroxylated struc-
tures of dioctahedral 2:1 layer silicates always have tv octahedral sheets
[241]. This is not just an academic point of interest - this difference in

(a) trans-octahedron (b) cis-octahedron
G ® G
Q) Q
J
O oxygen

@ hydroxyl-group
® metals (Al, Mg, Fe)
Fig. 16. Atomic diagrams of a) trans- and b) cis- configurations of octahedral

sites, defined by the positions of the octahedral anion - usually a hydroxyl
group. Reprinted from Wolters and Emmerich [240].
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(c) trans-vacant variety

Fig. 17. Overhead diagrams of a) trans- and cis- configurations of octahedral sites; b) a cis-vacant sheet, in which both trans- sites are occupied; c) a trans-vacant
sheet, in which both cis- sites are occupied. Reprinted from Wolters and Emmerich [240].

structural change is reflected in dehydroxylation temperature ranges:
most cv 2:1 clay minerals dehydroxylate at > 600 °C, whereas tv clay
minerals dehydroxylate at < 600 °C [233,240]. This temperature dif-
ference is usually large - the dehydroxylation temperature of a clay
mineral with a cv sheet structure is typically higher by 150 °C to 200 °C
than the same mineral with a tv sheet structure [239].

When 2:1 clay minerals have exchangeable interlayer cations (such
as montmorillonite, but not illite), the dehydroxylation temperature is
also dependent (albeit to a lesser extent than sheet structure) on the
valency and ionic radius of the interlayer cations [234,242]. Regarding
valency, divalent exchangeable cations (e.g. Ca®") in clay minerals
bind more water, and bind more tightly, to the clay surface than the
monovalent exchangeable cations (e.g. Na*) in ambient temperature —
therefore, higher dehydroxylation temperatures are needed to remove
the additional water for divalent compared to monovalent interlayer
cations [158]. Regarding ionic radius, dehydroxylation temperature
increases for interlayer cations with a larger ionic radius, from 625 °C
for Li-montmorillonite up to 685 °C for Sr-montmorillonite [234]. As for
kaolinite, higher temperatures than the optimum calcination tempera-
ture cause formation of new phases, and a subsequent reduction in
reactivity [166,235].

For illite, dehydroxylation also brings a reduction in coordination
number from 6-fold to 5- and 4-fold [243,244]. This happens at lower
temperatures for illite compared to montmorillonite [157]. There is
variation in the extent of 5-fold coordination in dehydroxylated 2:1
minerals, with some exhibiting an appreciable proportion of Al in 5-fold
bonding, and others exhibiting none [243]. The presence and identity
of interlayer cations are suggested to influence this variation [245].

There is a crucial distinction between dehydroxylation and amor-
phisation: dehydroxylation is the loss of hydroxyl groups from the oc-
tahedral layer, whereas amorphisation is the increase in disorder of the
layer structure such that crystalline order is no longer discernible.
Amorphisation is desirable for increasing clay reactivity in AAMs; de-
hydroxylation can also result in amorphisation in some systems, but
there is not a direct correlation between the two. This is a key difference
between clay minerals. Unlike kaolinite, dioctahedral 2:1 clays retain
their layer structure after dehydroxylation [154]. Although there is
some loss of crystallinity, this retention of layer structure is possibly
due to the fact that the Al atoms are ‘trapped’ between the less altered
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tetrahedral silica layers [157]. This phenomenon was elegantly de-
monstrated for montmorillonite by Garg and Skibsted [235]. After 2 h
of heating at 800 °C, the peak —96 ppm in the 2°Si CP/MAS NMR
spectrum, corresponding to a Qs environment with a water/hydroxyl
group neighbour, was reduced to negligible intensity (Fig. 18a) [211].
Aluminium coordination was changed from almost fully Al(VI) to AI(V)
and Al(IV) (Fig. 18b). This demonstrated that complete dehydroxyla-
tion had taken place. In contrast, the montmorillonite X-ray diffraction
reflections were reduced in intensity but still present, showing that
there was still some degree of long-range order in the crystal structure,
and hence was not fully X-ray amorphous (Fig. 18c). As previously
mentioned, this is a notable difference between kaolinite and other clay
minerals - whereas dehydroxylation and amorphisation occur simulta-
neously for kaolinite, dehydroxylation (and the associated reduction in
coordination number of Al atoms) occurs without full amorphisation for
montmorillonite and illite.

