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Abstract Among the various examples of sustainable construction materials
explored in scientific literature, alkali-activated materials excel as one of the most
mature and reliable solutions for large scale applications. It consists on the combina-
tion of an alkaline source in liquid or solid state, and a partially-to-fully amorphous
solid precursor. The combination of these components leads to the obtainment of
a hardened material which resembles Portland-cement based products. The perfor-
mance and durability of these alternative binders is highly dependent on their compo-
nents and production methods, and multiple laboratorial- and industrial-scale exam-
ples have shown their capability of outperforming conventional building materials.
Practical challenges with variations in chemistry and mineralogy of raw materials,
and the global utilization of prescriptive standards for structural building materials,
hinder a wider utilization of these binders, and the efforts of the scientific and applied
industry communities in overcoming these barriers is detailed throughout this report.
This chapter provides an overview of alkali-activated binders, summarizing the main
characteristics of their components, their reaction mechanisms, their challenges, and
the expected advances of the technology with respect to one-part binders.
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1 Introduction

Alkali-activated materials (AAMs) comprise binders formed by a chemical reaction
process involving two components: a precursor and an activator [1]. The former is
represented by silicates (usually aluminosilicates) of intermediate-to-low Ca content,
either obtained as natural minerals or industrial byproducts, and often with a crystal-
lographically disordered structure; and the latter is represented by alkaline sources, in
either solid or liquid states [2, 3]. When these components are mixed in an aqueous
media, a hardened cementitious matrix—similar in mechanical and binding prop-
erties to the hydrates formed during the hydration of Portland cement (PC)—is
obtained, and the characteristics of the final binder are dependent on the nature
of the initial raw materials used [1, 4, 5]. This reaction differs from those of PC
hydration, as it requires the use of the added alkaline constituents to promote the acti-
vation of the precursor i.e. the dissolution of minerals via breakage of the amorphous
structure—prior to the precipitation of reaction products.

The reaction potential of a precursor is dependent on the volume and chemical
composition of the reactive fraction it contains—whether glassy or/vitreous or other-
wise structurally disordered. Within the reactive fraction, the main expected compo-
nents are SiO,, Al,O3, and CaO, with minor quantities of MgO and Fe, O3 having
an important role in the formation of secondary reaction products [6—8]. In some
AAM formulations, particularly the “one-part or just-add-water” binding systems
discussed in Sect. 4, soluble alkali metal compounds are included in solid form with
(or in) the precursor. The reactivity of the precursor is important in the design of opti-
mized mixtures, as the alkalinity level of the solution required to promote the reaction
changes according to the reactivity of the precursors [9, 10]. Conventionally, precur-
sors are classified as low-Ca and high-Ca materials. In general, the silicate structure
of low-Ca materials is significantly polymerized, resulting either in partially-ordered
layered silicate structures (e.g. in calcined clays) or in dense glass frameworks which
require strong basic solutions to promote their breakage [11, 12]. High-Ca precursors
tend toward a more disordered and depolymerized structure, as the presence of Ca
destabilizes the continuous structure of SiO, and Al O3 and promotes a less compact
structure. Therefore, milder alkaline conditions are implemented to overcome energy
barriers and promote the dissolution of these precursors [13—15].

The distinction of these two precursor classes is accompanied by differences in
the mechanisms of reaction and in the type of phases precipitating upon the alkali-
activating reactions. As shown in Fig. 1, under moderate alkaline conditions, Ca-
rich materials promote the formation of calcium silicate hydrate (C—S—H) type gels
(which are the main hydration product formed in PC-based reactions), and their vari-
ants. These gels can be modified in two ways: by the incorporation of Al, supplied
by precursors which normally have higher Al,Os contents than PC, resulting in
the formation of calcium aluminosilicate hydrate (C—A—-S—H) type gel; and by the
uptake of alkaline elements resulting in the precipitation of sodium/potassium-bound
calcium (alumino)silicate hydrate (C—-N/K-A—-S-H or C-N/K-S-H) gels—where N
and K stand for Na, O and K, O, respectively [16—19]. The second group of precursors,
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Fig. 1 Conceptual chemical reactions of alkali-activated materials, considering the Ca content of
the precursor and activator—elemental ratios obtained from [6, 20-24]

comprised of Al- and Si-rich materials, results mainly in the formation of aluminosil-
icate hydrate (N/K-A—S-H) type gels [25-28], which is often aided by the imple-
mentation of more aggressive conditions—high alkalinity and/or curing temperatures
above ambient. Additionally, secondary phases including layered double hydroxides
or zeolites may also be formed depending on the exact composition of the precursors
and activation conditions adapted [27].

This chapter will provide a summary of the main aspects of alkali-activated mate-
rials. The first section will cover the main raw materials utilized in such binders,
explaining the differences in chemistry and mineralogy among precursors, and choice
the importance of selecting the correct activator according to the each precursor. In
sequence, a description of all phenomena involved in alkali-activating reactions will
be given, covering all stages since early moments, with the dissolution of the precur-
sors and initial precipitation of reaction products, until the development of mature
microstructures, whilst evaluating the influence of different factors in the kinetics of
reaction. Finally, the Chapter will provide a summary of the reaction mechanisms
and most recent developments within the field of one-part alkali-activated materials,
describing the advantages and challenges of these systems.

2 Conventional Raw Materials

2.1 Precursors

Considering chemistry and microstructure requirements, a vast list of materials
present the potential to be used as precursors for alkali-activation, either alone or
in combination with others in blended systems [29—-36]. The majority of these mate-
rials are obtained as byproducts from primary industrial processes, thus reducing
issues concerning extraction of non-renewable sources, high-energy demanding and
high CO,-emitting processes in their production chain. However, despite the cited
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environmental advantages, the byproduct nature of these precursors poses extra chal-
lenges in the production of AAMs. Mostly, their mineralogy (particularly the fraction
of reactive material) and chemical composition are dependent on the location of the
raw material source and the primary industrial processes from which they are derived.
It is also essential that the available volumes of materials are sufficient to make the
design of an alkali-activation process economically worthwhile in the longer term.
Some precursors will require extra beneficiation steps aiming to enhance their reac-
tivity and/or remove deleterious constituents (either due to hazard to the end user,
or because they interfere with the alkali-activation process), representing additional
costs and extra embodied carbon emissions. While some have well established and
mature beneficiation processes—e.g. coal fly ashes and blast furnace slags—new and
unconventional precursors still require extra attention and research before optimized
treatments are implemented. In this scenario, extensive research must be performed
in order to design cost-, energy- and environmental-efficient beneficiation stages.
However, the focus of this chapter is mainly on the description of the properties of
conventional materials, so beneficiation routes will not be explored in detail.

The diagram in Fig. 2 details the typical compositions (considering CaO, SiO, and
Al,O3 as the three main oxide components) of several materials that are commonly
mentioned in literature as precursors, along with their primary production processes
in the case of industrial byproducts. Among the available options, four materials
show the most relevant commercial potential: coal fly ashes, blast furnace slags,
metakaolin and silica fume, which are defined as conventional precursors and will
be discussed in more details in this chapter. These precursors have been used for
producing AAMs implemented in large-scale projects for over 60 years [1, 37, 38],
and still represent a large portion of the current research efforts concerning optimiza-
tion, performance enhancement, and improvement of service life of these binders.
Other potential precursors, called non-conventional precursors, will be discussed in
Chap. “Non-conventional Precursors and Activators”.

Coal Fly Ashes

Coal fly ashes'-? are obtained by the combustion of pulverized coal in thermo-

electrical power plants. Following specifications such as ASTM C618 [39] or EN
197-1 [40], fly ashes are divided in two classes according to their composition:
calcareous, or class C fly ashes, which presents higher levels of CaO (above 10 or
18 wt.% depending on the standard used) with the remainder of the oxide analysis
being mainly SiO,, Al;O3 and Fe,03; and siliceous, or class F ashes, with lower
CaO content and more dominant silicate phases. The differences in chemistry arise
mainly from the source of coal under combustion. The first group is usually obtained
by the processing of sub-bituminous coal [41, 42], while the second group is often

! For the remainder of the chapter, the term “fly ash” will be used simply to describe coal fly ashes,
without mentioning the natural extension to co-combustion ashes explicitly each time.

2 Ashes from the co-combustion of coal with other materials, e.g. different biomass sources, are
also included in standards of coal ash up to a certain blending degree—maximum allowed quantities
differ between different standards.
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Fig. 2 Distribution of chemical composition, considering CaO, SiO; and Al,O3, of the most cited
precursors in AAM systems. Image from reference [45], Author’s copyright. * Red mud presents
significant amounts of Fe,O3 up to 50 wt.%

the result of the combustion of coals of higher grade—anthracite and bituminous

coals [43, 44].

The schematic process of generation of fly ashes is illustrated in Fig. 3. In thermal
powerplants, coal is initially ground and pulverized before being added into the boiler.
The fine crushed coal is fed into the boiler which is blown with hot air, promoting the
combustion of the feedstock and the obtainment of steam for generation of electric
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Fig. 3 Schematic production processes of primary sources of coal fly ash. Image from Ref. [45],
Author’s copyright

energy. After combustion, droplets of fused material are formed by the melting
of the non-combustible inorganic compounds, and are exhausted from the boiler
along with flue gases generated in the process. The solid portion of the unburnt
material is captured and separated from the gases by electrostatic or mechanical
separation, while a chemical process, aided by sorbent materials, promotes the flue
gas desulfurization (FGD), which leads to the obtainment of valuable byproducts—
e.g. synthetic gypsum and the release of less harmful gases to the stack. The fused
material is forced to cool down rapidly, forming the typical spherical shape and
vitreous nature of the fly ash particles [41]. Along with fly ashes, coal bottom ashes
are also formed in the boiler as a secondary byproduct in the combustion process.
Coarser pieces of unburnt residues, generally up to 20% of the total volume of
combustion wastes, settle at the bottom of furnace. In general, these materials are
less valuable for applications as cementitious binders, as they require additional
grinding steps to enhance their reactivity. For that reason, bottom ashes are mostly
used as fine aggregates rather than as part of the binder phase [46, 47].

Table 1: Distribution of oxides, atomic ratios and amorphous degree of fly ashes,
slags and metakaolin reported in scientific literature. The schematic process of gener-
ation of fly ashes is illustrated in Fig. 3. In thermal powerplants, coal is initially ground
and pulverized before being added into the boiler. The fine crushed coal is fed into
the boiler which is blown with hot air, promoting the combustion of the feedstock
and the obtainment of steam for generation of electric energy. After combustion,
droplets of fused material are formed by the melting of the non-combustible inor-
ganic compounds, and are exhausted from the boiler along with flue gases generated
in the process. The solid portion of the unburnt material is captured and separated
from the gases by electrostatic or mechanical separation, while a chemical process,
aided by sorbent materials, promotes the flue gas desulfurization (FGD), which leads
to the obtainment of valuable byproducts—e.g. synthetic gypsum and the release of
less harmful gases to the stack. The fused material is forced to cool down rapidly,
forming the typical spherical shape and vitreous nature of the fly ash particles [41].
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Along with fly ashes, coal bottom ashes are also formed in the boiler as a secondary
byproduct in the combustion process. Coarser pieces of unburnt residues, generally
up to 20% of the total volume of combustion wastes, settle at the bottom of furnace.
In general, these materials are less valuable for applications as cementitious binders,
as they require additional grinding steps to enhance their reactivity. For that reason,
bottom ashes are mostly used as fine aggregates rather than as part of the binder
phase [46, 47].

The fraction of amorphous material in fly ashes—which is generally identified
as the main reactive fraction in these materials—varies from 40 to 90% of the total
volume. These differences arise from different characteristics of the initial source
material and the combustion process, such as coal grade, particle size distribution,
and cooling conditions of the molten material. Within a single batch, it is possible
to identify differences among the collected particles, as particles of different sizes
display different quenching rates according to their surface area. More rapid cooling
is obtained for smaller particles, increasing their final amorphous fraction, while
slower cooling rates in coarser particles might result in internal recrystallization
of the inner material, favouring larger residual crystalline regions [48, 49]. Mostly,
quartz is the main remaining mineral phase found in fly ashes, since SiO; is either
the first or second main inorganic component in coals. Minor quantities of mullite,
hematite, calcium aluminates, and lime can also be [50-52]; the latter two are mainly
observed in Ca-rich ashes and are also part of the reactive fraction of the ash.

The co-combustion of coal with other materials is a trending practice in power-
plants. While it lowers the CO, emissions attributed to energy generation, it also leads
to some changes in the compositions of the molten material that becomes the ash; this
may be either beneficial or detrimental. For instance, Saraber [50] and Wu et al. [51]
demonstrated that the use of agricultural wastes, such as poultry dung, and of rejects
from paper production, can increase the CaO content of the ashes, but the glass quan-
tity is reduced by approximately 25%. Similarly, Faleschini et al. [52] reported an
increased content of unburned material when refuse-derived fuels (RDF)—mainly
papers and plastics—are burnt in combination with coal, which results in delayed
setting and decreased strength of concrete when used as SCM.

Due to the large number of variables in their primary production process, fly ashes
present the largest variation in chemistry and amorphous fraction among the other
conventional precursors, as shown in Table 1—see Table 25.3 in [53] for details
compositional limits of SCMs and precursors in alkali-activated systems. While the
composition of siliceous fly ashes is dominated by SiO, and Al,Os3, calcareous fly
ashes represent an intermediate material in terms of chemistry. The higher contents
of CaO promote changes in the structure of the amorphous regions, and this class of
ashes is considered as an intermediate between blast furnace slags and siliceous fly
ashes with respect to their reaction potential.

Blast furnace slag

Blast furnace slags are obtained as valuable byproducts during the production of pig
iron, which is the first component in the manufacturing chain of steel [1]. Pig iron is
formed by the thermo-chemical reduction of iron ores in furnaces constantly blasted
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Fig. 4 Schematic production processes of primary sources of blast furnace slag. Image from Ref.
[45], Author’s copyright

with hot air, as illustrated in Fig. 4. The mineral ore and the coke are added at the
top of the furnace and becomes exposed to different temperatures before reaching
the bottom. The first step of the reaction is the formation of carbon monoxide by
sequential reactions of coke with oxygen, which leads to the reduction of Fe,O3;—FeO
at temperatures below 1000 °C shortly after the material is supplied. The mineral
passes through a thermal equilibrium stage in the middle of the furnace, and the
complete reduction occurs at the bottom at 1500 °C, with the separation of metallic
Fe from contaminants. Along with iron ore, the furnace is supplied with flux material
[54]. The melting stage is aided by the fluxes—limestone and dolomite—as they
induce a reduction in the viscosity of the molten material. Alongside the metallic Fe,
the contaminants of the ore react with coke, fluxes, and the hot air inside the furnace
to form an oxide phase called s/ag, usually rich in calcium silicate phases, and both
liquid slag and pig iron set in the bottom of the furnace in a region called hearth. The
two components are then physically separated from the molten iron in a skimmer
[27, 55], and individual outlets separate them.

At the end of the melting process, the temperature of the slag is approximately
1600 °C, and the cooling method is essential to determine its properties and reactivity.
Conventionally, high-pressure water-cooled granulation is used to enhance the heat
exchange and the cooling rate, promoting a larger volume of amorphous material
at the end of the process. Historically, some slags also used to be slow-cooled, but
this is rarely done now because of the loss of the cementitious value of the slag
as it crystallizes during slow cooling. Air-cooling and pelletization processes are
also gaining popularity, and can produce a broadly comparable material. Finally, the
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cooled slag is ground into a fine powder before being suitable to be used as a binder in
cementitious systems—due to the overall beneficiation process, it is also commonly
termed as ground granulated blast furnace slag (GGBFS).