These Al coordination changes are reversible as they can undergo
varying degrees of rehydroxylation, including under ambient condi-
tions. Rehydroxylation can happen because the dehydroxylated clay
structure is under stress from lattice distortions and from the cations in
the hexagonal holes [234,241]. Dehydroxylated montmorillonite re-
gained many of the hydroxyl groups by treatment under steam between
200 and 300 °C [241], and around 15% of hydroxyl groups after storage
at 55% relative humidity for 16 days [246]. This phenomenon is of real
importance to industrial processes - rehydroxylation will reduce re-
activity, and hence storage and/or curing conditions should be carefully
selected to prevent it.

4.2.5. Chemical treatment

Acid treatment is also used to increase reactivity and provides a
useful comparison point for a broader consideration of alkaline dis-
solution of clay minerals. This process has been used most extensively
for smectites, which causes dehydroxylation and dissolution of the oc-
tahedral sheet, and turns the tetrahedral sheet into a “three-dimensional
framework of protonated amorphous silica” [182]. This increases re-
activity by increasing the surface area, making the structure more dis-
ordered, and also increases the clay's Si:Al ratio through the dissolution
of octahedral Al [247]. A higher proportion of substitutions in the oc-
tahedral layer has been associated with more extensive dissolution and
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Fig. 18. Montmorillonite heated for 2 h at different temperatures. a) 29Si[1H] MAS NMR spectrum, b) 27A1 MAS-NMR spectrum, c) X-ray diffraction pattern.

Adapted from Garg and Skibsted [235].
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illite after acid-washing in 5 M H,SO,4 at 80 °C for up to 96 h. Adapted from
Steudel et al. [249,250].
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amorphisation [184,248]. The extent of this process depends on: the
composition of the octahedral sheet; the strength of the acid treatment,
and the length of time. Although the overall effects are the same, acid
dissolution occurs via different mechanisms for montmorillonites and
illite. Dissolution of the octahedral sheet occurs via layer edges for both,
whereas in swelling clays (such as some montmorillonites) dissolution
can occur via the interlayer faces too [249,250]. Since interlayer faces
are accessible to protons in swelling layers, this increases the rate of
dissolution [251]. As a result, acid dissolution is slower for illite [249].
Both montmorillonite and illite can be almost fully amorphised given a
treatment of sufficient concentration and time (Fig. 19) [249,250].
Although there is no direct competition between the two processes, it is
notable that this extent of amorphisation is greater than that achievable
through thermal treatment.

4.2.6. Phase formation from alkali-activation of montmorillonite

For uncalcined montmorillonite, Ingles et al. [252] used NaOH and
KOH as activators, but no aluminosilicate product phase was formed,
and much of the activator was not consumed - likely due to the low
curing temperature of 25 °C. Richardson et al. [253] activated a similar
system, but using higher temperature curing at 105 °C. This resulted in
a decrease in montmorillonite X-ray diffraction reflection intensity, and
for microwave curing (a curing method rarely used due to difficulty of
precise heating control), partial dehydration of the montmorillonite. No
crystalline product phases were observed from X-ray diffraction ana-
lysis, but geopolymer formation cannot be excluded as no consideration
of the formation of amorphous phases was made. Marsh et al. [254]
activated both an acid-washed Ca-montmorillonite and an untreated
Na-montmorillonite with NaOH solution, forming a geopolymer when
the system molar ratio was Na:Al = 1.

For calcined montmorillonite, phase formation (behaviour) is more
highly dependent on the relative amounts of Al and Si in the system.
Belviso et al. [184] reported probable geopolymer formation by 1 M
NaOH hydrothermal alkali-activation of Na- and Ca-montmorillonites
which were acid washed (80 °C for 48 h in 5 M HCl) and then calcined
at 700 °C. However, when the samples were calcined without a pre-
ceding acid treatment, no reaction products were reported. This dif-
ference is likely due to the partial amorphisation and dissolution of the
octahedral sheet as a result of the acid treatment, and the relatively low
NaOH concentration used in synthesis.

When additional soluble silica is added, a geopolymer is formed.
Prud'homme et al. [255] activated an uncalcined montmorillonite with
KOH and K-silicate solution, and the later addition of silica fume as a
foaming agent, forming a geopolymer. Seiffarth et al. [151] reported a
geopolymer was formed from a silica-doped smectite clay calcined at
various temperatures from 550 to 950 °C, but the lack of character-
isation provided and simple inference from strength increase makes this
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claim unsubstantiated. When Belviso et al. [184] adapted the calcina-
tion process to include a NaOH pre-fusion step at 700 °C, zeolites were
much more readily formed.