Slags commonly have CaO as their main component, followed by SiO,, Al,O3
and variable quantities of MgO. They also contain a minor but important content
of reduced sulfur, which has a strong influence on the redox chemistry of alkali-
activated binders produced from slags. Although they are not as diverse as fly ashes,
variations in chemistry can still be expected in slags due to the source of the iron ore,
the composition of the fluxes and the use of burning gases to enhance the capacity
of the blast furnace [56, 57]—see Table 1.

The combination of higher CaO and amorphous contents, compared to fly ashes
and other precursors, leads to the classification of this precursor as the closest one to
cementitious (latent hydraulic) in nature. The reactivity of slags is usually a function
of its basicity index, which is expressed by the CaO/SiO, or (CaO + MgO)/SiO; ratios
of the precursor [58—61], as this definition is dependent on the approaches chosen by
different authors. In essence, the basicity of a slag distinguishes precursors as either
basic or acid [59], with the former presenting higher reaction potential. The presence
of significant amounts of CaO and low contents of SiO, promotes the formation
of similar phases to the ones present in clinker [58], thus facilitating the reactions
with alkaline solutions and making this a valuable raw material for both AAMs and
blended cements. It is important to state that, while a high basicity index increases
reactivity, it also promotes a higher viscosity of the molten slag [62, 63] and creates
challenges during its production.

Metakaolin

Metakaolin is a metastable mineral phase produced by the thermal treatment (calci-
nation) of kaolinitic clays. These clays can be obtained directly by the extraction of
natural deposits or by the reutilization of wastes from mining, or from the manu-
facturing of paper, ceramics, and refractories. Kaolinite is comprised of continuous
sheet-like structures of SiO, and Al,O3. In one layer, Al is found in octahedral coor-
dination with repeating AlOg basic units that carry bound hydroxyl groups, while
the second layer is composed of SiOy4 tetrahedra arranged in continuous sheets of
six-membered rings [64, 65]. As shown in the sketch of Fig. 5, Al is partially bound
to the SiO; structure of the adjacent layer and to H in the opposite face forming
AlO,(OH), sheets, and these continuous structures are stacked with a distance of
approximately 7.2 A between two sheets [66].

The calcination of kaolinite enhances its pozzolanic reactivity, making it a suitable
precursor for alkali-activation [46]. The thermal treatment promotes the dehydroxy-
lation of the original framework and reduces the ordering of the continuous Al,Oz—
Si0O, sheets, although the layered structure is retained so the material is not truly
“amorphous” [67]. The resulting material is a disordered aluminosilicate mineral
[68, 69], and the reactive portion is slightly different than slags and fly ashes due to
the nearly negligible amounts of network modifying oxides in the original clay—see
Sect. 3.1 for more details.
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Al,Si,05(0H),

Fig. 5 Schematic illustration of the structure of kaolinite. Adapted from [66], copyright Elsevier

The features of the reactive portions are dependent on the temperature and dura-
tion of the calcination. In general, higher temperatures promote a more significant
breakdown of the original structure. The main structural changes are observed in the
Al,Os3 layers, which convert the octahedral coordination into the less stable AlOy4
and intermediate AlOs units [70, 71]. The loss of chemically bound water and desta-
bilization of the original structure begins at approximately 550 °C, as determined by
White et al. [72] via inelastic neutron scattering, and occurs up to 800 °C [73-75]. A
significant change in the Al coordination starts at approximately 600 °C [66], with a
continuous increase of four- and fivefold coordinated Al at the expense of AlOg, up
to approximately 900 °C [70]. Above this threshold value, the formation of sixfold
coordinated units is again observed, and the more stable mineral phase mullite is
formed [76].

Structural changes are also observed outside this temperature window, depending
on the heating rate and length of the thermal treatment. As observed in the plot in
Fig. 6, the dehydroxylation of kaolinite achieves similar weight loss, after 6 h of
treatment at 500 °C, to values measured with continuous heating up to 700 °C, as
measured per thermogravimetric analysis. Similarly, Khaled et al. [77] reported that
a similar reactivity was achieved for clays treated for 1 h at 500 °C compared to a
30 min-step at 600 °C. On the other end of the process, Sanz et al. [71] determined
that a long treatment of 36 h, at 850 °C, was sufficient to replicate quantity of mullite
formed after a 3 h treatment at 980 °C.

The final chemical composition of metakaolin is fully dependent on the purity of
the original clay. In natural deposits, kaolin is usually found to be combined with
quartz, as well as some feldspars, iron-containing minerals, and other clays, which
can impact the final reactivity of the treated metakaolin [46, 66, 71]. In industrial
processes, the sourced mineral often goes through various beneficiation treatments, as
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Fig. 6 Thermally induced weight loss of pure kaolinite, measured by thermogravimetry, with a
heating rate of 5 °C/min followed by an isothermal hold for 6 h at the indicated temperatures.
Adapted from [72], copyright Elsevier

amineral of high purity is usually required [78, 79]. However, this high purity is rela-
tively less important when considering utilization as an alkali-activation precursor,
which means that impure kaolinitic clays can also become valuable. In general, the
composition of metakaolin does not present variations as wide as fly ashes, as detailed
in Table 1.

Silica fume

Silica fume is obtained as a valuable byproduct from the production of elemental
silicon and ferrosilicon alloys. The same production principle is used in the two
processes, but the different raw materials implemented in each promote differ-
ences in the final characteristics of the byproduct. In both conditions, high-purity
quartz is reduced under high temperatures (approximately 2000 °C) in electric arc
furnaces, generating silicon dioxide vapor, which is then precipitated by cooling
into nanoscopic particles [61]. Silica fume typically contains more than 85-95%
Si0,, with an average particle size of about 0.1-0.5 pm. It is a very reactive, rather
pure source of silica that is widely used in blends with Portland cement as the high-
reactivity pozzolan commonly available; in alkali-activation it is generally used as
a supplementary silica source to adjust mix compositions, rather than as a primary
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precursor in its own right, because the absence of aluminium means that it does not
form an effective N-A—S—H type gel [80].

2.2 Selection of Activators

Out of the several reported activators used in alkali-activated binders, alkali hydrox-
ides, silicates and carbonates are the most explored due to their high reactivity and
relatively low cost [1, 81]. Activators play the joint role of catalyst and reaction
participant, facilitating the initial dissolution process of precursors and accelerating
the steady formation of hardened binders [82]. These components of the mix must
provide sufficient alkalinity to promote the breakage of the glass network of the
precursors, and be optimized to maintain appropriate fluidity to favour the growth of
stable reaction products [83]. In the majority of applications, activators are prepared
in a separate step prior to mixing with precursors, promoting a homogeneous distribu-
tion of reactive alkaline species within a liquid media. Commercially available activa-
tors are already supplied in liquid form by manufacturers, facilitating the preparation
of AAM-mixtures. Extensive research has also been dedicated to the implementation
of one-part geopolymers by utilization of solid activators mixed with particles of the
precursor material [81-83]; see Sect. 4 for more details of that type of process, while
the remainder of this section is dedicated to two-part (liquid activator) systems.

The efficiency of an activator requires the correct choice and dosage of the reactant
material, factors which are directly correlated with the characteristics of the precursor.
For instance, Ca-rich materials display different dissolution behavior compared to
precursors mainly based on aluminosilicates [84, 85], as the higher degree of depoly-
merization of the glass network requires lower alkalinity levels to promote dissolu-
tion. In general, increased concentration of alkalis in aqueous media promotes a
stronger cohesion of the hardened matrix and consequently improves the mechan-
ical properties of AAMs [2]. However, this enhanced performance is expected only
up to a threshold value, and the excess of alkaline ions can lead to additional issues
in terms of evolution of microstructure, service-life and lifecycle assessment [9, 86,
87]. An extremely high pH of the activator can induce flash setting and increase the
viscosity of the activating solution [27], which hinders a continuous dissolution of
the precursor and results in a coarse microstructure, compromising the final perfor-
mance; the excess of alkaline ions can more easily trigger the formation of expansive
products via alkali-silica reactions or the occurrence of efflorescence [2, 3], which
further shortens service life of concrete elements. Finally, excess of activators can
decrease the environmental profile of the binder, as activators present the highest
global warming potential among components of AAM mixtures [88].

The majority of activators used in a practical sense are sodium based, either in the
form of hydroxides, carbonates, or silicates. While in the first two cases one always
refers to the molarity of the alkaline solution and ratios of Na,O to the precursor
(n, or mass of alkaline oxide per 100 g of precursor), the latter case is also strongly
influenced by the silica modulus (M) of the solution, calculated by Eq. (1):
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M, = [SiO,] 0
[NazO]

When sodium silicate (also termed waterglass) solutions are used, mixing proce-
dure and performance are directly influenced by the Ms of the activator. When used in
excess, a critical issue appears with the rapid workability loss of alkali-activated slag
mixtures [84]. Limited setting time and uncontrolled stiffening process have been
frequently reported in silicate-activated slag [89-91], leading to great challenges in
the mixing, delivery, pumping, casting, and consolidation of some fresh mixtures.
Previous studies have illustrated the significant influence of silicate modulus (Ms) on
the mineralogical and chemical properties of reaction products in alkali-activated slag
[92, 93]. It has been suggested that the rapid setting is attributed to the precipitation
of primary C—(A)-S—H type gels [94-96].

It should also be noted that numerous research studies use the shorthand
“NaySiO3” as an abbreviation for sodium silicate in describing mix designs. In most
cases this is done incorrectly, as liquid sodium silicates are not commercially supplied
at this 1:1 molar ratio of Si0,:Na,O (although some solid sodium metasilicates are),
due to the tendency of sodium silicate liquids at this concentration to precipitate
[97]. Common liquid silicate compositions include molar ratios My of 2.0 or 3.3,
although other ratios are also available. This imprecision in description by many
researchers causes difficulty in interpretation and reproducibility of the technical
literature, as the chemical notation is used incorrectly in so many cases, and it is
strongly recommended that this be treated with more care in future studies.

Potassium-based activators are also used, and perform largely equivalently to their
sodium counterparts, although with some differences in the relative rates of disso-
Iution and reprecipitation aspects of the reaction process, and also some alteration
in viscosity of the paste. Potassium silicate and hydroxide are more expensive than
sodium silicate and hydroxide, which means that they are mainly considered for use
in higher-value, lower-volume applications including “ceramic-type” applications or
nuclear waste immobilization.

3 Reaction Mechanisms and Influencing Factors

The wide range of solid precursors and processing parameters, discussed in the
previous sections, introduces additional complexity to AAMs, as these conditions
have crucial effects in the properties of fresh and hardened binders. While this brings
a certain versatility to the technology, allowing fit-for-purpose formulations, each
mix design differs from the others in terms of reaction mechanisms, hindering the
applicability and marketability of the technology.

The reactivity of alkali-activated systems, as well as the evolution and final features
of the microstructure, is largely dependent on the mixture design and on processing
conditions. In a simplified way, the reactivity of precursors can be directly linked to
the initial content of CaO, especially in the initial stages [1, 98]. High-Ca precursor



Conventional Precursors and Activators 37

materials react more rapidly in environments with low or moderate alkalinity, such as
when a carbonate or sulfate (near-neutral) activator is used [99, 100]. For comparison,
when slag is utilized as an SCM in blended PC-based systems, faster reactions and
strength development are usually observed in comparison to the implementation
of metakaolin or fly ash [101-104]. This occurs because slags behave as latent
hydraulic materials, i.e. in long periods they are expected to react in aqueous media
containing only water. On the other hand, fly ashes and other low-Ca materials
behave as pozzolanic materials due to their polymerized Al-Si-dominated structure,
and require activating enhancing agents in AAM-systems—e.g. high alkalinity, and
sometimes also benefit from higher reaction/curing temperature [12, 105]. These
distinct mechanisms, arising from differences in the amorphous framework, have
direct impacts on reactivity and final reaction products, which will be discussed in
the next sections.

3.1 Structure of Disordered Portion of Precursors

The reaction potential of a crystallographically disordered precursor in alkali-
activation is often linked to the total volume and connectivity, and to the chemical
composition of the amorphous portion [81, 106]. Additionally to the lack of long-
range order, the atomic short-range organization of glass structures can be modified
by the presence of several elements, and these alterations have a significant impact
on the overall reaction process. A glass structure is basically composed of network
forming (NWF) and network modifying (NWM) oxides, which differ in coordination
and in roles within the framework [107, 108]. NWFs present stronger M—O bonds
and are more thermodynamically stable, forming cohesive structures [107], where
M stands for metallic elements.

In aluminosilicate glasses, which represent the reactive portion of blast furnace
slag and fly ash, SiO, is the main NWF. Si presents a tetrahedral coordination (with
SiOy4 as the basic unit), and each oxide of the network can be shared with other
tetrahedra, forming different structural units [107]. Al,O3 partially displays the same
behavior as SiO», as it can act as an NWF in fourfold coordination, and as a NWM in
both fivefold and sixfold coordination [109, 110]. When acting as a network forming
agent, Al substitutes one Si atom in tetrahedral structures forming [AlO4]™ sites,
requiring the presence of charge-balancing (e.g. alkaline or alkaline-earth) cations to
maintain the local electrical neutrality [107]. These Al-Si network-forming units are
classified using the notation type Q"(mAl), with 0 < m < n < 4—where n is number
of connected SiOy4 units and m represents the amount of Al-substituted sites and can
be identified using solid state 2°Si magic-angle spinning nuclear magnetic resonance
(¥SiMAS NMR) [111]. As shown in Fig. 7a, b, each unit presents typical resonances
ranging from approximately —50 2°Si/ppm (with n = 0, in fully depolymerized sites)
to approximately —120 2°Si/ppm (with n = 4, in fully polymerized sites) [111, 112].
Additionally, ”” Al MAS NMR can be used to identify the three different AI-O units,
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Fig. 7 Schematic illustration of structural units and their typical reflections in >°Si and > Al MAS
NMR experiments: a pure SiO4 and b and Al-substituted SiO4 units; ¢ Al-O units. Adapted from
[111], copyright Elsevier

as fourfold (A1), fivefold (A1Y) and sixfold (Al'Y) coordination also have their own
characteristic chemical shifts [111, 112] see Fig. 7c.

The core of the amorphous structure of a precursor is formed by a repetition of
basic units of NWF oxides. Shared oxygen sites in between two tetrahedra are named
bridging sites, and the connections made by these elements in the silicate network can
be disrupted by the presence of NWM oxides of alkaline and alkaline-earth elements.
These compounds promote the breakage of Si—O bonds in bridging points and form
separate Si—-O-M* bonds, following the reaction displayed in Eq. (2) [107]. The
result is an even shorter range of atomic order by formation of non-bridging oxygen
(NBO) sites in AAM-precursors, CaO, MgO, Na,0 and K;O are the most common
NWMs [107]. By reducing the total amount of bridging oxygens, NWMs decrease
the overall cohesion of the microstructure and reduce the energy barrier required to
initiate dissolution and further stages of reaction [113, 114].