In overview, uncalcined montmorillonite can form a geopolymer,
provided that the activating solution is sufficiently highly concentrated
and elevated temperature curing conditions are used. The same is also
true for its calcined form, although zeolites can also be formed.

4.2.7. Phase formation from alkali-activation of illite

For un-calcined illite, reaction products are not generally formed.
Richardson et al. [253] activated uncalcined illite with NaOH solution.
No reaction products were formed for oven heating, but nepheline was
formed when microwave heating was used. Sedmale et al. [256] mixed
illite-rich clay with KOH solution, which underwent negligible changes,
partly likely due to the very short curing time used. Marsh et al. [254]
activated illite with NaOH without treatment. No product phase was
formed, but secondary electron images showed that illite underwent
some manner of alteration from the highly alkaline conditions. In
contrast, Prud'homme et al. [255] activated uncalcined illite with KOH
and K-silicate solution, and the addition of silica fume as a foaming
agent, forming a geopolymer.

For calcined illite, the results are not always in broad agreement.
Belviso et al. [184] showed that illite calcined at 700 °C underwent no
obvious changes by 1 M NaOH hydrothermal alkali-activation, with the
addition of a preceding acid treatment making no difference. Sperberga
et al. [257] calcined (700-900 °C) illite with KOH solution, and Seif-
farth et al. [151] activated a calcined (550-950 °C) illite clay with
additional silica. In both cases, geopolymer formation was inferred
simply from increased strength, without any phase characterisation -
this is a very limited and fallible approach, and will be discussed further
in Section 5.5. When Belviso et al. [184] used an additional NaOH fu-
sion step as part of calcination, a sodalite was formed, and a variety of
other sodalites were formed using various combinations of treatment
processes.

In overview, the alkali-activation behaviour of illite is still largely
unknown. From the small number of studies, it seems as though illite
does have the capacity to react and form alkali aluminosilicate product
phases under certain circumstances, but the range of conditions over
which this is viable is not yet clear.

4.3. Comparison of individual clay studies

The question of most immediate interest is: which clay minerals
have the potential to form a geopolymer? The existing evidence sug-
gests that kaolinite, halloysite and montmorillonite can all form a
geopolymer, provided the Si:Al molar ratio and activation conditions
are sufficient. Whilst there is still a dearth of data for illite, what there is
so far suggests that it is less reactive than its fellow 2:1 mineral mon-
tmorillonite, since it has not formed reaction products under the same
conditions when montmorillonite has formed reaction products.
Comparing clay minerals and the different treatments used (Table 1),
there would seem to be some broad trends between the differing extents
of treatments required to achieve sufficient reactivity for the different
clay minerals.

Comparing the 1:1 and 2:1 clay minerals - one would expect dif-
ferences in phase formation behaviour between them, due to the dif-
ference in Si:Al molar ratio which spans the ‘tipping point’ between
zeolite formation (Si:Al < 1.5) and geopolymer formation
(Si:Al > 1.5) [124]. From evaluation of the existing studies, it seems
that less intensive reactivity-enhancing treatments are required to form
a geopolymer from kaolinite and halloysite, but only given the use of
additional soluble silicate. In contrast, it is possible to form a geopo-
lymer from the 2:1 clay minerals without additional soluble silicate, but
given their lower starting reactivity due to their layer structures, more
severe reactivity-enhancing treatments are required.

Comparing within the 1:1 clay minerals - despite the smaller
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number of studies on halloysite, it seems that halloysite is at least as
conducive to geopolymer formation as kaolinite. There is some evi-
dence to suggest that the more open structure of halloysite could make
it more reactive than kaolinite, but this needs further investigation.

Comparing within the 2:1 clay minerals - geopolymers are formed
more readily from montmorillonite than illite. Given their similarity in
chemistry within the layers themselves, this difference could be partly
attributed to smectites' capacity for swelling behaviour, giving a larger
accessible area for dissolution in a wet mix. This mechanism applies for
acidic dissolution [251], so it could offer an explanation for alkaline
dissolution and subsequent reaction steps.

The majority of studies used calcined clays in alkali-activation.
Calcined clays will likely be more highly used than uncalcined clays in
AAMs due to their higher reactivity. This enables one to use lower
molarity solutions and to cure at room temperature, eliminating the
need for oven curing and hence making them suitable for casting on-
site. In comparison, although the use of un-calcined clays has a lower
embodied energy from avoiding calcination, their requirement for
elevated temperature curing means they are restricted to off-site con-
struction. However, it is still worthwhile to continue investigating both
calcined and un-calcined clays: firstly, for different types of manu-
facturing as discussed, and secondly, to continue understanding the
details of how mineralogy and chemistry influence reactivity and phase
formation. In particular, the influences of crystallinity of the starting
clay mineral and the influence of interlayer cation species still need to
be fully elucidated.