=Si—-0-Si=4+M;0 »=Si—O0-M"+M" -0 -Si= 2)
The depolymerization effect of NWM oxides has been described by many authors,

and they induce a clear distinction between high- and low-Ca precursors, for instance.
Fly ashes can present up to 90% Si Q* species and nearly no remaining individual
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SiOy4 (Q°) units, while slags mainly display networks with short chain lengths (Q' and
Q?)[99, 115, 116]. As reported by Miranda de Lima [45], a quantitative determination
of silicate units can be directly correlated with the fraction of Ca in precursors of
different sources. The authors characterized the structure of glasses in the CaO—
Al,03-Si10, (CAS) system, comparing their findings with additional results reported
in literature. Figure 8 shows the linear correlation established in that work, which
successfully correlates the content of the most polymerized units (Q* + Q*) with the
Ca/(Si 4 Al) ratio of synthetic and commercial slags and fly ashes.

In addition to promoting the depolymerization of amorphous portions, Ca changes
the main structure of the glass phases. The maximum 26 angle value of the diffuse
scattering, in X-ray diffraction (XRD) patterns, has been observed to display a direct
relationship with the CaO content of the precursor. This correlation was first studied
by Diamond [117], who reported a linear trend valid for low- and high-Ca fly ashes
containing from 0.9 wt.% to 20 wt.% of CaO. McCarthy et al. [118] supported
this correlation by creating a database of 178 samples from different sources in
USA, which resulted in a similar, although not equally, strict trend—see Fig. 9a.
In both cases, the linear relationship is interrupted at an upper CaO wt.% threshold
of approximately 20 wt.%, as all calcareous ashes displayed similar maximum 26
diffraction angles between 30 and 32°. A similar correlation with synthetic glasses
mimicking the composition of slags was established by Goto et al. [119]. Those
authors reported a linear relationship of the maxima diffraction intensity with CaO
contents above 30 wt.%, which follows a similar slope as the majority of the fly ashes
reported by Diamond, as shown in Fig. 9b.

The relationships described by the authors indicate the existence of two separate
regions in both ends of Ca contents. Siliceous fly ashes display diffraction maxima
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close to aluminosilicate dominated structures, such as mullite (26 = 25.97°; powder
diffraction file (PDF)# 00-015-0776) and sillimanite (20 = 26.19; PDF# 00-001-
0626), and to pure SiO, phases like cristobalite (20 = 21.95°; PDF# 00-011-0695).
Similarly, the negligible Ca content in metakaolin pushes the maximum intensity of
the diffuse scattering to values below 25° 2q, as reported by different source mate-
rials in different scientific publications [66, 69, 120—123]. Slags diffraction patterns
often present reflections comparable to those observed in Ca—Al-rich phases such
as gehlenite (20 = 31.36°; PDF# 00-020-0199) and dkermanite (260 = 31.13°; PDF
# 00-035-0592), while calcareous fly ashes are in the intermediate region between
both areas. As conventional precursors display variable levels of residual crystalline
phases, it is easily assumed that the vitreous portion is composed of regions which did
not convert into organized atomic arrangements due to high cooling rates. Conse-
quently, the residual glass resembles what would be stable crystalline structures
formed by the locally available atoms [124]. This observation is in agreement with
several results available in the literature [11, 125-128], with mullite representing up
to 22% [48] of the mineralogical composition of fly ashes, and slag displaying well
defined residual presence of gehlenite, dkermanite and even tricalcium aluminate
(C3A) [129, 130].

3.2 Kinetics of Dissolution

In alkali-activated systems, the first stage of the reaction is the dissolution of the
precursor, which starts immediately after contact with the alkaline activator [81].
Dissolution is a continuous process that promotes the breakage of covalent and ionic
bonds from the glass network, releasing reactive aqueous species to the surrounding
media. The reaction is prompted by the ionic strength of the liquid activating solution
[3, 131, 132], and the rate of release of elements from the original framework is
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dependent on both the solution alkalinity and the polymerization degree of the glass
network of the precursor [107, 110].

The scheme shown in Fig. 10 illustrates all the steps involved in the dissolution of
precursors, covering the stage termed forward dissolution period prior to the stable
precipitation of reaction products. Initially, the framework goes through a proton
exchange mechanism (I.) between aqueous species and cations loosely bound to the
glass network [81] identified with orange color. This triggers a significant release of
Na* and Ca’* to the aqueous media (II.)—identified with red color and is described
as a cationic leaching process. Then, hydrolysis of primary and stronger covalent
bonds of bridging oxygen atoms begins (II.), disrupting aluminosilicate chains or
opening rings into smaller chains [133]. The intensity of this stage is directly linked
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to the alkalinity of the aqueous media, credited to the concentration of OH™ species
arising in environments with increasing pH. At this stage, the release of Al-species
usually occurs earlier than release of Si-species, since AI-O bonds are weaker than
Si—O bonds [131, 132]. The just-released cationic species are prone to interact with
other aqueous species, forming complexes (IIL.), and with the course of time, the
concentration of such complexes increases until nucleation of reaction products is
observed (IV.) [81, 134]. The complexed ions combine among themselves and with
other reactive species in the surrounding media to form the first nanosized units of
solid products (V.) [135, 136], which will eventually coalesce and grow into stable
solid products (VL.).

The influence of chemical composition on the initial stages of alkali-activating
reactions is rather complex to determine quantitatively, since it involves the (very
difficult) accurate replication of the scenarios occurring in very early stages of reac-
tion. Such studies are performed in far-from-equilibrium conditions by using high
solution to precursor ratios and focus mainly on the forward period prior to the precip-
itation of any reaction product. High-Ca compounds are expected to display higher
dissolution rates [13—15], and therefore an enhanced reactivity. The initial cationic-
exchange step makes Ca immediately available to be combined with others and form
the first nuclei of reaction products [81]. Snellings et al. [137] and Schéler et al. [110]
investigated the dissolution kinetics of synthetic glasses resembling blast furnace
slag, siliceous and calcareous fly ashes in NaOH and KOH solutions, respectively.
As shown in Fig. 11a, b, the authors reported forward dissolution rates of Si (r, s;) and
Al (13 A1) up to 1.5 orders of magnitude higher for percalcic glasses when compared
to low-Ca materials, establishing linear correlations between the dissolution of Si
and Al with the fraction of Ca and the NBO/T of the original framework.

Zuo [138] also investigated the effect of the molarity of NaOH in the initial
reaction kinetics of slag, and proposed the linear correlation shown in Fig. 1lc,
which establishes a relationship of the dissolution rate of Ca with the pH of the
solution. The type of NWM oxide has been found to have little influence over the
initial reactivity of AAMs. Hamdan et al. [139] compared the dissolution behavior of
synthetic slags obtained in the MgO-CaO-SiO,—-Al, 03 system. With fixed Si and Al
contents, those authors did not observe significant changes in dissolution rates arising
from a gradual substitution of CaO by MgO, in agreement with the lack of changes
in glass structure. However, the authors reported major changes in the subsequent
stages of reaction, as an excess of MgO hindered the precipitation of silicate reaction
products.

3.3 Pore Solution and Precipitation of Reaction Products

In the early stages of the alkali-activation reaction, after the precursors have dissolved
to a sufficient extent to reach supersaturation and enable the formation of new solid
products to start, the precipitation rate of reaction products is related to the dissolved
concentrations and thus the dissolution rates of the main components of the precursor.
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Therefore, the more significant release of Ca and Al in the initial moments of reaction
in slags, compared to fly ashes (assuming that the activator is already supplying the
necessary Si), is expected to result in a quicker supersaturation of the pore solution
with respect to binding phases, and consequently to promote faster precipitation of
these phases. It is of course important to balance the different reaction rates to enable
setting and hardening to take place within a desirable timeframe; reactions that are
either too slow or too fast give inconvenient behavior when considering practical
use of a cement or concrete. The tailoring of the relationship between activators
and precursors enables this balance to be achieved in a robust and now relatively
well-understood manner.