From the comparison of studies by clay mineral and treatments used
(Table 1), the most successful route to geopolymer formation is calci-
nation followed by activation with additional soluble silica. Whilst acid
washing and NaOH fusion do seem to increase reactivity, they do not
necessarily make it more likely to form a geopolymer rather than a
zeolite. This conclusion, that the use of soluble silica (and the asso-
ciated expense, embodied impacts and workability issues) is a ‘neces-
sary evil’ for some clay systems, supports previous recommendations for
AAMs in general - that lower impact routes of alkali silicate production
is a research priority [1,4,22]. On the other hand, the alternative routes
described in Section 3.3 - in-situ hydroxide production and alkali fusion
to produce a soluble glass precursor — offer enough promise to merit
further investigation. Whilst the former method is particularly pro-
mising for kaolinite, it does not help the 2:1 clay minerals fulfil their
potential — despite their Si:Al molar ratio precluding the need for ad-
ditional soluble silica in an activator, their layer structure makes them
less reactive than kaolinite, even when calcined. To overcome this
issue, mechanical treatment may be the most promising route of in-
vestigation. Studies on montmorillonite indicate that not only can
mechanical treatment achieve dehydroxylation, but it induces greater
disorder in the layer structure than thermal treatment [258,259], and
without the drawback of aluminium leaching suffered in chemical
treatment. As for thermal treatment, the crystallinity of the starting
clays influences how much energy of treatment is required to achieve a
given extent of structural changes [174]. The environmental impacts
have yet to be comprehensively compared, but mechanical treatment
has the advantage of using similar machinery that is already used at
scale in the cement industry [260].

5. Alkali-activation of common clays and soils
5.1. Nature and composition of common clays and soils

Common clay deposits and soils are both abundant sources of clay
minerals. These are more widely available than the high purity deposits
and refined products often used in laboratory studies - but also more
complex and variable. Using kaolinite for example, primary residual is
the most common type of deposit, but these are generally small and
contain limited quantities of reserves [261]. Adopting lower purity
resources is not a trivial step - there is evidence that both the exact
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Summary of reaction products for alkali-activation of individual clays in the studies reviewed, showing effects of different treatments and system additions. The

default activation process in this context is with NaOH only.

1:1 clay minerals

2:1 clay minerals

Treatment System Kaolinite Halloysite Montmorillonite Illite
additions
None None Hydrosodalite None [218] None [252,253] None [253,254,256]
[210-213]) Geopolymer
[254]
None Soluble silicate Geopolymer - Geopolymer [255] Geopolymer
[86,87,139,187,255] [255]
Acid wash None - - Geopolymer [254] -
Calcination None Hydrosodalite None [184] None [184]
[214] Possible geopolymer [257]
Various zeolites [186,212,214]
Geopolymer + hydrosodalite [186]
Acid wash + calcination None - - Geopolymer [184] None [184]
Calcination + NaOH fusion None - - Various zeolites [184] Sodalite [184]

Calcination Soluble silicate Geopolymer [34,215,216]
Geopolymer + hydrosodalite

[127]

Geopolymer [68,102,183,220]

Possible geopolymer [151] Possible geopolymer [151]

Zeolites
[221]

nature of the clay mineral(s) and the presence of other minerals can
affect product phase formation [262]. Thus, there is a need for research
on a wider range of clay resources (including soils) than the small
number of large deposits currently exploited in other industries. Un-
derstanding the influence of mineralogical aspects is key to unlocking
their potential as scalable precursors. Given the scope of this review and
the wide variety of other mineral phases found in clay resources, the
majority of attention will be paid to the clay minerals in these re-
sources, with only brief consideration given to the role of associated
minerals and organic content.

Considering only the clay mineral content, there is significant var-
iation in the types, amounts and exact nature of clay minerals in de-
posits and soils. Soils around the world contain clay minerals in dif-
ferent amounts [70,263], depending on climate, lithology and
weathering history [66]. Within a single location, the distribution of
clay minerals in the soil can vary with depth [264,265], due to varying
extents of weathering [71]. In addition to differences in the amounts
present, there can be large differences in the nature of the clay mi-
nerals, including particle size (Fig. 20), substitutions and crystallinity
[71]. Crystallinity depends on geological formation routes - for ex-
ample, kaolinite from a mixed hydrothermal and residual primary
kaolin deposit in Cornwall, U.K. is well crystallised, whereas kaolinite
from a sedimentary secondary deposit in Georgia, U.S.A. varies between
extremely well crystallised and poorly crystallised [261,266]. A high
degree of crystallinity is highly desirable for some industrial applica-
tions, such as paper coatings [267]. Conversely for AAMs, clay minerals

with poorer crystallinity are generally more desirable, as they are ty-
pically more reactive. This is relevant to the different formation routes
of clay minerals in different clay resources - some deposits may require
less treatment, as their geological history has made them intrinsically
more reactive [255].

5.2. Overview of types of systems

Clay resources vary in both the complexity of their clay mineralogy
(i.e. how many different clay minerals are present), and in their purity
(sometimes referred to as 'grade'). Whereas Section 4 evaluated com-
paratively pure, individual clay minerals, this section evaluates less
pure, more complex common clays and soils (Fig. 21). Because these
frequently contain more than one clay mineral, synthetic mixtures of
the individual clays (complex, but relatively pure) have also been
evaluated. These are helpful ‘bridging studies’ to understand the be-
haviour of natural systems containing multiple clay minerals. In the
following sections, studies are grouped by the dominant clay in each
clay resource.

5.3. Clay resources containing a single dominant clay mineral

For kaolinite-dominant resources, lateritic soils containing kaolinite
as the sole clay mineral are a popular precursor. Lemougna et al. [88]
and Diop and Grutzeck [85] activated uncalcined kaolinitic lateritic
soils with NaOH, forming a hydrosodalite as the product phase.

Fig. 20. Clay minerals can have different particle size depending on geological history. (Left) very fine kaolinite particles in a clay-rich soil from Bengaluru, India.
(Right) larger kaolinite particles in a mixed hydrothermal and residual deposit in Cornwall, U.K. Adapted from Marsh et al. [268].
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Fig. 21. Schematic diagram showing the variation in complexity and purity of
clay resources.

Lemougna et al. [88] suggested a geopolymer phase may also have
formed, but the characterisation evidence presented was not con-
clusive. In a similar study, Yousef et al. [269] identified the reaction
products to be plagioclase feldspar and a geopolymer, but given the
system, it is thought far more likely to be a hydrosodalite instead.
Lassinantti Gualtieri et al. [270] activated a kaolinitic lateritic soil with
NaOH and Na,SiO3.xH,0 - this apparently had no effect on the un-
calcined soil, but a geopolymer formed as the main reaction product for
the calcined soil. Boutterin and Davidovits [271] activated a kaolinitic
soil with NaOH, giving increased compressive strength. The authors
attributed this to a zeolitic product, but no characterisation was given.
Kaze et al. [68] used a halloysite deposit (in which halloysite was the
only clay mineral), calcined at 600 °C and activated with sodium sili-
cate solutions of varying moduli, forming a geopolymer. Samples cal-
cined at 500 and 550 °C were not sufficiently reactive under the reac-
tion conditions used. Garcia-Lodeiro et al. [272] activated a calcined,
low purity montmorillonite with NaOH, forming a geopolymer and a
minor amount of faujasite. In an inversion of the common practice of
including additional soluble silica for 1:1 clay minerals, sodium alu-
minate was added to lower the reactive SiO,:Al,O5; molar ratio (mea-
sured to be 5.4). Additions of < 10% sodium aluminate increased the
uptake of Al in the N-A-S-H gel, resulting in increased strength. Mufioz
et al. [273] activated an uncalcined, synthetic montmorillonite-domi-
nated soil (using clay and mining waste) with NaOH and Na-silicate —
this seemed to form a geopolymer, although the relatively modest gains
in strength suggested that much of the montmorillonite remained un-
dissolved. The disappearance of the montmorillonite (001) peak was
suggested to be due to layer exfoliation and destruction of stacking
order. However, this would seem not to be a disappearance in fact, but
rather a shift of the (001) peak to a smaller d-spacing. It seems likely
that this is due to the exchange of Na™ cations from the activating
solution for the interlayer cations originally present - this is consistent
with the observed reduction in the liquid limit. Notably, the use of
mineral additives seemed to encourage geopolymerisation.

In summary, in resources containing a single dominant clay mineral,
phase formation behaviour is generally in line with that expected from
the individual clay minerals. This is line with a systematic study by
Marsh et al. [268] — by comparing synthetic soils with their natural
counterparts, it was found that whilst associated minerals could exert
some influence on the extent of reaction, the clay mineralogy of the
soils determined the phase assemblages formed.
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5.4. Clay resources containing multiple clay minerals

For studies on resources containing multiple clay minerals, those
containing two clay minerals will be reviewed first, followed by those
containing three.