Among the many conventional experimental techniques that are available in the
laboratory, the use of isothermal calorimetry provides a good measurement of the
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chemical reactivity of a system, due to the exothermic characteristics of both disso-
lution and phase precipitation reactions. In such tests, the measurement of the heat
release of alkali-activated pastes forms an initial high-intensity peak, attributed to
the initial breakdown of the framework of the precursor [140]. This initial period is
usually followed by an acceleration stage, which is typical of the initial precipitation
of reaction products [105, 141, 142]. Therefore, the analysis of the cumulative heat
release of pastes tested under similar conditions, at different ages, can provide a
direct comparison regarding the evolution of the reaction in different systems.

The visualization of the reaction evolution using in-situ calorimetry was well
illustrated by Sun and Vollpracht [143], who compared the first 48 h of reaction of
pastes activated with NaOH and measured a cumulative heat release up to 10 times
higher in slag-based systems compared to fly ash ones see Fig. 12a, b. It is interesting
to mention that these higher cumulative values are measured despite the fact that the
maximum heat flow intensity was obtained in one of the fly ash-pastes. Moreover,
it is easy to notice that higher molarities of NaOH (denoted by the numbers in the
arrows attached to each curve) increased the final heat release, as the reactivity of
AAMs are normally enhanced by higher alkalinities up to a certain extent—it has
been claimed that, above threshold values around 8 mol/L, the high concentration of
activator retards the reaction process at later stages [92, 141, 144].

With respect to the activation of metakaolin, Zhang et al. [145] observed the
absence of a significant acceleration stage in NaOH solutions of 12 mol/L at 20 °C.
However, it is interesting to point that, at 40 °C, the same mixtures presented the
formation of two acceleration stages, credited to a structural reorganization of initial
formed N-A—-S—H type gels into zeolite-like crystals see Fig. 12c. The reaction
has also been observed to be delayed in sodium silicate solutions [146], directly
proportional to the silicate modulus of the activator. At a Si0,/Na,O ratio of 1.6, the
acceleration peak was either absent (at 25 °C) or significantly less intense (at 40 °C),
resulting in a reduction of the overall degree of reaction by approximately 40% when
compared to a modulus of 1.0.

The faster reaction of high-Ca precursors has a direct influence on the strength
development of AAMs. For instance, Deir et al. [147] found that slag-based pastes,
activated with waterglass and cured for 1 day at 50 °C, achieved approximately 2.5
and 2.8 times higher compressive strength values than pastes made with calcareous
and siliceous fly ashes, respectively, under similar conditions. Moreover, the authors
reported that, for a same silicate modulus, increasing Na, O content led to the forma-
tion of calcium aluminosilicate hydrate gels C—(A—)S—H type gels with higher Ca/
Si ratios in slag-based pastes. In a similar trend, Le Saout et al. [23], verified a
change in Ca/Si ratio from 0.89 to 0.82 in one day old alkali-activated slag pastes,
when activated with NaOH and waterglass respectively, while the degree of hydration
decreased from 47 to 41%.

Al has also been shown to directly influence the phase assemblage of mortars
and pastes made with synthetic glasses after the first days of reaction, particularly
increasing the formation of AFm phases [100, 148]. In the same works, the Si/Al ratio
of N-A—S—-H gel has been found to follow the initial element ratios in a quasi-linear
trend in low-Ca systems, as the NaOH-activation of sodium aluminosilicate synthetic
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glasses reached final ratios of 1.7 and 5.3 after 20 h of curing at 80 °C (initial element
ratios of 2.0 and 6.3, respectively). With respect to sodium silicate activation of fly
ash (Ms = 0.79), Provis and van Deventer [149] observed more significant changes
in the Si/Al ratios of reaction products in early stages using mathematical modelling
and in-situ energy dispersive X-ray diffractometry. The authors reported a reduction
of the Si/Al ratio of amorphous gels by the attachment of Al-species in the first 90 min
of reaction (reduction from approx. 4.0 to 1.0), while Singh and Subramaniam [150]
observed an evolution in the presence of Si content of the gels with time regardless
of curing temperatures. With the aid of SEM and EDS, the authors calculated an
increase of the Si/Al ratios from approx. 2.0 to 3.5 from 1 to 14 days by the slow
incorporation of aqueous silicate species, with negligible changes taking place at
longer ages.

Another influencing factor is the choice of the activator type, which influences
greatly the type and amount of reaction products forming in the cementitious matrix.
Lloyd et al. [151] were among the first ones to observe differences in the nucleation
and growth mechanisms of fly ashes activated in different alkaline media. The authors
reported a much less uniform microstructure in NaOH-activated when compared to
waterglass-activated materials, as the less dense characteristic of the matrix in the
former allows an outward growth of initially precipitated units of N-A—S—H type gel.
Recently, Sun et al. [83] compared the differences in the development of yield stress
in alkali-activated slags using NaOH and waterglass as activators, using in-situ SEM
to observe the evolution of the microstructure in different media. The author found
that, in waterglass-activated systems, the prompt availability of dissolved silicate
species allowed the formation of a less flocculated system with smaller solid crys-
tallites homogeneously distributed in the matrix, while NaOH favored more rapid
precipitation of C—A—S—H gel and hydrotalcite, anchored in the precursor surface
forming thick rim products—see the sketch in Fig. 13.

3.4 Microstructure and Reaction Products

The differences in reaction kinetics have a direct influence in the type and quantity
of the reaction products present in the final microstructure of AAMs. In summary,
the hydrated gels to be formed can be categorized in two main groups according to
the role of Ca, as schematically illustrated in Fig. 14. In Ca-rich systems, Ca acts as
both anchor for nucleation of CaO sheets surrounding silicate chains with variable
level of Al'Y substitution, and as charge compensator of [AlO4]™ sites along with
other alkaline species (C—(N-A—)S-H type gel) [2, 3]. The C—(N-A-)S—H type gel
is described in the literature as a low-order version of tobermorite, which is one of the
crystalline analogues used to describe the structure of C—S—H, with alternate layers
of CaO and finite silicate chains [16, 152]. C—(N-A-)S—H-type gel displays lower
Ca content (showing usually a Ca/Si ratio of around 1.0) and higher Al content (with
Al/Siratio in the range of 0.1-0.2) than C—S—H formed by Portland cement hydration
[16, 152-154]. In systems containing low-Ca precursors, Ca is either incorporated
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Fig. 13 Schematic illustration of the distribution of crystallites formed in the initial moments of
reaction of alkali-activated slag in: a sodium hydroxide media; and b sodium silicate media (the
reaction products are represented with grey dots). Adapted from [83], copyright Elsevier

in N/K-A-S-H type gels [27, 82] as charge balancing species forming N/K—(C-
)JA-S—H gels, or it is consumed to form secondary reaction products. The N/K-
(C-)A-S—H gels can be considered a zeolite-precursor product, presenting similar
chemical composition to this class of minerals and structural arrangement limited to
short-range order, as reported using X-ray pair distribution functions [155, 156].

The distinction between the Ca-rich and other gels is hard to achieve via most
analytical techniques, as the hardened cementitious matrix is composed of an intimate
mixture of different reaction products, most of which lack crystalline ordering. A
few authors have implemented phase segmentation through chemical analysis [92,
142, 157-162], which has showed to be helpful in the separation of the main gel
phases from secondary reaction products. With respect to hydrated gels, the nano-
scale volume of each one imposes extra challenges, as they are usually intermixed
forming agglomerated regions composed of several gels with different chemical
compositions.