Kaolinite-illite is the most common binary combination encountered
in the literature. Xu and van Deventer [89] activated an uncalcined,
synthetic mixture of illite and kaolinite using NaOH and Na,SiO5.xH,0.
No chemical characterisation of the activated sample was given, but it
did result in mechanical strength gain. Zibouche et al. [126] activated a
calcined kaolinite-illite soil with NaOH and sodium silicate — this
formed zeolites, geopolymers or both, depending on the amount of
sodium silicate used in the NaOH activating solution. The illite did not
fully react in the process. Essaidi et al. [274] studied two kaolinite-illite
clays, one of which had lower kaolinite and higher illite content than
the other. The soils were activated in the uncalcined and calcined states
with KOH and K-silicate, forming geopolymers for all systems. Amongst
the activated samples, the more illite-rich soil was the stronger of the
two when calcined but weaker when uncalcined. However, the authors
suggested this might be partly attributable to the surface defects in the
kaolinite in the illite-rich soil, leading to more amorphous content after
calcination. El Hafid and Hajjaji [275] calcined an illite-kaolinite clay
sample at 700 °C and mixed it with NaOH solutions, producing the
zeolites chabazite and natrolite. It was unclear what exact roles the
kaolinite and the illite played in the development of these product
phases. However, the formation of zeolites in this study is most likely
due to the metakaolin supplying enough Al to solution, to give a lower
Si:Al solution ratio that was more conducive to zeolite formation. Zhang
et al. [200] calcined a mixed halloysite-kaolinite deposit (52.3 wt%
kaolinite, 31 wt% halloysite) at 700 °C for 1 h and activated with so-
dium silicate solution - this formed a geopolymer. Several highly useful
findings of this study came through comparison with activation of a
kaolinite-only deposit (91 wt% kaolinite). The halloysite-kaolinite de-
posit had a higher extent of dissolution, a higher evolved heat of re-
action and a smaller pore size distribution than the kaolinite-only de-
posit. This was attributed predominantly to the more open structure of
the halloysite resulting in enhanced dissolution, but another possible
contributing factor, the relative crystallinity of both deposits, was not
analysed in the study. Richardson et al. [253] activated binary mixtures
of kaolinite, montmorillonite and illite clays with aqueous NaOH so-
lution, producing zeolites and/or nepheline - these had also formed
during activation of the individual clays. However, no mention of
geopolymers or amorphous phases was made, and the activated systems
were not fully characterised. The use of microwave curing means there
is limited comparability with other systems. Marsh et al. [276] also
activated binary mixtures of kaolinite, montmorillonite and illite using
aqueous NaOH, and conventional oven curing. The phases most often
formed (hydrosodalite and geopolymer) were those expected from the
behaviour of the individual clay minerals (Fig. 22). Comparing the
identity and the amount of product phases formed against a ‘rule of
mixtures’ model, kaolinite seemed to be the dominant mineral in terms
of influencing product phase formation, montmorillonite was slightly
more reactive, whilst illite was the least reactive.

There are fewer studies on resources containing three clay minerals.
Richardson et al. [253] extended the previous study to a ternary mix-
ture, which produced zeolites and nepheline. Similarly, Marsh et al.
[276] extended the previously used methodology for binary systems to
activate a ternary mixture, which produced a hydrosodalite and some
evidence for a geopolymer too. Diop and Grutzeck [277] activated a
raw clay containing kaolinite, montmorillonite and illite, although the
relative quantities were not given. Activation of the uncalcined clay
with NaOH formed a hydrosodalite. Dietel et al. [163] studied a dif-
ferent clay containing all three clay minerals, using thermal treatment
and activation with KOH - a geopolymer was formed.

In overview, in common clays or soils containing multiple clay
minerals, phase formation behaviour and clay mineral consumption is
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Fig. 22. The phases formed in alkali-activated mixtures of clay minerals were usually combinations of the same phases formed in alkali-activated individual clay

minerals. Reprinted from Marsh et al. [276].

generally more complex than for a single clay mineral. However, no
studies have observed radically different behaviour between clay re-
sources containing single and multiple clay minerals.

5.5. Comparison of studies on clay resources

Compared with individual clays, there is greater complexity but also
greater potential with using common clays and soils as precursors. The
key challenge is to understand the effect of this complexity on phase
formation behaviour and other material properties. A summary of basic
details, including clay composition, of all the reviewed alkali-activation
studies is given in Table 2. The clay minerals present, crystallinity of the
clay minerals and purity of the resources are the main parameters of
interest.

Clay resources containing more than one clay mineral provide ad-
ditional challenges. Selecting an optimal calcination temperature is
akin to figuratively sailing between the Scylla and Charybdis of in-
complete dehydroxylation and recrystallization, both of which will re-
sult in sub-optimal reactivity. This is more difficult when different clay
minerals dehydroxylate in different temperature ranges which do not
necessarily overlap [145,166,278,279] (Fig. 23). Furthermore, as de-
scribed previously, the rates and even congruency of dissolution can
vary between clay minerals — this can provide a challenge to predicting
the extent of dissolution and solution liquor composition from a given
clay resource.

The purposeful use of clay minerals with naturally occurring low
crystallinity, such as by Essaidi et al. [274] is a promising route in this
field. It is encouraging that clay minerals from low crystallinity deposits
could be better suited for alkali-activation than high crystallinity de-
posits, thereby avoiding competition with other industries (such as
papermaking) for high value, high crystallinity deposits. For AAM
precursors it is advantageous to have a higher purity clay, from a re-
action perspective. This differs from clays as SCMs in blended cement,
where higher purity clays can be less useful than low purity clays by
inhibiting clinker reaction [280,281]. Another possible advantage of
low purity clays arises from the ability of quartz to act as a grinding
medium in mechanical activation, and hence reduce the milling times
required to achieve amorphisation of the clay minerals [282].

In the testing of mechanical properties, there can be large differ-
ences between dry and saturated strength for AAMs (Fig. 24) [283].
Typically, only dry strength alone is tested, but if this is not also ac-
companied with increased saturated (or high humidity) strength and
durability as required in standards, then use in construction will be
severely limited. It is rarely mentioned that Na,SiO3.xH,O is an ad-
hesive used to strengthen other materials, most commonly cardboard
[284]. When increased dry strength is observed, there is a pitfall to
assume this is wholly due to the formation of a product phase, whereas
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it could be partly due to unreacted sodium silicate. There is also still
limited understanding of the strength-giving mechanisms between
geopolymers and aggregates [163,285,286]. This may be a key differ-
ence between ‘pure’ individual clays and common clays or soils with a
high content of unreactive particles.

6. Concluding remarks and outlooks

Clay resources offer many opportunities for use in AAMs, but many
challenges remain. There is a spectrum of reactivity between different
clay minerals in their natural state, likely determined by a combination
of layer structure, morphology and swelling ability. Reactivity can be
enhanced through treatments, such as acid washing, mechanical
treatment or calcination, as needed. Broadly speaking, the phase as-
semblages formed are primarily determined by the molar ratio of so-
luble Si:Al in the system, along with the curing conditions used.
Although there is still uncertainty in intermediate compositions of
Si:Al = ~1.5, conditions conducive to forming a geopolymer rather
than a zeolite have been empirically established for Si:Al > 1.5.

Challenges remain in ensuring that clay minerals are processed in a
way that brings out their full potential. For calcination, the optimal
temperature range for dehydroxylation varies both between clay mi-
nerals, as well as within individual mineral categories — this depends on
interlayer cations and structural order. This has practical implications
for industrial processing - such variety presents greater challenges in
optimising calcination when resources contain more than one clay
mineral. Mechanical treatment merits further investigation, given its
ability to bring about both structural disorder and dehydroxylation (to
a limited extent) in montmorillonite, and potentially in other diocta-
hedral 2:1 clay minerals too — something which is not possible with
thermal treatment alone. Although clay resources can be abundant,
diverse precursors for AAM production, they need a tailored approach,
based on chemistry, mineralogy and physical properties — a one-size-
fits-all approach will not work. A thorough mineralogical under-
standing is needed to underpin the use of these resources all the way
through the extraction to application cycle — for example, the capacity
of calcined montmorillonites to partially re-hydroxylate under ambient
conditions has practical implications for storage conditions. To enable a
route to wider adoption, it would be beneficial to establish a common
set of testing procedures for characterising resources, to include purity,
crystallinity, particle size distribution and reactivity. Existing techni-
ques from clay science can be adopted, particularly for comparing the
structural order and crystalline nature of clay minerals [287]. An en-
couraging precedent is the recent development of testing procedures for
SCMs, including calcined clays, in blended cements [46,280,288].