The implementation of selective dissolution based on a combination of salicylic
acid and methanol (SAM), suggested initially by Takashima [163], can be used on an
attempt to quantify the amount of each gel. This treatment is considered suitable for
the dissolution of Ca-containing structures, such as C—S—-H, C—A-S-H and C-N-A-
S—H. After long curing periods, SAM dissolution has been successfully used for the
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Fig. 14 Conceptual model of alkali-activation of low- and high-Ca precursors. Flowchart adapted
from [27]

qualitative study and quantification of N-~A-S—H and N—(C-)A-S-H gels in alkali-
activated blends of slag and fly ash [161, 164]. By combining phase segmentation
of SEM images, quantitative X-ray diffraction and selective dissolution, Miranda
de Lima [45] established a correlation between the quantitative determination of
variations of C—S—-H and N-A-S-H gels—see Fig. 15. The authors analyzed 18
different comprised of synthetic glasses resembling slags and fly ashes, and proposed
empirical phase assemblage indices which estimate the final quantity of both classes
of gels, accounting for chemistry of the precursor, activator, and curing temperature.
Equations (3a) and (3b) have been defined for the estimation of C—(N—-A—)S—H and
N-A-S-H gels, respectively. The colors of the data points indicate pastes made with
individual precursors cured at 20 and 60 °C, and pastes made with blended precursors
cured at 20 °C.

C Si C C Si+ Al
— (N— A—)S — Hindex = arst ta Catoid
Ca+Si+Al+Na Na Ca+ Si+ Al+ Na
(3a)
Siprecursor + Al Na Siall Siall T

N —A —S —Hindex = . shiai :
Ca+ Slprecursor +Al4+Na Ca Ca Slprecursor Tref

(3b)
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Fig. 15 Correlation of the nucleation indices proposed by Miranda de Lima et al. with the quan-
titative (wt.%) formation of different categories of hydrated gels: a C—(N-A—)S—H gels; and b N-
A-S-H gels. The indices indicated in the abscissa were defined by the normalized of each one to
their sum. Image from Ref. [45], Author’s copyright

The formation of secondary reaction products is expected in both classes of precur-
sors, contributing to up to 15% of the volume of the final microstructure [6, 142].
Similarly to what is observed in the hydration of Portland cement, these phases
are influenced by the presence of secondary oxides and, specifically in AAMs, by
curing conditions and alkalinity of the solution [6—8]. The bulk composition of such
precipitates is usually out of the chemical composition stability domain range of
pure gels. The two main secondary products are a Mg—, Al-rich lamellar struc-
ture, and AFm-like phases [16, 165]. The Mg—Al layered double hydroxide (LDH),
a hydrotalcite-resembling phase composed by alternate layers of brucite-like and
gibbsite-like units, is usually formed as a rim product during the initial stages of
dissolution due to the low mobility of Mg, consuming the majority of Mg atoms
supplied by the precursor [151, 153, 166, 167]. However, it is only observed with
an MgO content above 5% [16, 168]. A few authors have also reported that varying
levels of MgO will not show effect on the chemical composition of C—(N-)A-S-H,
thus proving its functionality only as LDH forming agent [169, 170]. The second
most important secondary precipitates are AFm-like phases, in which the structure
is similar to a layered double hydroxide but the main layer is based on portlandite
rather than brucite, with anions providing charge-balancing conditions on the second
layer [169].

The main secondary reaction products in low-Ca systems are zeolites. These
compounds form a group of crystalline materials with similar chemical compo-
sition to N/K—A—S—H gels but with a highly connected tetrahedral aluminosilicate
network, displaying a microporous structure with high surface area[171, 172]. Due to
their similarity, N/K—A—S—H gels are considered nano-structured zeolite-like species
which will not display a full crystallization behavior due to short-term curing condi-
tions and/or the absence of the water or space needed to enable full crystallization
[173]. The type of zeolite to be nucleated is highly dependent on parameters of the
reaction, such as H,O/SiO, and OH—/SiO, ratios, amount of cations, Si/Al ratio, and
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Si0,/Na, O ratio [173]. Formation of a wide range of zeolite types has been reported
in the literature, and the catalogue of such phases is vital for a proper understanding
of nucleation mechanisms of reaction products and their performance during the
application AAMs.

The current state-of-the-art leads to the conclusion that, within all stages of alkali-
activating reactions, many factors can have an immediate impact in the microstruc-
ture and properties of these binders. Characteristics such as the nature of precursors,
the concentration of activators, or curing conditions, should be carefully considered
when tailoring mixtures aiming specific applications, as they impose a great influence
over the precipitation reaction products and, consequently, performance and service
life of AAMs. The great environmental advantages of these systems, and their high
potential to be regarded as a solution for a sustainable future of the building industry,
combine to strong motivating factors for in-depth studies of their reaction mecha-
nisms, solving the existing knowledge gaps and maximizing the application potential
of these binders.

4 One-Part Alkali-Activated Systems

In recent years, the development of one-part or “just add water” alkali-activated
cements (AACs) has gained significant attention [174]. One-part AACs are prepared
by combining a solid aluminosilicate precursor and a solid alkaline activator to
produce a powder that hardens once in contact with water. In practice, fine and
coarse aggregates are added to the mix to produce dry-mix mortar or concrete, but
this section focuses on the binder part of the mix. Consequently, it is considered
that their primary advantage over conventional (or ‘two-part’) AACs is avoiding the
practical difficulties and hazards associated with the handling of strongly alkaline
solutions. One-part AACs are therefore considered to be particularly suitable for
situations where it is difficult to handle large volumes of alkaline solutions on site.
Historically, one-part AACs are as old as the alkali activation concept itself [175].
The earliest patents related to alkali activation by Whiting in 1895 [176], Kiihl in
1908 [177], and Purdon in 1940 [178] all used one-part mixes. Since then, many
combinations of precursors and activators have been investigated in the pursuit of
manufacturing one-part AACs. This includes combinations of conventional precur-
sors (i.e. fly ash, blast furnace slag, metakaolin) and conventional activators (i.e. solid
alkali hydroxides and alkali silicates), as well as a rapidly growing range of uncon-
ventional precursors (e.g. other metallurgical slags) or activators (e.g., highly alkaline
biomass ashes or red mud) [179]. The scientific literature of one-part AACs has been
reviewed extensively in [174, 180], and aspects related to one-part alkali-activated
concretes is discussed in [175]. This section focuses on giving an overview of the
manufacturing routes of one-part AACs. The feasible manufacturing routes for one-
part AACs are largely dependent on the properties of the starting materials including:
the reactivity of the precursor(s), and the dissolution kinetics of the activator(s). For
this reason, a brief overview will be given for the different manufacturing routes,
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describing which combinations of precursors and activators have been used for each
route. This will be followed by a summary of the open questions and challenges in
the future development of one-part AACs.

4.1 Routes for Producing One-Part Alkali-Activated Cements

Three main routes have been used for production of one-part AACs, and they are
summarized in Fig. 16.

Dry-Mixing Precursor and Activator

Dry-mixing is the simplest route—the precursor and solid activator are dry-mixed,
before adding water. This is attractive in its simplicity, as it does not require any addi-
tional processes beyond the mixing itself. Conventional activators have been used in
dry-mixing, for example: sodium silicate in solid form, dry-mixed with a metakaolin
precursor [181], waste clay brick powder blended with fly ash and slag [182], and
a combination of sodium hydroxide and sodium silicate, dry-mixed with fly ash
[183]. While alkali hydroxide and alkali silicate activators may be feasible to use
for one-part AACs in laboratory studies, they do not necessarily fulfil the conditions
for industrial use. Given that they are highly hygroscopic under typical atmospheric
conditions, their shelf life cannot be guaranteed unless effectively sealed [184]. By
comparison, ground granulated blast furnace slags are suitable for activation by solid
activators that are more stable under typical atmospheric conditions, such as sodium
carbonate [185]. However, given that an aqueous solution of sodium carbonate can
provide only slow strength development for the binder, there is limited added benefit
of a one-part approach. Furthermore, the use of such a one-part approach for GGBS
does not resolve the challenges for non-hydraulic precursors. A potential pitfall of
using novel solid activators in dry-mixed systems is that they simply do not generate
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Fig. 16 Routes for one-part alkali-activated cements manufacturing. Adapted from [180]
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sufficiently high pH values once the water is added. For instance, this was the case for
ablend of 70% fly ash with an addition of 30% olive biomass ash as the intended acti-
vator [186]. In contrast, sodium-rich dust (pH = 13.3) produced during a steelmaking
process showed promising effects when used to activate GGBS [187].