Although much progress has been made, there remain several sci-
entific and engineering barriers to possible mass-scale commercial
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Table 2 (continued)

Phases formed

Alkali solution compound(s)

Treatments used

Clay mineral(s)

Resource category

Study

Zeolites + Nepheline

NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
KOH

None

K+ Mt. +1
K + Mt
K+1

Multiple clay mixture

Richardson et al. (1986) [253]

Marsh et al. (2019) [276]
Marsh et al. (2019) [276]
Marsh et al. (2019) [276]
Marsh et al. (2019) [276]

Hydrosodalite + geopolymer (+ hydroxycancrinite)

Hydrosodalite
Geopolymer

None

Multiple clay mixture

None

Multiple clay mixture

Mt + 1 None

Multiple clay mixture

Hydrosodalite + geopolymer

Hydrosodalite
Geopolymer

None

K+ Mt. +1

Multiple clay mixture

None

K+ Mt +1
Mt +1+K

Multiple clay deposit
Multiple clay deposit

Diop and Grutzeck (2008b) [277]

Dietel et al. (2017) [163]

Thermal
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adoption. Understanding is limited to how restrictive the range of
processing conditions is for forming a desired phase assemblage for a
given clay resource. There is much scope for greater use of modelling
for determining the physical and chemical changes resulting from the
treatment of clays [162], the subsequent effects on their reactivity, and
the alkali-activation reaction itself [93,131]. This will be aided by the
expansion of thermodynamic databases to include AAMs [289]. This
would be supported by experimentally investigating the influence of
composition and characteristics in a more systematic manner, rather
than the common ‘proof of concept’ route of optimising processing
conditions for an individual resource. From a resource perspective, the
scale of additional clay extraction required to meet even a fraction of
global demand for cementitious materials through clay-based AAMs
will be vast. Learning lessons from the past, mineral exploitation must
be ethical, timely and efficient [290]. Given the barriers to the ex-
traction of virgin resources, utilisation of clay resources in waste (e.g.
from mining or construction excavation) offers a more accessible
starting point.

There is much potential for developing alkali-activated systems that
incorporate both clay minerals and a calcium source (e.g. blast furnace
slag, limestone, quick lime or even clinker) in order to favour formation
of a phase assemblage comparable to that of identified Portland and
hybrid blended cements. This offers a solution to some of the cost,
safety aspects and environmental impacts of alkaline activators typi-
cally used for low-Ca AAMs, which remain under scrutiny. Alkali-acti-
vated blended systems produced with clay minerals benefit from the
existing research and understanding of Portland and hybrid blended
cement systems, which can facilitate a faster commercial uptake. Given
that such systems are complex even when using high purity metakaolin
as a clay precursor [50,291], understanding the behaviour of the wider
range of clay minerals in combination with calcium sources presents a
further challenge and opportunity for research.

Beyond reaction pathways and phase assemblages, the practical
aspects of using clay resources in alkali-activation - particularly work-
ability, volume stability and mix design - remain under-investigated.
This should be a priority area for further research. Another research
priority is admixtures — it is well established that the current range of
admixtures can exert a lesser degree of control for alkali-activated
systems compared to Portland cement based systems [1]. In the specific
case of clays, there are additional opportunities for desired fresh and
hardened state properties to be ‘designed in’ to the precursor to some
extent, rather than ‘bolted on’ through use of admixtures. Thus, it could
be that admixtures can be made partly redundant (or at least to a
greater extent than for Portland cement based systems). This tailored
material design can be achieved through exploiting natural variation in
material properties (such as Si:Al molar ratio, to determine the phase
assemblages formed) as well as through processing (such as flash cal-
cination, to reduce the particle aspect ratio and hence improve work-
ability). With this knowledge, the ideal situation of being able to design
cements for a diverse range of applications from a diverse range of local
resources will be closer to reality. To this end, it is hoped that this
research field moves further along the spectrum from materials dis-
covery towards materials design and engineering.

Much progress has been made in understanding how clay minerals'
chemistry and mineralogy can guide their effective use in the alkali-
activation reaction. The next steps are to answer the remaining ques-
tions of how the abundant and diverse potential of clay resources can be
best harnessed for sustainable, cost-effective production of AAMs,
which have durable performance in different environments. This should
centre on more widespread use of modelling to target specific proces-
sing effects and phase assemblages, and a more systematic approach to
understanding the effects of compositional heterogeneity.
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Fig. 23. The dehydroxylation temperature ranges of different clay minerals do not necessarily overlap. Reprinted from Snellings et al. [145].
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