Solid sodium and magnesium sulfate in conjunction with solid potassium
hydroxide was treated as a “greener” route to activate precursors composed of natural
kaolin blended with raw ceramic powder [188]. However, a more promising alterna-
tive combination is the use of sodium aluminate as a solid activator. This has been
used with amorphous silica precursors, including rice husk ash [189], geothermal
silica [190], silica fume and filter cake residue from chlorosilane production [191].

Co-heating Precursor and Activator

By heating an aluminosilicate precursor and activator at a sufficiently high tempera-
ture, it is possible to produce a partly amorphous material that can be highly soluble in
water. In some ways, this route can be considered as manufacturing reactive glasses.
This route is also sometimes referred to as “alkali fusion” and is the most well-
explored process for synthesis of one-part AACs so far. Co-heating is typically used
to valorize precursors which have low reactivity in their as-received form [175].
Naturally occurring minerals, such as feldspars [192] and clays [193], have been
popular precursors to use in this route, to increase the amorphous content. Red mud
has also been co-heated with sodium hydroxide [194].

Hydrothermal curing is a new and limited-explored direction within this route.
Gold mine tailings (comprising mainly quartz, albite, microcline and muscovite) have
been hydrothermally activated with sodium hydroxide, and then blended with blast
furnace slag [195]. Air pollution control residue (a highly alkaline waste containing
38.3% of Na,O content by mass) [196] and flue gas residues [197] were investigated
as activators as a partial replacement of sodium silicate. The feasibility of activators
based on Ca—Mg oxides, which were prepared from dolomite, limestone quarry dust
and calcite by calcination, was also confirmed [198].

Blast furnace slag blended with sodium hydroxide could produce one-part alkali-
activated slag cements after microwave-treatment [ 199]. An advantage of this process
is that it is more flexible to a range of activators. Milling is necessary as a subsequent
processing step, as sintering typically occurs during the heating process. Compared
with the dry-mixing route, a disadvantage of co-heating is that it adds two addi-
tional process steps: the heating, and subsequent grinding. Another drawback is that
co-heating requires sufficiently high temperatures to achieve melting of the solid
constituents—this is typically in the range of 800—1200 °C, and for clays that ranges
between 600 and 950 °C depending on the types of clay [180].

Co-milling Precursor and Activator

Co-milling involves intensive milling of precursor(s) and activator(s). This approach
is based on mechano-chemistry [200] the rationale is to introduce alkali metal
cations into the structure of an aluminosilicate precursor [201], while simultane-
ously increasing structural disorder, decreasing particle size, and increasing reactive
surface area of the solid precursor. Those factors then lead to increased rates of
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dissolution, and also provide the species in solution necessary to form binder phases.
Milling is typically conducted with a ball mill for which the amount of balls, their
size distribution, the milling time, rotation speed of the mill, and use of milling
admixtures are important parameters [202].

Fly ash has been co-milled with additions of CaO, MgO and NaOH [201], and
sodium silicate [203]. The reactivity of fluidized bed combustion (FBC) ash could be
increased via milling in alkali activation [204]. Rice husk ash was also used as a partial
precursor in slag-based mechano-chemically activated geopolymer [205]. Milling is
also applied for improving clay mineral reactivity [206]. Avoiding high temperature
treatments is attractive in principle, but there is uncertainty around how scalable
these intensive milling processes are. More energy-efficient alternatives to ball mills
could be vertical roller mills, which are used on industrial scale [206]. However, it
remains largely unknown how the embodied energy of high energy milling compares
to that of heating processes at a laboratory scale or industrial scale. Furthermore, the
use of aggressive substances in milling is likely to enhance degradation of milling
equipment.

A summary of which combinations of precursor(s) and activators have been used
for these three routes is given in Table 2. This is not intended to be exhaustive, but
gives an indication of the variety of systems trialled for each route.

4.2 Mechanical Properties of One-Part AACs

The mechanical properties of AACs are largely determined by the quantity and
type of reaction products forming, and the porosity developed by the material as
curing progresses. These factors are in turn influenced by a range of parameters
relating to the activator, precursors, mix design and curing regime [27]. For one-part
AAC:s, all these factors still apply, with the added variable of production route. The
understanding of one-part AACs’ mechanical properties has mostly been limited to
compressive strength of cement pastes and mortars [180]. Nonetheless, some mean-
ingful comparisons can be made between one-part and two-part systems produced
by the dry-mixing route, when other variables are controlled for. For various combi-
nations of conventional activators (i.e. blast furnace slag, fly ash and metakaolin)
and conventional activators (i.e. sodium silicate, sodium hydroxide), one-part AACs
consistently exhibit comparable or inferior compressive strength compared to analo-
gous two-part AACs [175, 183, 207-209]. This tendency for one-part AACs to have
lower compressive strength has been attributed to slower and less effective dissolu-
tion of precursors when dissolution of a solid activator is occurring simultaneously
(i.e. in a one-part AAC), compared to when the activator is already fully dissolved
(i.e. in a two-part AAC) [209].
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4.3 Open Questions and Challenges

From the three manufacturing routes, each has advantages and disadvantages. Dry-
mixing is the most straightforward method but is limited to a narrow range of precur-
sors and activators. Co-heating provides an effective way to simultaneously increase
the reactivity of otherwise low-reactivity precursors whilst simultaneously incorpo-
rating an activator. Co-milling aims for the same end as co-heating (i.e. a disor-
dered precursor embedded with alkali metal cations), but achieves this by a different
means—high-energy milling. Both co-heating and co-milling have shown promising
results, but the capacity for precise control of these processes remains unclear. A
common limitation of all these alkali sources is that the release rate of alkalinity
when mixed with water cannot be finely controlled.

The growth of one-part AACs must be viewed in context with other developments
in AACs. The use of near-neutral salt activators such as sodium carbonate and sodium
sulfate are becoming well-established for blast furnace slags [185]—this means that
the common critique around the high alkalinity of two-part AACs is no longer univer-
sally applied. The greatest value of one-part AAC manufacturing methods is when
the reactivity of a low reactivity precursor (e.g. framework aluminosilicates like
feldspars) can be increased at the same time as manufacturing a one-part AAC.

Questions of scalability are valid for any innovations in the cementitious materials
sector. So far, all known co-heating studies have been performed in static furnaces,
at the laboratory scale. Whilst calcination is indeed used in the cement industry, it is
not yet known how compatible the co-heating methods and the aggressive alkalinity
of the activators are with continuous production in a rotary kiln, and the selection
of refractories in the kilns needs careful attention in particular, to avoid expensive
damage to equipment. Another issue (common to all routes) is ensuring suitable shelf
life under reasonable storage conditions and bagging. Storage conditions can highly
affect the performance of a one-part AAC [184].

The large investments needed for heating and milling facilities and need of trans-
portation of various AAC precursors hinders their commercialization. Systems which
valorize wastes as both precursors and activators would seem to offer a win—win situ-
ation. But this also presents challenges for commercialization, with producers and
consumers often wary of using unfamiliar waste streams which are not available
in large quantities, and without a guarantee of predictable supply and consistent
composition. New technologies and processing equipment should be applied to
decrease the large investment costs. For example, smaller and mobile milling [221]
and heating units could be used to process precursors and produce locally competitive
construction materials.
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5 Conclusions

This chapter has summarized the progress that has been made during the past decades
in designing, formulating, and understanding the basic chemistry of alkali-activated
binder systems. While there still remain many avenues for research and development,
particularly in mix optimization to balance performance and environmental footprint
at a plausible cost level, it is clear that these materials are now understood and
characterized at a well-advanced level in the scientific community. From the basis of
this understanding, a detailed discussion of factors that control engineering properties
(mechanical, durability, and other aspects) can therefore be developed, and that will
be the focus of the subsequent chapters of this State of the Art Report.
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